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Abstract

Operation and maintenance (O&M) costs constitute a significant part of the total expenses of off-
shore wind power. The development of new and improved solutions for inspecting and monitoring
these structures is an important contribution, fostering sustainable green energy sources, as well
as making them more cost-effective. Autonomous Underwater Vehicles (AUVs) are becoming a
prominent solution for these operations, however, state-of-the-art technologies still do not allow
completely autonomous platforms to perform such intervention tasks due to the lack of security
and reliability provided.

Therefore, this work proposes three main contributions to improve the ability of these au-
tonomous systems of interacting with the environment. Through this thesis a novel bio-inspired
AUV is presented, designed specifically to overcome current limitations in underwater intervention
capabilities. Its blended wing body morphology, inspired by manta rays, provides a streamlined
body where strategic thruster placement enables fine-tuned position and velocity control in 6 de-
grees of freedom, required for close-range inspection tasks. The vehicle’s modular architecture,
composed of independent navigation, perception, propulsion and power subsystems, enhances
scalability, adaptability and system reliability while providing redundancy through dual power
cylinders for critical operations. Real-world tests demonstrated RAYA’s capabilities across multi-
ple areas, validating its structural integrity, kinematic control, perception systems and autonomous
navigation capabilities. The perception system was rigorously validated across diverse controlled
environments. The inspection assessments demonstrated high accuracy in structural dimension es-
timation, with errors below 1.5% when reconstructing an indoor pool environment. Additionally,
real-world trials validated the vehicle’s seabed mapping capabilities, successfully mapping an area
with depths varying between 1.71 and 2.58 meters.

This novel AUV platform lays the foundation for the development of new methodologies in
fundamental building blocks of manipulation-based docking maneuvers, such as exploration and
manipulation. Hence, this research proposes a coarse-to-fine approach for 3D reconstruction of
underwater structures (C2FARUS) that enables systematic exploration without prior knowledge
of the underwater environment. Starting with no initial information, the methodology gradually
builds and refines its understanding through four interconnected stages: coarse exploration us-
ing multibeam sonar, object identification through geometric feature analysis, definition of safe
inspection zones, and optimized path planning for detailed reconstruction. When benchmarked
against state-of-the-art methods, C2FARUS achieved an 87.04% completeness in reconstruction
tasks, with an accuracy of 0.0076 meters. Additionally, the system completed inspection paths
approximately 38% faster than the other compared approaches. Real-world trials validated the
method’s capability to segment complex geometries and detect fine-scale components such as an-
odes, with relative errors below 2.83% for structural dimensions.

Finally, to advance manipulation-based docking capabilities, this work proposes NEMU, a
comprehensive evaluation metric for underwater motion planning that integrates effectiveness (en-
ergy efficiency and planning time), safety (obstacle avoidance and path optimization), and adapt-
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ability (accuracy of real hardware execution) considerations. The metric was extensively validated
using a 6-DoF manipulator capable of lifting 10kg with high-accuracy joint positioning of 0.1°,
benchmarking 22 different planners across varying complexity scenarios. Results revealed opti-
mal planners for different operational conditions: BiEST demonstrated superior performance in
low-complexity tasks with 40% lower global costs, while BKPIECE emerged as optimal for com-
plex manipulation scenarios, showing 42% better adaptability. Real-world validation using an
underwater motion capture system demonstrated the metric’s reliability, with planned trajectories
executed with average position errors of 0.0064 4= 0.0023 meters.

The methodologies and technologies developed through this research represent a comprehen-
sive solution addressing critical limitations in autonomous underwater systems, marking a cutting-
edge advancement for more complex intervention tasks with enhanced efficiency, safety, and reli-
ability. This work contributes to advancing offshore operations, particularly in the growing wind
energy sector where reliable inspection and maintenance capabilities are crucial for sustainable
operations.



Resumo

Os custos de Operacdo e Manutencdo (O&M) constituem uma parte significativa das despesas
totais do sector da energia edlica offshore. O desenvolvimento de novas e melhores solugdes para
a inspecdo e monitorizagdo destas estruturas € uma contribuicdo importante, promovendo fontes
de energia verde sustentdveis e tornando-as mais rentdveis. Os Veiculos Auténomos Submarinos
(AUVs) estdo a tornar-se uma solucdo proeminente para estas operagoes, contudo, as tecnologias
atuais ainda ndo permitem que plataformas completamente auténomas realizem tais tarefas de
intervengdo devido a falta de seguranga e fiabilidade fornecida.

Desta forma, este trabalho propde tré€s contribui¢des principais para melhorar a capacidade
destes sistemas auténomos de interagir com o ambiente. Através desta tese é apresentado um
novo bio-inspirado AUV, projetado especificamente para superar as limitagdes atuais nas capaci-
dades de intervencdo subaquatica. A sua morfologia de corpo alado, inspirada em raias manta,
proporciona um corpo hidrodindmico onde o posicionamento estratégico dos propulsores permite
um controlo preciso de posicao e velocidade em 6 graus de liberdade, necessarios para tarefas de
inspecdo de curta distdncia. A arquitetura modular do veiculo, composta por subsistemas inde-
pendentes de navegacdo, percecio, propulsdo e energia, melhora a escalabilidade, adaptabilidade
e fiabilidade do sistema, proporcionando redundancia através de cilindros de energia duplos para
operacdes criticas. Os testes em ambiente real demonstraram as capacidades do RAYA em vdrias
dreas, validando a sua integridade estrutural, controlo cinematico, sistemas de percegdo e capaci-
dades de navegacdo auténoma. O sistema de percecdo foi rigorosamente validado em diversos
ambientes controlados. Os ensaios de inspe¢do demonstraram alta precisdo na estimativa das di-
mensdes estruturais, com erros inferiores a 1,5% durante a reconstru¢do de uma piscina interior.
Adicionalmente, testes em ambiente real validaram as capacidades de mapeamento do fundo do
mar, mapeando com sucesso uma drea com profundidades entre 1,71 e 2,58 metros.

Esta nova plataforma AUV estabelece as bases para o desenvolvimento de novas metodologias
em blocos fundamentais de manobras de acoplamento baseadas em manipulacdo, como exploracdo
e manipulacdo. Assim, esta investigacao propde uma abordagem grosseira-para-fina para recon-
stru¢do 3D de estruturas subaquéticas (C2FARUS) que permite exploracdo sistemdtica sem con-
hecimento prévio do ambiente subaquatico. Comecando sem informacdo inicial, a metodologia
constréi e refina gradualmente a sua compreensao através de quatro etapas interligadas: explo-
racdo grosseira usando sonar multifeixe, identificacdo de objetos através de andlise de caracterfs-
ticas geométricas, definicdo de zonas seguras de inspe¢do e planeamento otimizado de trajetdrias
para reconstrugdo detalhada. Quando comparado com métodos do estado da arte, o C2FARUS
alcangou uma completude de 87,04% em tarefas de reconstru¢do, com uma precisdo de 0,0076
metros. Adicionalmente, o sistema completou trajetorias de inspecdo aproximadamente 38% mais
rapido que as outras abordagens comparadas. Ensaios em ambiente real validaram a capacidade do
método para segmentar geometrias complexas e detetar componentes de escala fina como anodos,
com erros relativos abaixo de 2,83% para dimensdes estruturais.
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Finalmente, para avancar as capacidades de acoplamento baseado em manipulacio, este tra-
balho propée NEMU, uma métrica de avaliagdo abrangente para planeamento de movimento sub-
aquético que integra consideracdes de eficicia (eficiéncia energética e tempo de planeamento),
seguranga (evitamento de obstaculos e otimizacdo de trajetdria) e adaptabilidade (precisdo de ex-
ecucdo em hardware real). A métrica foi extensivamente validada usando um manipulador com
6 graus de liberdade capaz de levantar 10kg com posicionamento de alta precisdo das juntas de
0,1°, avaliando 22 planeadores diferentes em cendrios de complexidade variada. Os resultados
revelaram planeadores 6timos para diferentes condi¢des operacionais: BIEST demonstrou desem-
penho superior em tarefas de baixa complexidade com custos globais 40% menores, enquanto
BKPIECE emergiu como 6timo para cendrios de manipulagdo complexa, mostrando 42% mel-
hor adaptabilidade. A validacdo em ambiente real usando um sistema de captura de movimento
subaquético demonstrou a fiabilidade da métrica, com trajetdrias planeadas executadas com erros
médios de posicdo de 0.0064 + 0.0023 metros.

As metodologias e tecnologias desenvolvidas através desta investigacdo representam uma
solugdo abrangente que aborda limitagdes criticas em sistemas auténomos submarinos, marcando
um avanco de vanguarda para tarefas de intervengdo mais complexas com eficiéncia, seguranca e
fiabilidade melhoradas. Este trabalho contribui para o avanco das operacdes offshore, particular-
mente no crescente sector da energia edlica onde capacidades fidveis de inspecao e manutencdo
s@0 cruciais para operacdes sustentaveis.
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Chapter 1

Introduction

The transition to green energy is critical in addressing the pressing challenges of climate change
and environmental degradation. Among renewable energy sources, wind power has emerged as
a key contributor, providing sustainable and clean electricity to meet the growing global demand
[[L]. In 2023 alone, Europe installed 18.3 GW of new wind capacity, with onshore wind accounting
for 79% of new installations (14.5 GW). Looking ahead, the European Union (EU) is projected to
install 200 GW of new wind power capacity over 2024-2030, averaging 29 GW annually. How-
ever, to meet its 2030 climate and energy targets, the EU must achieve an average annual build-out
of 33 GW [2.

In this context, offshore wind energy emerges as a key solution. Compared to onshore wind
turbines, offshore wind farms (OWFs) offer several advantages that allows the scaling of the tur-
bines to increase the total energy production. This benefit makes OWFs an attractive solution for
achieving energy transition goals, despite the significant investment required. Thus, offshore wind
power, a critical component of Europe’s energy transition, is expected to ramp up significantly
towards the end of the decade. Forecasts indicate that by 2030, the EU’s installed wind power
capacity will reach 393 GW, with a target of 425 GW [3,2]. These efforts align with the European
Union’s broader ambition to become the first climate-neutral continent by 2050, a goal enshrined
in the European Green Deal [4]. Offshore renewables are pivotal in achieving this target, providing
a sustainable pathway to decarbonizing energy systems and reducing reliance on fossil fuels [3]].
Initiatives such as WindFloat Atlantic and Atlantis projects highlight the importance of offshore

wind farms in harnessing the vast energy potential of maritime environments.

The exponential growth of annual offshore wind installations (see figure[I.T)) calls for cyclical
monitoring and inspection to ensure the safety and efficiency of wind farm facilities. Operation
and maintenance costs constitute a significant part (may account for up to 30 %) of the total costs
of offshore wind power [6l]. Offshore wind farm (OWF) operations and maintenance (O&M)
activities are particularly challenging due to the large-scale environment and the complexity of
the structures involved, both below and above water. Floating wind turbines, for example, are
secured to the seabed through multiple mooring lines attached to their support structure. These

underwater moorings require regular inspection and maintenance to detect potential cracks and
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FIGURE B. 2024-30 annual onshore and offshore wind power installations in the EU - WindEurope's Outlook
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Figure 1.1: Annual onshore and offshore wind power installations in the EU [2].

material fatigue. Due to the deep-water environment, surface-level observations are insufficient
[7]. Other inspections include surveys of cable arrays, seabed, and submerged structures to ensure
there is no structural damage or sediment displacement. Additionally, above-water inspections
of emersed structures, such as wind turbine blades, towers, and transition pieces, are essential to
maintain safety and longevity.

Therefore, the development of improved and new solutions for operation and maintenance of
offshore structures is crucial to make offshore wind power more cost-effective and safe. By de-
ploying autonomous robotic systems, wind farm operators can reduce total investment costs by
more than 20% while enhancing safety conditions for maintenance technicians [[§]. Robotic-based
systems such as remotely-operated vehicles, already play an important role in conducting under-
water surveys. Nevertheless, many of these technologies typically require manual deployment,
remote operation and manual retrieval of the systems [9)]. These limitations highlight the need
for innovative solutions to ensure continuous and reliable inspections. Autonomous systems, such
as Autonomous Underwater Vehicles (AUVs), offer a promising alternative by enabling efficient
and high-precision monitoring of submerged structures while minimizing risks to human operators
[[L0} (111

AUVs have already demonstrated their ability to complete complex inspection tasks with high
precision and reliability and they are increasingly being considered as alternatives to conventional
inspection methods involving divers or Remotely Operated Vehicles (ROVs) [10]. AUVs can
carry advanced sensors, including high-resolution multibeam sonars, synthetic aperture sonars,
and high-definition cameras, enabling detailed inspections and hydrographic surveys [12]. These
vehicles are now widely used for various offshore applications, including pipeline inspections [13],

rig move surveys, harbor inspections [14]] and cathodic protection surveys with high precision,
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using advanced sensing and navigation systems [[15]. As technology advances, AUVs will play an

increasingly significant role in offshore operations and ocean exploration.

1.1 Motivation

Autonomous Underwater Vehicles offer a promising alternative, potentially enabling continuous,
cost-effective, and safer underwater operations. However, the development of intervention-capable
AUVs faces several fundamental technical and operational challenges in areas such as close-range
sensing, workspace optimization, and manipulation planning, that current solutions have not ade-
quately addressed [[16 [17].

The first major challenge lies in design and hydrodynamic efficiency. The conventional mor-
phology of current intervention AUVs represents a significant limitation in their operational ca-
pabilities. Traditional designs typically follow either torpedo-shaped configurations, optimized
for survey missions but poorly suited for intervention tasks [18], or open-frame structures that
prioritize payload capacity and manufacturing simplicity over hydrodynamic efficiency. These
geometric approaches severely limit intervention capabilities. The flat surfaces and sharp edges
characteristic of box-like designs generate substantial drag and unpredictable vortex formations
when the vehicle attempts to maintain position in varying currents [19]. This becomes particu-
larly problematic during intervention operations, where the vehicle must simultaneously manage
external disturbances and manipulator reaction forces while maintaining precise positioning. The
geometric configuration of these vehicles leads to compromises in manipulator placement and
integration. Traditional designs typically require the manipulator to be mounted on the front or
bottom of the vehicle, creating an unfavorable distribution of forces during intervention tasks.
This arrangement often results in a limited manipulator workspace and frequently requires vehicle
movement to compensate for the manipulator’s restricted reach, adding complexity to interven-
tion operations. Moreover, this configuration generates thruster turbulence in the manipulation
workspace, disrupting manipulation tasks.

Some existing vehicles have operational weights close to 1000 kg [20,21]], with some reaching
up to 3500 kg [22]. This excessive weight has cascading effects throughout the system’s operation
cycle. The deployment and recovery of such heavy vehicles require specialized handling equip-
ment and support vessels, significantly increasing operational costs and complexity [23[]. The
substantial mass also impacts the vehicles’ dynamic behavior, requiring more powerful thrusters
and consequently higher energy consumption to maintain precise positioning during intervention
tasks. The weight challenge becomes particularly acute during intervention operations, where the
vehicle must maintain stable positioning while managing additional forces from manipulation ac-
tivities. The high inertia of these heavy vehicles makes them less responsive to control inputs and
more susceptible to disturbances, requiring more energy and more sophisticated control systems
to maintain the precise positioning necessary for intervention tasks.

These limitations significantly affect AUVs’ ability to perform precise inspection and inter-

vention tasks, particularly when operating near underwater structures. The need for accurate
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three-dimensional (3D) data gathering and close-range navigational capabilities becomes espe-
cially critical when creating detailed environmental representations required for autonomous op-
erations. Accurate 3D representations of underwater structures have become increasingly crucial
across multiple industries and applications. In the offshore energy sector, where high value in-
frastructures operate continuously underwater, these models serve as the foundation for critical
maintenance decisions and structural integrity assessments. Regular comparison of detailed 3D
models allows engineers to detect and monitor structural deterioration, biofouling accumulation,
and potential damage before they lead to costly failures [24]. For offshore wind farms, where a
single day of downtime can result in substantial revenue losses, these representations enable pre-
dictive maintenance strategies that optimize operational efficiency while minimizing intervention
costs. These representations are also especially crucial for enabling long-term autonomous op-
erations through underwater docking capabilities as high-fidelity representations can significantly
enhance autonomous docking operations [25]]. To achieve this goal, the vehicle must not only un-
derstand the exact geometry of the docking structure but also have detailed knowledge of potential
obstacles. This level of environmental awareness becomes particularly crucial in scenarios where
docking stations are integrated into existing offshore infrastructure. The transition from short-term
inspection missions to persistent autonomous operations makes underwater docking stations crit-
ical [26]. These docking stations serve as vital infrastructure for battery recharging, data transfer,
and mission updates, effectively extending the operational duration of autonomous vehicles from
hours to months. However, successful autonomous docking operations require accurate models of
the docking structures and their surrounding environment. The precision of these models directly
impacts the reliability and safety of docking maneuvers, where even small positioning errors could

result in collision or failed attempts.

The challenges of close-range inspection operations present a distinct set of problems that fun-
damentally affect the quality and completeness of underwater structure reconstruction. Current
underwater inspection systems rely primarily on visual and sonar technologies [27]. However,
in underwater environments, vision-based underwater vehicles commonly encounter challenges
such as turbidity and low illumination. Sonar imaging systems serve as an alternative to optical
imaging systems to address such disturbances since acoustic signals can propagate over longer
distances, even under dark and turbid conditions [28]. Nonetheless, multibeam sonars acquire
sequential data, making complete 3D representation of underwater structures challenging: the
vehicle must follow precise trajectories to ensure thorough coverage from various angles and per-
spectives. The nature of multibeam sonar data acquisition adds another layer of complexity to
the inspection task. Unlike other sensing modalities, sonar data quality is highly dependent on
the distance between the sensor and the target structure [29]. Operating too far from the structure
results in low-resolution data and sparse point clouds, while moving too close introduces naviga-
tion risks and potential blind spots in the sensor coverage. This creates a fundamental challenge
in determining the optimal inspection distance that balances data quality with navigational safety.
Furthermore, the limited field of view of multibeam sonars means that multiple passes are often

required to capture complete structural information, increasing the complexity of path planning
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and execution. Current systems also lack effective methodologies for guaranteeing high coverage
while maintaining optimal data acquisition conditions. The absence of standardized approaches
for defining and executing inspection trajectories often results in ad-hoc solutions that may miss
critical areas or fail to capture sufficient detail for subsequent intervention tasks. This limitation
becomes particularly apparent when dealing with complex structures where complete coverage

requires carefully planned viewpoints and systematic execution of inspection patterns.

To address these challenges, this thesis proposes advancing autonomous underwater vehicle
technology through three interconnected innovations aimed at enabling persistent autonomous op-
erations. The first contribution introduces a bio-inspired vehicle design specifically optimized
for close-range inspection and intervention tasks. This novel design tackles the limitations of
traditional AUV platforms by designing a vehicle capable of acquiring heterogeneous data from
multiple sensors (multibeam sonar, profiler sonar, cameras), while its morphology and manufac-
turing approach optimize maneuverability, intervention capabilities and hydrodynamic efficiency.
The bio-inspired shape enables stable hovering while performing manipulation tasks and fine-
tuned control in all 6 degrees of freedom (DoF), essential capabilities for close-range operations,
that in conjunction with the integrated sensors enable close-range inspection capabilities and the
ability to create accurate 3D underwater environmental representations. These design innovations
make it possible for a single vehicle to execute complex inspection and intervention tasks such as

manipulation-based docking.

The second contribution presents a coarse-to-fine approach for underwater exploration, ad-
dressing a fundamental building block for persistent autonomous operations. This methodology,
that starts without prior knowledge of the environment, enables close-range navigation to struc-
tures while ensuring high resolution and accuracy sonar data acquisition, allowing AUVs to create
accurate 3D models of their environment. Through inspection patterns definition and trajectory
planning based on sonar data specifications, the system ensures high structure coverage and consis-
tent data collection for comprehensive environmental mapping. This capability will change AUV's
short-term deployment platforms to persistent autonomous systems that can operate for extended

periods.

Finally, the third contribution tackles the manipulation problem, the other fundamental build-
ing block for persistent autonomous operations. To this end, this thesis introduces a comprehen-
sive evaluation metric for underwater manipulation strategies, designed to enable the comparison
of state-of-the-art manipulation planners. This metric provides standardized methods for assessing
and comparing different manipulation approaches, considering multiple variables according to the
requirements of underwater robots for O&M tasks: the energy used by the manipulator throughout
an entire mission, the distance to the closest obstacle, the path length and the accuracy of the real
hardware to executed the motion planned. Through quantitative evaluation of manipulation strate-
gies in realistic underwater scenarios, this metric will enable the selection of optimal approaches
for docking procedures, advancing the development of reliable autonomous docking capabilities

through manipulation.



6 Introduction

1.2 Objectives

The main goal for this work is to advance persistence autonomous underwater operations through
the development of a novel bio-inspired AUV while tackling fundamental building blocks such as
exploration and manipulation, to enable docking maneuvers. This research work is focused in four

objectives:

* Design and validate a bio-inspired intervention-capable AUV that achieves enhanced hy-
drodynamic efficiency through a blended wing body design, enables stable operation during
manipulation tasks with a 6 DoF arm and maintains precise control in all 6 DoF during

close-range operations;

* Develop a coarse-to-fine methodology for underwater structure exploration that enables
close-range navigation to achieve fine 3D representations of underwater structures through

high resolution and accuracy sonar data acquisition;

* Establish a metric for underwater motion planning evaluation that provides quantitative eval-
uation for assessing planner performance, validates motion planning strategies in realistic

underwater scenarios and enables objective comparison of different planning approaches;

 Validate the developed systems through comprehensive real-world experiments that verify
the structural integrity and kinematic control of the developed AUV, demonstrate its au-
tonomous navigation capabilities in different scenarios, assess the reconstruction method
capability in exploring and segmenting submerged objects, and benchmark multiple plan-

ners applied to a 6 DoF manipulator in geometrically constrained scenes;

1.3 Contributions

This section highlights the key contributions of this research to the field of autonomous under-
water inspection, particularly for offshore infrastructure. The innovations presented herein have
advanced the capabilities of AUVs, demonstrating significant practical impact and potential real-
world application.

The main contributions can be categorized into three core areas:
1. A novel bio-inspired AUV for Inspection and Intervention of Underwater Structures:

* A new bio-inspired AUV (RAYA) prepared to equip a 6 DoF manipulator to assist in
the operations and maintenance activities of underwater structures. Its bio-inspired
blended winged body morphology provides a more streamlined body than other state-
of-the-art intervention AUVs, and, by enabling a strategic thruster configuration that
achieves higher torques, allows the execution of complex manoeuvres in all 6 DoFs
needed for close range inspection and intervention missions. This possibility is sup-

ported by an analysis of the vehicle’s buoyancy and gravitational forces that ensures
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the vehicle’s capacity to perform any manoeuvres in a 3D space, as well as hovering

while operating a manipulator arm with a 5 kg payload for intervention missions.

* Featuring a modular architecture with five modules, addressing navigation, perception,
propulsion, and system power separately, this AUV design enhances scalability and
adaptability, with easier upgrades and maintenance, thanks to the independence of each
module. The inclusion of two power cylinders guarantees a failsafe mechanism, as
each cylinder can independently provide the AUV with sufficient locomotor capacity

for rescue.

* RAYA is a heavily research oriented vehicle, thus, the perception, localization, and
navigational sensors and actuators integrated within this AUV build were specifically
selected to facilitate advanced autonomous tasks - such as intervention, inspection,
and navigation - and were evaluated through qualitative and quantitative assessments
in various real-world environments. This comprehensive testing aimed to verify the
structural integrity and kinematic control of the vehicle, validate the accuracy of 3D
reconstructions, acquire seabed data points for mapping via autonomous trajectories,

and conduct a visual inspection of an underwater structure and the ocean floor.

2. C2FARUS - A coarse-to-fine approach for 3D reconstruction of underwater structures using

a multibeam sonar

* A novel coarse-to-fine approach called C2ZFARUS enables AUVs to systematically ex-
plore, detect, and reconstruct underwater structures while addressing the challenge of
close-proximity navigation. By defining navigational regions based on object dimen-
sions and multibeam sonar specifications, the system ensures high-resolution sonar
data capture through close-range inspection while mitigating associated risks, ulti-

mately enabling fine 3D reconstruction of underwater structures.

* C2FARUS enhances 3D representations accuracy and completeness by optimizing
data acquisition through a combined Genetic Algorithm (GA) and Rapidly-exploring
Random Tree (RRT) path planning approach, which generates efficient inspection tra-
jectories from a combination of inspection scans and transitional paths, to capture
multiple angles and perspectives while minimizing blind spots, thereby addressing

common issues of sparse point clouds and limited data in underwater environments.

* Experiments conducted in a controlled underwater environment using real data, pro-
vided validation for the developed method in exploring and segmenting complex sub-
merged geometries, including the detection of critical smaller components like anodes.
The system achieved remarkable dimensional accuracy with a maximum relative error

of only 3.22% in object measurements.

* C2FARUS was compared against two state-of-the-art methods adapted for autonomous
underwater vehicles to evaluate the effectiveness of the proposed method to efficiently

and safely achieve fine 3D reconstructions. The proposed coarse-to-fine approach
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achieved the highest completeness and accuracy at 87.04% and 0.0076 meters, re-

spectively.
3. NEMU - A new planner evaluation metric for underwater intervention

* A new planner evaluation metric composed by several heterogeneous parameters to
evaluate the motion planner for underwater robots in specialized tasks, such as the

inspection and monitoring of man-made structures.

» Comprehensive validation and benchmarking of multiple motion planners in realistic
underwater scenarios, utilizing a 6 DoF electrified robotic arm and a motion capture
system to evaluate trajectory performance during pick and place operations in geomet-

rically constrained environments.

» Comprehensive analysis of external underwater forces (including buoyancy and drag)
on manipulator performance through qualitative and quantitative evaluations across
multiple scenarios, comparing simulated trajectories against real motions captured by

a 3D underwater motion capture system.
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My contribution to this Master’s thesis included insights and expertise in underwater ma-
nipulation, helping shape the methodology and experimental design. This collaboration
leveraged the motion planning evaluation framework developed in this thesis to analyze

scheduling algorithms for underwater pick-and-place operations.

1.5 Document Structure

This document is divided in 6 major components:

* Chapter|l|introduces the research context, highlighting the significance of autonomous un-
derwater vehicles in offshore wind farm inspections. It presents the key challenges, research

objectives, and contributions of this work;

* Chapter [2] presents a comprehensive literature review examining autonomous underwater
vehicles and their capabilities for operation and maintenance inspections. This chapter ex-
plores relevant literature on state-of-the-art environment exploration techniques using both
visual and sonar technologies, and evaluates common motion planning approaches for dif-

ferent degrees of freedom robotic manipulation;

* Chapter [3| details the development of a novel bio-inspired AUV (RAYA) designed specifi-
cally for underwater navigation and manipulation. The vehicle features a modular architec-
ture that enhances safety, scalability, and maintainability through independent subsystems.
Extensive field trials demonstrate the RAYA’s capabilities across multiple domains: struc-
tural integrity, kinematic control, 3D reconstruction accuracy, autonomous seabed mapping,

and visual inspection of submerged structures;

* Chapter [] introduces a Coarse-to-Fine Approach for 3D Reconstruction of Underwater
Structures (C2FARUS) using sonar data. This method enables AUVs to systematically ex-
plore, detect, recognize, and reconstruct submerged structures to support future intervention
tasks. The chapter presents extensive experimental validation in simulated and controlled
underwater environments, demonstrating the system’s capability to segment complex ge-
ometries and detect fine-scale components such as anodes. Comparative analysis against
two state-of-the-art methods validates C2ZFARUS’s performance;

* Chapter [5] introduces NEMU, a novel evaluation metric for assessing motion planners in
underwater manipulation tasks. The chapter presents comprehensive benchmarking of vari-
ous planners for a 6-DoF manipulator performing pick-and-place operations in constrained
underwater environments. Through both qualitative and quantitative analyses, the study
presents a benchmark of multiple motion planners in a controlled underwater environment
captured using a 3D underwater motion capture system, validating the metric’s effectiveness

in identifying optimal planning strategies;
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* Chapter [6] synthesizes the key research contributions and findings of this thesis. It summa-
rizes the novel developments in bio-inspired AUV design, underwater exploration method-
ology, and underwater manipulation planning, while highlighting their practical impact on

offshore wind farm inspection capabilities;



Chapter 2

Literature review

The use of autonomous underwater vehicles in inspection and maintenance operations represents
a transformative approach for offshore industries, offering enhanced safety and operational capa-
bilities in challenging underwater environments. This paradigm shift involves not only the deploy-
ment of AUVs for basic survey missions but also the integration of sophisticated capabilities such
as underwater manipulation, precise navigation in close proximity to structures, and autonomous
exploration of underwater environments. The evolution from traditional methods using human
divers and remotely operated vehicles to autonomous systems has driven innovations in vehicle
design, perception systems, and motion planning strategies to address the unique challenges of
underwater operations.

This chapter reviews the state-of-the-art in autonomous underwater robotics, particularly fo-
cusing on developments relevant to offshore inspection and intervention tasks. First, Section [2.1
provides an overview of current practices for underwater inspection on offshore wind farms, high-
lighting their limitations, and defining solutions to allow autonomous inspection to be explored.
Section [2.2] examines existing AUV platforms designed for intervention capabilities, analyzing
their morphologies, control architectures, and operational limitations. Next, Section explores
state-of-the-art approaches for 3D exploration, tracing their evolution from aerial applications to
underwater environments, and analyze both model-based and model-free approaches. Section [2.4]
reviews motion planning strategies for underwater manipulation, considering the specific chal-
lenges of coordinating vehicle and manipulator movements in subsea environments. Finally, Sec-
tion[2.5|presents a critical review of the current state of autonomous underwater systems, identify-
ing key technological gaps and research opportunities that motivate the contributions of this thesis.
Throughout this review, we identify current limitations in existing approaches and highlight the

research gaps that this thesis aims to address.

2.1 General overview

Offshore wind farms are critical assets for renewable energy production, requiring regular op-

eration and maintenance activities to ensure their reliability, safety, and efficiency. O&M tasks

11
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encompass a wide range of activities, including monitoring the performance of turbines, repair-
ing structural components, and maintaining subsea assets. Given the harsh marine environment
and the distributed nature of offshore wind farms, O&M is one of the most challenging and cost-
intensive aspects of offshore energy operations. The complexities of O&M in offshore wind farms

arise from several interrelated factors [30, 31, 32]:

* Remote location: Offshore wind farms are typically located in deep waters far from shore
to maximize wind resources and minimize visual and noise impacts. This remote location

increases the logistical challenges of accessing and maintaining the infrastructure;

* Harsh environmental conditions: Severe weather including strong currents, high waves,
and unpredictable weather, further complicate operations, leading to delays, higher costs,

and increased risks to personnel and equipment;

* Highly Specialized Workforce: The necessity for skilled technicians trained in offshore
safety and extreme working conditions is highlighted as a significant cost driver in O&M

operations;

* Expensive Equipment: Specialized vessels, including Service Operation Vessels (SOVs)
and jack-up vessels, are essential for transporting technicians and heavy equipment or re-
placing major components like blades and gearboxes. These vessels represent substantial

capital and operational costs;

» Limited Accessibility: Harsh sea conditions restrict safe access to turbines, delaying main-

tenance and leading to increased downtime.

Offshore wind farms rely on a complex network of underwater infrastructure that is essential
for the generation, transmission, and distribution of renewable energy. The key underwater com-
ponents that require close inspection and maintenance include the foundations supporting the wind
turbines, the subsea cables responsible for transmitting electricity to shore, and the scour protec-
tion systems installed to mitigate seafloor erosion. Maintaining the structural integrity of the wind
turbine foundations is a critical underwater operation and maintenance task. These substructures,
typically consisting of large steel or concrete monopiles, jackets, or gravity-based structures, de-
pending on water depth and seabed characteristics [33]], must be thoroughly examined for signs
of corrosion, damage, or deformation. Regular inspection of welds, joints, and transition pieces is
essential, along with monitoring the condition of corrosion protection systems such as sacrificial
anodes and protective coatings [34]. The subsea cable network forms another crucial compo-
nent that requires regular maintenance. This network includes both inter-array cables connecting
individual turbines and export cables transmitting power to shore. Critical O&M tasks include in-
specting cable burial depth to ensure proper protection, essential for protection against mechanical
damage and excessive heating and monitoring for exposure or free spans that could lead to damage
[35)]. Additionally, regular thermal imaging and electrical testing are performed to detect poten-

tial failures before they occur [36]]. Scour protection systems, designed to prevent erosion around
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foundation structures, require ongoing monitoring and maintenance. Typical solutions like riprap
protection and rockbags, need regular inspection to verify their position and integrity [37]]. Multi-
beam echosounder (MBES) bathymetry survey and side scan sonar survey using service vessels
or ROVs are the two most used methods [38]].

Human divers and remotely operated vehicles have been heavily used for underwater inspec-
tion of offshore wind farm infrastructure [39]. However, while effective for detailed close-range
inspection and intervention tasks, professional divers face severe operational constraints such as
restriction to depths, limited bottom time due to decompression requirements and operational
weather conditions and sea states. The World Meteorological Organization (WMO) uses the term
’sea state’ to describe the local conditions of the sea surface over a period of approximately 30
minutes, particularly focusing on wind waves and swell patterns resulting from wind interaction
[40]. These conditions are classified according to the Douglas Sea Scale, as shown in table [2.1]
providing a standardized method for describing sea surface conditions. Additionally, diving op-
erations in offshore environments carry significant risks [41]. Thus, ROVs emerged as a solution
to overcome some limitations of human diving operations, enabling inspection at greater depths
and in more challenging conditions. However, the usage of ROVs require a dedicated surface ves-
sel which is operating the ROV during the complete mission and the umbilical connection, while

ensuring a steady communication with the operator, restricts vehicle maneuverability.

Table 2.1: Douglas Sea Scale [40].

Degree Wave height (m) Description

0 0 Calm (glassy)

1 0-0.1 Calm (rippled)

2 0.1-0.5 Smooth (wavelets)
3 0.5-1.25 Slight

4 1.25-2.5 Moderate

5 2.5-4 Rough

6 4-6 Very rough

7 6-9 High

8 9-14 Very high

9 > 14 Phenomenal

Autonomous Underwater Vehicles offer several significant advantages for offshore inspection
operations. Economically, these vehicles can operate continuously for extended periods without
the need for costly support vessels and large crews that are typically required for ROV operations.
The ability to carry multiple sensor types simultaneously enables AUVs to collect comprehensive
datasets during a single mission. Modern AUVs can integrate visual cameras, multibeam sonars,
and various environmental sensors, providing rich, multi-modal data for inspection and monitor-
ing tasks. However, current AUV limitations particularly relevant to offshore wind farm opera-
tions include vehicle design inefficiencies, with many existing intervention-capable AUVs relying
on designs that compromise maneuverability and energy efficiency. The lack of systematic ap-

proaches for underwater exploration presents another critical challenge. Additionally, underwater
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manipulation remains a significant hurdle, with most existing systems requiring specific solutions
tailored to the unique challenges.
Therefore, to address these challenges, this review will highlight the current state-of-the-art in

AUYV technology for offshore wind farm inspections, focusing on three key areas:

* Available AUV solutions: explore different AUV platforms, their design approaches and

impact on operational capabilities;

» Three-dimensional exploration methodologies: study techniques for processing visual and
sonar data, later focusing on methods that address the creation of underwater 3D represen-

tations;

* Motion planning strategies for underwater manipulation: analyze current state-of-the-art
algorithms for motion planning in aerial context and the specific solutions developed in the

underwater domain.

2.2 Autonomous underwater vehicles

Autonomous underwater vehicles have evolved significantly over the last decades, with designs
optimized for different operational requirements. This vehicles offer several significant advan-
tages over traditional inspection methods, making them increasingly attractive for offshore op-
erations. AUVs operate with minimal human intervention during mission execution, relying on
pre-programmed objectives that are carried out autonomously once the vehicle is deployed. This
autonomous operation not only reduces the potential for human error during critical mission phases
but also enhances operational reliability. Additionally, unlike ROVs, AUVs operate without a
physical tether, significantly improving their maneuverability and access capabilities. The ab-
sence of an umbilical eliminates the risk of entanglement with underwater structures and removes
the drag forces that typically constrain ROV movements, enabling AUV to operate effectively in
more complex environments [42].

These advantages have driven significant developments in AUV technology, leading to spe-
cialized vehicles optimized for different operational requirements. Current AUV designs can be
broadly categorized into two main classes based on their operational capabilities: survey-class
AUVs focused on data collection and environmental monitoring, and intervention-capable AUV
designed for physical interaction with their environment. Survey-class AUVs are primarily de-
signed for data collection and environmental monitoring missions, characterized by their stream-
lined, torpedo-shaped designs that optimize hydrodynamic efficiency and endurance. These vehi-
cles can complete a variety of subsea tasks in civil and military fields, such as bathymetric mapping
[43]], mine hunting [44,45]], ocean pollutant monitoring [46] and pipeline following and inspection

[47]]. Some research and commercial solutions present in the state-of-the-art (figure [2.1)) are:

e The HUGIN family of AUVs [52]], developed by Kongsberg Maritime, represents one of
the most successful commercial platforms in this category. Recent HUGIN series operates
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Figure 2.1: Different survey-class AUVs available in the state-of-the-art: (a) HUGIN 3000 [48]].
(b) REMUS 100 [49]. (c) Bluefin-21 [50]. (d) Iver4-900 [51]]. (e) Seaglider!. (f) Seacat?.

at depths ranging up to 6000 meters, with mission durations extending up to 100 hours.
These vehicles are typically equipped with advanced sensor payloads including multibeam
echosounders, and sub-bottom profilers, cameras and volume search sonar, making them
particularly effective for detailed seabed mapping and inspection tasks [53}[54]]. These vehi-
cles feature enhanced autonomy and navigational accuracy through the integration of inertial

navigation system (INS), Doppler velocity log and global positioning system [55]].

* The REMUS (Remote Environmental Monitoring UnitS) series, particularly the REMUS
100, has become an industry standard for shallow water operations. The REMUS series can
operate in depths up to 6000 meters and is widely deployed for search and recover missions,
mine countermeasures [56]], seabed mapping [57] and environmental monitoring [58]]. Its
compact size and light weight make it particularly suitable for rapid deployment from small
vessels. The REMUS 100 is equipped with a DeltaT multibeam echosounder, a sidescan
sonar, GPS, IMU, DVL and a depth sensor [59].

* Bluefin Robotics’ vehicles, notably the Bluefin-21, represent another significant develop-
ment in survey-class AUVs. These vehicles incorporate modular designs that allow for
mission-specific sensor configurations while maintaining the hydrodynamic efficiency char-
acteristic of torpedo-shaped vehicles. The Bluefin-21 can operate at depths up to 5000

meters, making it suitable for deep-sea survey operations [60].

* ATLAS ELEKTRONIK’s SeaCat AUVEl exemplifies modern developments in compact sur-
vey platforms. With a length of 2.5 meters, a weight of approximately 140 kg and an oper-
ating depth up to 600 meters, the SeaCat combines efficient hydrodynamics with versatile

payload options, enabling the collection of high-resolution data of the seafloor and marine

INaval News: German Navy to equip Frankenthal-class MCM vessels with
SeaCat AUV, URL: https://www.navalnews.com/naval-news/2023/10/
german—-navy-to—-equip-frankenthal-class—-mcm-vessels—-with—-seacat—-auv/, accessed at De-
cember 2024
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https://www.navalnews.com/naval-news/2023/10/german-navy-to-equip-frankenthal-class-mcm-vessels-with-seacat-auv/
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environments. It uses an inertial measurement unit that is supported by Doppler velocity
log, GPS and depth sensor data [61]].

* The Seaglider AUVEI, developed by the University of Washington and now manufactured
by Kongsberg Maritime, represents a unique approach to long-duration ocean monitoring.
Unlike traditional propeller-driven AUVs, Seaglider uses changes in buoyancy combined
with wings to achieve forward motion through the water column. This innovative design
enables exceptional endurance, with missions lasting several months and covering thousands
of kilometers while consuming minimal power [62]. Seaglider excels in oceanographic data
collection, including temperature, salinity, and oxygen measurements [63]] up to 6000 meters
depth. Its energy-efficient design makes it particularly valuable for long-term environmental
monitoring missions, though its relatively slow speed and limited maneuverability restrict

its use in more dynamic inspection tasks.

» L3Harris Iver line of AUVs, comprised of several models, represents a serie of compact
and versatile platforms. The Iver4-900 model, for example, with a length of approximately
2.5 meters and weighing less than 105 kg, is particularly suited for coastal and shallow
water operations. The vehicle operates at depths up to 300 meters with mission durations
extending to 20 hours depending on speed and sensor configuration [S1]. Its modular de-
sign allows for various sensor configurations including side-scan sonar, and water quality

sensors, compass, gyroscope and INS [64].

Despite their operational success in data collection missions, these survey-class AUVs face
limitations when physical interaction with the environment is required. Their designs prioritize hy-
drodynamic efficiency and long-duration operations over manipulation capabilities, making them
unsuitable for intervention tasks such as grasping objects [65} [66]], valve-turning operations on
panels [67, 168]], force regulation tasks [69}70] and cooperative manipulation [71].

Multiple robotic vehicles and solutions have been developed for offshore inspection or inter-
vention [72]]. The first AUVs capable of performing intervention tasks were developed during
projects like ODIN [73] and AMADEUS [74]. The Oceans Systems Laboratory from Heriot-
Watt University were also pioneers in this area, considering that the SPINAV project presented a
proof-of-concept of AUV inspection, leak detection and mission adaptation [75]. Over the years,
several research and commercial solutions have been emerging to allow more diverse and complex

intervention tasks (figure [2.2)), namely:

* The first significant development was performed by the University of Hawaii in the SAUVIM
project [[79]], which focused on free-floating underwater manipulation. These solutions com-
bined sonars, underwater video cameras, and ultrasonic motion trackers to perform the re-
covery of an object lying on the seafloor. The SAUVIM vehicle is semi-autonomous, re-
quiring user control for manipulation and/or intervention tasks, but is able to perform path

planning and navigation tasks independently of an operator;

2Seaglider - Autonomous Underwater Vehicle. URL: https://apl.uw.edu/project/project.php?id=
seaglider, accessed at December 2024
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2.2 Autonomous underwater vehicles 17

d) e)

Figure 2.2: Different intervention-capable AUVs available in the state-of-the-art: (a) SAUVIM
[76]]. (b) ALIVE [77]. (c) OceanOne [78]. (d) Aquanaut in survey mode. (¢) Aquanaut in
intervention mode[20]]. (f) Girona 500°.

* ALIVE (Autonomous Light Intervention VEhicle) [22]], developed under an EU project,
was one of the first successful demonstrations of autonomous underwater intervention. The
vehicle weighs approximately 3500kg and measures 4m in length, 2.2m in width, and 1.6m
in height. The vehicle was equipped with a 7-function (6 DoF) manipulator arm and demon-

strated capabilities in autonomous docking and valve-turning operations.

» The Aquanaut [20], which is a hybrid vehicle, that combines the capabilities of both in-
spection AUVs and intervention ROVs. This vehicle possesses two different configurations,
depending on the task being performed (inspection or intervention), being able to change
configuration on the fly. The vehicle uses wireless communication to receive simple com-

mands from an operator.

e The Girona SOqzl is an AUV capable of performing different O&M tasks, through the
change of its payload, increasing the versatility of the vehicle. The vehicle can be equipped
with a manipulator [67] for intervention tasks or a sensor payload for inspections [81} [82]].
However, while the system is autonomous, with the user only having to define the mission,
changes in the payloads of the vehicle can require small changes in the control system [83]].
The overall dimensions of the vehicle are 1.5m in length, 1m in width and 1m in height,
with a weight of less than 200 kg.

* OceanOne [78]], developed at Stanford University, presents a unique humanoid design ap-
proach. The vehicle is human sized and weighs less than 200kg. Its anthropomorphic design

includes two arms with haptic feedback capabilities, enabling both autonomous operation

3Girona 500 AUV URL: https://iquarobotics.com/girona-500-auv, accessed at December 2024
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and intuitive teleoperation. The vehicle is designed to accomplish operations common to
human divers that include the assembly of structures and the delicate handling of samples,
artifacts, and other irregularly-shaped objects using navigation with bimanual manipulation

and stereovision capabilities.

Recent trends in intervention-capable AUV development show a clear evolution toward more
compact and efficient designs while maintaining robust manipulation capabilities. This progres-
sion has been driven by the need to balance operational requirements such as stability during in-
tervention tasks with practical considerations like deployment and recovery operations. However,
significant challenges remain in achieving the optimal combination of manipulation capability
and vehicle maneuverability. To maximize the AUVs ability to perform inspection and inter-
vention tasks, the design should assure movement and operational efficiency. Under this scope,
bio mimetic AUVs, with design/propulsion inspired from aquatic animals, can provide more ef-
ficient solutions by reducing drag or improving maneuverability. Batoid fishes or Manta rays
are motion-efficient with great maneuverability, thus implicating that replicating their geometrical
layout and movements in AUVs can bring efficiency benefits [84]. McColgan and McGookin [|85]]
developed a bio-inspired AUV, the RoboSalmon, which can mimic the propulsion and steering of
fish to increase movement and maneuverability efficiency when compared to conventional pro-
pellers, making them particularly suitable to operate in small spaces with obstacles. Gorma et al.
[86]] proposed a fish-shaped AUV, the RoboFish, composed of a flexible body that simulates fish
propulsion, and is able to efficiently generate sufficient trust, showing improved manoeuvrability
compared to conventional shaped AUVs. In the SABUVIS project, the AUV shape designed by
Marcin et al. [87]] was acquired by producing a 3D scan of a real carp body. The vehicle is pro-
pelled forward by the undulation of the tail, along with pectoral fin servomotors for directional
control, producing less noise. The Mantabot, proposed by Liu et al. [88] was designed to mimic

Manta rays’ propulsion movement due to their efficient swimming and high maneuverability.

The evolution of AUV technology demonstrates a clear progression from simple survey vehi-
cles to increasingly sophisticated platforms capable of complex intervention tasks. Survey-class
AUVs like HUGIN and REMUS have established reliable solutions for data collection and map-
ping, while intervention-capable vehicles such as GIRONA 500 and Aquanaut have pushed the
boundaries of autonomous manipulation. Bio-inspired designs represent the latest frontier in AUV
development, offering potentially revolutionary approaches to underwater locomotion and control.
Despite these advances, significant challenges remain in achieving the optimal balance between

vehicle capabilities, operational efficiency, and practical deployment considerations.

2.3 Three-dimensional exploration methodologies

Three-dimensional exploration plays a pivotal role in numerous scientific and industrial applica-

tions, from infrastructure inspection to environmental monitoring. While methodologies for 3D
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exploration in terrestrial and aerial environments are well-established, their adaptation to under-
water environments presents unique challenges that demand innovative solutions. This section ex-
amines the evolution of 3D exploration methodologies, tracing their development from air-based
approaches to underwater applications, highlighting the technological advances and research ef-
forts that address the specific demands of subsea operations.

Traditional methods for inspecting and monitoring diverse types of structures are often expen-
sive, repetitive, time consuming and potentially dangerous for human operators. To overcome this
issue, several inspection tasks have been carried out by different vehicles such as Unmanned Aerial
Vehicles (UAVs), Autonomous Surface Vehicles (ASVs) and Autonomous Underwater Vehicles
for air-based and underwater approaches. Air-based 3D exploration relies typically on technolo-
gies such as Light Detection and Ranging (LiDAR) and photogrammetry. These methods are
widely used for applications ranging from topographic mapping to infrastructure inspection and
autonomous navigation. LiDAR systems employ lasers to measure distances and create high-
resolution 3D point clouds of the environment. This technology is particularly effective for air-
borne surveys, where it combines with GPS and inertial measurement units to achieve precise
positioning and mapping. Photogrammetry, on the other hand, uses overlapping images to gener-
ate 3D models by triangulating feature points.

Most planning methods for 3D exploration and inspection can be categorized into two cate-

gories:

* Model-based methods: rely on prior knowledge of the target structure or environment, uti-
lizing pre-existing Computer-aided design (CAD) models or geometric information to plan
and execute inspection tasks. These methods can generate optimal inspection paths and
viewpoints when accurate models are available, enabling efficient coverage of known struc-

tures;

* Model-free methods: partially eliminate the need for a prior model through autonomous
exploration. These approaches are particularly valuable in unknown or dynamic environ-
ments where pre-existing models may be unavailable or unreliable. Unfortunately, without
the guidance of a prior model, they are limited to conducting local planning to explore un-

known regions while simultaneously scanning the known surface.

According to Bicher et al. [89], to enable autonomous inspection, robotic systems require
sophisticated path planning algorithms capable of generating comprehensive coverage trajectories
that simultaneously optimize sensor performance and adhere to kinematic constraints. To accom-
plish this, the authors proposed a novel fast iterative algorithm for model-based structural inspec-
tion. Utilizing a dynamic two-phase optimization strategy, the algorithm systematically identifies
and refines viewpoints. The initial phase focuses on minimizing travel expenses between candi-
date perspectives, followed by a comprehensive path optimization that takes into account vehicle
constraints and sensor limitations. Extensive evaluation studies reveal the high—performance the

proposed methodology in challenging scenarios (figure [2.3).
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Figure 2.3: Large scale structure inspected using Bicher’s approach [89].

Rafael [90], on the other hand, focused on optimizing the energy consumption during an in-
spection procedure by selecting a path that directly minimizes the energy consumption of the
vehicle. As a result, the author proposed a novel Travelling Salesman Problem (TSP) formulation,
named ATSP-PL (Asymmetric Travelling Salesman Problem, with Precedence Loss), of which the
Precedence Loss designation is related to the objective function, where the loss of moving from a
current position to the next one depends on the previous one. Together with an energy model of
the vehicle, the developed Energy Efficient Path Planning Algorithm (EEPPA), depicted in figure

[2:4] outputs the inspection path as a sequence of viewpoints.

Next-Best-View (NBV) [91]] planning represents an iterative approach to environmental explo-
ration where a robot continuously determines optimal viewpoint configurations for 3D reconstruc-
tion. This method can be applied in both partially known environments, where some structural
information is available, and completely unknown scenarios where the robot must progressively
discover its surroundings during the mission. NBV planning addresses two distinct objectives:
exploration, which focuses on covering and understanding the 3D volume of space, and inspec-

tion, which emphasizes the quality and completeness of surface reconstruction. These different
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Figure 2.4: Scheme of EEPPA inspection path components, including the mapping of the relevant
viewpoints solved using the ATSP-PL, the UAV energy model, the generated inspection path and
the correspondent model reconstruction [90].

objectives have led to the development of specialized planning strategies, each optimized for their

specific task requirements.

Differently from the classical surface frontier-based approaches 93], Hardouin et al. iden-
tify the incomplete areas directly from the online map and generate candidate sensor viewpoints in
the free space, to complete them. The proposed NBV planning method for single and multi-
ple agents [93]], simultaneously explore and inspect large-scale unknown environments by greedily
assigning each configuration to the robots, according to the information they locally provide to the
fleet. Optimal paths are then computed by solving a variant of the Travelling Salesman Problem

(TSP), and updated when unknown areas are completed.

Multiview stereo (MVS) offers another approach to high-quality 3D representations by pro-
cessing multiple calibrated images captured from different viewpoints. Unlike real-time methods,
MYVS operates offline, analyzing the complete set of images simultaneously to generate detailed
3D models through feature matching and geometric triangulation. The study presented by Song
et al. [96] addresses a view-path-planning problem during 3-D scanning of a large-scale structure
based on multiview stereo (MVS) for unmanned aerial platforms. The strategy starting from an
unknown environment first generates a coarse model from a simple overhead scanning and then
plans an inspection path to cover the entire surface of the coarse model. To deal with defective
factors of MVS such as occlusions, textureless surfaces, and insufficient parallaxes, the authors
propose a novel view-path-planning method for 3-D scanning based on an online MVS recon-
struction algorithm. The suggested method incrementally reconstructs the target model online
and iteratively plans view paths by analyzing the current partial reconstructions. The presented
metodology is capable of constructing a complete 3-D model in a single scanning trial without the

need for rescanning.
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Figure 2.5: Reconstructed mesh and 3D exploration path for two different scenarios using the
single agent NBV planning method proposed by Hardouin ef al. [94]].

Other approaches combines the strengths of both model-based and model-free methods. SOAR
[97]], a LIDAR-Visual heterogeneous multi-UAV planner, presented by Zhang et al., enables si-
multaneous exploration and photographing for fast autonomous reconstruction of complex scenes.

The authors make use of a team of collaborative AUVs allowing for the object to be scanned in par-
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Figure 2.6: SOAR framework’s execution process [97].
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allel with the coarse model generation. The method categorizes the vehicles into explorers (AUV
equipped with a LiDAR sensor) and photographers (equipped with RGB cameras). An explorer
provides comprehensive scene information through surface frontier-based exploration, while view-
points are incrementally generated from uncovered surfaces and assigned to photographers using
Consistent Multiple Depot Multiple Traveling Salesman Problem (Consistent-MDMTSP). SOAR
was evaluated in complex simulation environments and presented shorter path length and fight
time than a model free method and a model-based method from the state-of-the-art, while assum-

ing ideal communication conditions.

Despite the success of air-based methods, these face limitations, particularly pronounced in
underwater environments, such as dependency on line-of-sight, sensitivity to environmental con-
ditions, and reliance on GPS for georeferencing. These constraints hinder their direct applica-
tion in the underwater domain. The ability to create accurate three-dimensional representations
of underwater structures is fundamental for autonomous underwater operations. Underwater 3D
exploration enables critical capabilities such as environment mapping for navigation, target iden-
tification for manipulation tasks, and structural inspection for maintenance operations. However,
the underwater environment presents unique challenges for perception systems. One of the most
significant challenges of underwater perception lies in the limited quality of information returned
by sensors [98]]. Light attenuation and scattering affect visual sensors, while acoustic sensors face
resolution limitations and noise challenges. These constraints have driven the development of spe-
cialized exploration methodologies that can operate effectively despite these limitations. Different
sensing modalities and inspection approaches have emerged, each offering distinct advantages and

limitations in underwater scenarios.

The applications of underwater 3D exploration span multiple domains in offshore industries.
In offshore wind farms, these techniques are essential for monitoring foundation structures, detect-
ing structural deformation, and planning maintenance interventions [99]. The oil and gas sector
relies on 3D representations for pipeline inspection, seabed mapping, and subsea infrastructure
monitoring [100]. In scientific applications, detailed 3D models enable archaeological preserva-
tion, marine habitat mapping, and environmental impact assessment [[101]]. Particularly crucial is
the role of underwater exploration in enabling autonomous intervention tasks. Accurate environ-
mental models are prerequisites for motion planning, collision avoidance, and precise manipula-
tion, especially in complex underwater structures where traditional navigation methods may be
insufficient [[102, 1103} [104]].

The choice of sensing modality significantly impacts the quality and applicability of the un-
derwater exploration methods. Each type of sensor offers distinct advantages and faces specific
challenges in the underwater environment. Current approaches primarily rely on two sensing
modalities: optical sensors and acoustic devices. Visual sensors, including standard cameras and
structured light systems, can provide high-resolution data and rich texture information. Recent
advances in underwater imaging systems have demonstrated dense and accurate 3D information
from harsh underwater environments [[105]. However, optical methods face significant limitations

in turbid waters where light scattering and absorption severely affect image quality. The effective-
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ness of these systems is highly dependent on water clarity and ambient lighting conditions, with
their operational range typically limited to a few meters in optimal conditions [106]. On the other
hand, sonar systems, particularly multibeam sonars, have become the preferred choice for under-
water exploration due to their robustness to water conditions. Unlike optical sensors, acoustic
devices can operate effectively in turbid waters and at longer ranges [28]]. However, sonar systems
present their own set of challenges. Multibeam sonars capture data line by line, requiring precise
vehicle motion for comprehensive coverage. Additionally, the resolution of sonar data degrades

with distance, creating a fundamental trade-off between coverage range and reconstruction detail

[LLO7].

Table 2.2: Comparison of different features of multibeam, forward-looking and profiling sonars.

Feature

Multibeam Sonar

Forward-Looking Sonar

Profiling Sonar

Primary Direction

Downward (seafloor)

Forward

Radial (360° or sector)

Coverage Area .Wide, . Narrow cone/fa.n, Single line or small sector
perpendicular to motion ahead of the vehicle
Number of Beams Multiple beams Single or multiple beams | Single or few rotating beams
. High spacial resolution High range resolution High range resolution
Resolution . . . .
for wide-area mapping for close distances for close distances
Range Long Short to medium Short to medium
(100-1000 meters) (10-200 meters) (10-300 meters)
Update Rate Slow Real-time or near real-time | Slow (rotational or stepwise)
. Mappin Navigation . .
Main Use Bath?fneiy Obstacle ivoi dance Structural inspection
Limitations Lower resolution Limited range Slow scanning

Limited field of view

Sonar systems have become fundamental tools for underwater perception due to their ability
to operate effectively in conditions where optical systems fail. Different types of sonar systems

offer varying features and capabilities (see table[2.2)) for 3D exploration tasks:

e Multibeam sonars represent one of the most widely used systems in the underwater envi-
ronment. These devices emit multiple acoustic beams in a fan-shaped pattern perpendicular
to the vehicle’s direction of motion. By combining the returns from each beam, they create
a bathymetric profile of the seabed or structure being surveyed [108]. Modern multibeam
systems can generate hundreds of beams per ping, though their data acquisition remains
inherently sequential, capturing one line at a time. This characteristic necessitates precise

vehicle motion control to achieve complete coverage of the target structure;

» Forward-looking sonars (FLS) provide a different approach to underwater sensing. Unlike
multibeam systems, FLS devices emit a small number of acoustic beams in a forward-facing
pattern, typically covering a wider horizontal angle but smaller vertical aperture. These
systems are particularly valuable for obstacle detection and navigation [109] but can also
contribute to 3D reconstruction through multi-view integration. Their ability to provide
real-time imagery of the environment ahead of the vehicle makes them especially useful for

close-range operations [110];
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* Profiling sonars, also known as scanning sonars, operate by mechanically rotating a narrow
acoustic beam to build up a detailed profile of underwater structures. These systems can
achieve higher resolution than traditional multibeam sonars but require longer acquisition
times due to their mechanical scanning nature. They are particularly effective for detailed
inspection of underwater structures where precise dimensional measurements are required
(1.

Underwater exploration strategies must address the unique challenges of the marine environ-
ment while ensuring efficient and reliable data collection. As explained previously, traditional
exploration approaches developed for aerial or terrestrial applications require significant adapta-
tion for underwater use due to the fundamental differences in sensing capabilities, environmental
conditions, and operational constraints. Complementary to model-based and model-free cate-
gories, current underwater exploration strategies can be classified according to their approach to

environment coverage and data acquisition.

Coverage-based strategies

Coverage-based strategies focus on ensuring complete spatial exploration of the target area or
structure. These methods typically implement systematic scanning patterns, such as lawnmower
trajectories or spiral paths, to methodically cover the inspection space [112]]. The lawnmower pat-
tern consists of parallel tracklines with specified overlap between adjacent passes. This overlap
is determined by sensor characteristics and desired data density. On the other hand, spiral pat-
terns are particularly suited for circular structures or radial exploration, beginning either from the
periphery or the center of the area of interest.

These strategies offer several distinct advantages. Their systematic nature ensures complete
coverage of the target area when executed under ideal conditions [113]], making them particularly
reliable for standardized inspection tasks. Additionally, the predetermined paths simplify mis-
sion planning and execution, reducing computational requirements during operation and makes
it easier to estimate mission duration and energy requirements, facilitating operational planning.
However, coverage-based strategies also present significant limitations in underwater applications.
Their rigid nature makes them poorly suited to adapting to unexpected obstacles or changing en-
vironmental conditions (e.g. the lawnmower problem does not account for obstacles) [112]. The
predefined patterns may not optimize data collection quality, particularly in underwater environ-
ments where sonar data quality varies significantly with acquisition angle and distance [114].
These approaches often result in redundant coverage of areas that may not require detailed inspec-
tion, potentially misestimating the exploration cost of certain areas, leading to inefficient use of
mission time and energy resources [115].

Coverage-based strategies remain valuable for specific applications where systematic coverage
is prioritized over adaptive behavior. Early developments in this field demonstrated fundamental
approaches. Galceran and Carreras [[116] introduced a Coverage Path Planning (CPP) method

based on Morse decomposition to minimize redundant coverage for underwater vehicles imaging
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the ocean floor. Their method determined sweep directions for each cell and adjusted boustro-
phedon path spacing based on ocean depth, demonstrating effectiveness through simulations with
real-world data. The boustrophedon decomposition is similar to the trapezoidal decomposition
but it only considers vertices where a vertical segment can be extended both above and below the
vertex. The vertices where this occurs are called critical points. Similarly, Paull et al. [L18]]
developed an online coverage method specifically for vehicles equipped with side-looking sensors,
targeting mine countermeasure operations. Their approach used multiobjective optimization with
hexagonal grid decomposition to maximize information gain from sensor measurements. While

effective for non-convex areas, the method didn’t address obstacle avoidance.
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Figure 2.7: Two different examples of cell determination. Left figure - Morse-based boustrophe-
don cell decomposition [116]]. Right figure - regular exact hexagonal cell decomposition .

More recent implementations have advanced these concepts with sophisticated approaches.
Palomeras et al. [119] developed a View Planning (VP) algorithm that optimizes underwater
exploration by minimizing the number of viewpoints while maximizing information gain. When
no prior map exists, the system begins by gathering preliminary bathymetric data to create an
octree representation of the environment. This octree structure, where each internal node has eight
children, efficiently represents the three-dimensional space. Using this initial model, the algorithm
employs an offline view-planner to compute the minimum set of sensor configurations required
to cover the volume of interest, while considering both the mapping sensor’s characteristics and
vehicle safety constraints. The final exploration path is generated by solving the traveling salesman
problem across the selected viewpoints, with the RRT* (Rapidly exploring Random Tree Star)

algorithm determining collision-free trajectories between positions.

Adaptive exploration strategies

Adaptive exploration strategies represent a more sophisticated approach, modifying the explo-
ration path based on real-time sensor feedback and environmental conditions. These methods
continuously evaluate the quality of collected data and adjust the vehicle’s trajectory to optimize

sensing conditions, similarly to previously shown aerial methods that use MVS or approaches like
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Figure 2.8: Octree model generated from a multibeam survey over a shipwreck, using Girona 500
AUV, and the resulting plan computed by the view-planner [119].

SOAR. For instance, some approaches implement information gain techniques to identify areas
requiring additional inspection or different viewing angles. Adaptive exploration strategies offer
several distinct advantages for underwater operations. The primary benefit lies in their ability to
dynamically adjust to environmental conditions and data quality requirements in real-time. This
adaptability enables improved data collection by modifying vehicle trajectories based on sensor
feedback, particularly valuable in scenarios where environmental conditions can change rapidly.
Additionally, these strategies often achieve more efficient coverage by prioritizing areas of inter-
est or regions requiring additional inspection. However, these strategies also present significant
limitations and implementation challenges. The computational complexity of real-time path adap-
tation can strain onboard processing resources, particularly when handling multiple data streams
and environmental variables simultaneously. The requirement for continuous sensor processing
and trajectory replanning can impact system response time, potentially affecting the vehicle’s abil-
ity to react to rapid environmental changes. Furthermore, the effectiveness of adaptive strategies
heavily depends on the quality and reliability of sensor feedback, which can be compromised
in challenging underwater conditions such as turbid waters or strong currents. Amigoni et al.
[120] analyzed the relationship between exploration efficiency and two key factors: the frequency
of decision-making processes and the rate at which new measurements are integrated into envi-
ronmental maps. This study show that although increasing perception and decision frequencies
generally increases performance, when these frequencies become too high, performance starts to

degrade due to increased computational effort.
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Several research efforts have developed adaptive exploration strategies for autonomous un-
derwater inspection. Vidal’s [111]] approach proposes an online algorithm for iterative structure
mapping without requiring prior environmental knowledge. This method operates within user-
defined parameters including a safe exploration depth and a bounded exploration area. The algo-
rithm executes a three-step process: first, it incorporates profiling sonar data into a 2D grid map,
where voxels are classified into different states (empty, unseen, occluded, occplane, occupied, or
viewed); second, it generates potential viewpoints based on the current map state; and finally, it
plans a safe path to guide the vehicle to the selected viewpoint. Two different kind of viewpoints
are generate. Range viewpoints are designed to move the robot toward locations where sonar data
could reveal new information about the scene and camera viewpoints are generated so that new
optical information about the scene can be obtained by the camera. Both viewpoints are generated
at a configurable distance from occplane voxels, along the perpendicular of the surface, but while
range viewpoints consider occplane voxels adjacent to occupied voxels, camera viewpoints are
generated by firstly detecting occupied voxels adjacent to viewed voxels. The best viewpoint is
considered to be the closest one according to the euclidean distance. Figure [2.9)show an exam-
ple of world representation, map generation and viewpoint generation using Vidal’s approach. In
the presented situation, the camera viewpoint was selected (solid orange arrow), while the range

viewpoint was discarded (light red arrow).

Occplane Unseen space Camera viewpoint

Range viewpoinl

A

Occluded space

Occupied space Empty space

Camera FOV Robot

Viewed voxels Previous path

Empty. A voxel in a seen area but with no sonar detections. I Occplanc. An occluded voxel that is adjacent to an empty voxel.
I Unscen. A voxel that has not been observed yet by the sonar. I Occupied. Detected by the scanning profiling sonar.
I Occluded. A voxel in the sonar field of view but not. [ Viewed. Detected by sonar and also viewed by the camera.

seen because it is behind an occupied voxel.

Figure 2.9: Synthetic example of world representation, map generation and viewpoint generation
using Vidal’s approach .

Recently, Vidal et al. expanded their previous approach with new features, such as the
ability to autonomously explore the environment even when it is completely empty or when the
robot is initially far from any obstacle in the environment. Their new proposal combines view
planning (VP) algorithm with frontier-based (FB) methods introducing a strategy to map empty
space, removing the restriction of having to start the exploration in front of occupied space. The
set of different cell labels was changed from 6 to eight labels, so that they represent the most

important data related to the exploration problem.
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Figure 2.10: Girona 500 AUV performing an exploration of the breakwater structure and the
different cell labels used from Vidal’s underwater exploration method [121].

Building on similar principles, another method introduces a probabilistic next-best-view plan-

ner specifically designed for hover-capable AUVs operating in unknown environments [122]]. This

approach implements an iterative scanning strategy where the vehicle explores the environment

from multiple viewpoints. The proposed methodology requires the definition of a set of input

Figure 2.11: Example of the samples generated around the vehicle during an iteration of the
probabilist NBV planning algorithm. Candidate samples are shown as red arrows, probabilistic
samples are shown as green arrows, green voxels represent unknown areas and light green voxels

represent occupied areas [122].
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parameters, including the exploration area limits, the AUV safety limits, the position of an initial
viewpoint, the parameters of the scanning sensor, and the parameters for the NBV planning algo-
rithm. During the acquisition of a scan the vehicle keeps its position, as static as possible, and the
sensor is moved using a high accuracy pan and tilt positioner. The system selects optimal view-
points from randomly sampled candidates using a utility function evaluation that takes into account
visibility and distance to be traveled until reaching the viewpoint (see figure 2.T1). After selec-
tion, the planner generates collision-free trajectories to these locations using the rapidly-exploring
random tree star (RRT*) algorithm, allowing the AUV to navigate safely and acquire new sen-
sor data, which is then registered and integrated with previous scans to build a comprehensive

environmental model.

Hurt6s [123] demonstrated another application of adaptive methods through the development
of a robust framework for underwater chain detection, following, and mapping. Their work
presents two chain link detectors (one for horizontal and one for vertical chains), utilizing data
from both forward-looking sonar and multibeam sensors. The methodology follows a systematic
approach: first, the vehicle executes a predefined lawnmower survey pattern over the target area
to collect initial data (see figure [2.12). During this phase, the detection module processes acous-

tic images using local pattern-matching techniques to identify chain links, taking advantage of

I
1m

Figure 2.12: Acoustic mosaic generated by registering the sonar frames along the vehicle trajec-
tory with the link waypoints overlaid in red [123].
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the sonar’s high frame rate. Once links are detected, the system employs a k-means clustering
algorithm to associate multiple detections with corresponding waypoints, effectively constructing
a trajectory along the chain. The exploration continues with a specialized high-level controller
guiding the vehicle through these waypoints, simultaneously following the chain while maintain-

ing awareness of upcoming links.

2.4 Motion planning strategies for manipulation

Underwater manipulators have become essential tools in offshore industries, enabling complex
intervention tasks that would be dangerous or impossible for human divers. The majority of ex-
isting underwater manipulators used on underwater vehicles are anthropomorphic, designed to
resemble a human arm. These manipulators are composed of a sequence of rigid bodies (links)
interconnected by means of revolute joints with a suitable angular displacement between them,
and grippers or other interchangeable tools attached at the end-effector [[124].

Underwater manipulators are designed to perform a diverse range of intervention tasks in ma-
rine environments: in the offshore energy sector, these systems routinely conduct pipe inspection,
valve operations, and surface cleaning operations [125} [126, [127]]; maritime operations benefit
from their capabilities in salvage operations, mine disposal, and clearing underwater debris includ-
ing abandoned fishing nets [[128),1129} [130]]; the scientific community employs these manipulators
for precise tasks such as geological sampling, biological specimen collection, and archaeological
preservation work [131}[132].

Underwater manipulators are mounted on vehicles in different configurations, each designed
to optimize specific operational requirements and mission objectives. The most common con-
figuration places the manipulator at the front of the vehicle [124], providing maximum visibil-
ity for operators and optimal workspace accessibility. However, alternative mounting configura-
tions have emerged to address specific operational challenges. Bottom-mounted manipulators, as
demonstrated in vehicles like the GIRONA 500 and SAUVIM, offer distinct advantages in certain
scenarios. This configuration provides better stability during manipulation tasks as the manipula-
tor increase the vertical separation between the vehicle’s center of buoyancy and center of mass
[83]]. Additionally, bottom mounting can protect the manipulator during transit and allow for
more streamlined vehicle designs when the manipulator is not in use. Some advanced systems
employ dual-arm configurations, particularly relevant for complex manipulation tasks requiring
coordinated tool use or object handling. The DexROV project exemplifies this approach, with two
manipulators mounted side by side at the front of the vehicle, enabling more sophisticated inter-
vention capabilities [133]]. This configuration, while more complex to control, provides enhanced
dexterity and redundancy in manipulation tasks. Recent developments have explored reconfig-
urable mounting systems that allow the manipulator to be repositioned based on mission require-
ments. The Aquanaut vehicle represents this new direction, featuring a design that can reconfigure
from a hydrodynamically efficient survey mode to an intervention mode with dual manipulators

[20]. This adaptability is particularly valuable since it addresses the traditional trade-off between
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hydrodynamic efficiency during transit and effective manipulation capability during intervention
tasks.

Motion planning for underwater manipulation presents unique challenges that go beyond tra-
ditional robotic applications. The underwater environment introduces complex hydrodynamic ef-
fects, varying currents, and coupled dynamics between the vehicle and manipulator that must be
considered when generating feasible trajectories. Additionally, the limited accuracy of underwater
perception systems and the inherent uncertainty in vehicle positioning add layers of complexity to
the planning problem [[134]]. Some works try to identify high performing planners available in the
Open Motion Planning Library (OMPL) used by Moveltﬂ [135] when carrying out grasp execu-
tions [[136], however these works only study the performance of these planners above water and
through comparisons between singular indicators. The most used metrics currently in the state-of-
the-art to describe the planners are: solved runs, computing time and path length. Take solved runs
as the percentage of total runs of the planner resulting in feasible paths. In this case, higher values
of solved runs means higher performance. Total computing time is the time it takes for planners
to produce feasible or optimized paths with path simplification, and shorter times are considered
as higher performances. Finally, path length is measured by the length of the sum of motions for
a produced path and shorter lengths are considered as higher performance. These metrics are ana-
lyzed individually with conclusions directly related to performance. None of the metrics presented
take into account the safety of the manipulator during the execution of the trajectory, nor the qual-
ity of the trajectory executed by a real manipulator when compared to the planned one. These
limitations result in conclusions that are often inappropriate for highly complex environments,
such as the underwater environment.

Sampling-based motion planners build a representation of the configuration space through
random sampling, without requiring complete knowledge of the environment. These can be prob-
abilistic complete [137]], which means that the probability that the planner will return a solution
(if one exists) approaches one as the number of samples tends to infinity. OMPL includes non-
optimizing and optimizing planners. When compared with non-optimizing ones is expected that
the last ones will produce shorter path lengths but with higher computational efforts and com-
putational time. These planners can also have a time-invariant goal which means that they stop
computing as soon as a path is found that satisfies the optimization objective. Additionally, plan-
ners can also be classified into multi-query planners, which are planners that build a roadmap of
the entire environment that can be used for multiple queries. Table [2.3]shows the most common
OMPL planners.

One of the most common sampling-based motion planner is the Probabilistic RoadMap (PRM)
[137]. PRM is a planner that constructs a roadmap of valid states in the state space that approx-
imate the connectivity of the state space. Near-by states are connected by valid motions. These
way, finding a motion plan that connects two given states is reduced to a discrete search in the
roadmap. OMPL contains a number of variants of PRM. LazyPRM [148] is a planner that con-
structs a roadmap just like PRM does, but that uses lazy collision checking. PRMstar [146]] au-

#Joan A. Sucan and Sachin Chitta, "Movelt", [Online] Available at moveit.ros.org.
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Table 2.3: Most common OMPL planners and their classification into time-invariant goal, opti-
mizing planners and multi-query planners.

Planner id Time-invariant goal | Optimizing planners | Multi-query
BiEST [138]]

EST [138]]
ProjEST [138]
TRRT [139]
BiTRRT [139]
RRT [140]

SBL [141]]
BKPIECE [142]
PDST [143]]
RRTConnect [[144]]
STRIDE [[145]]
RRTstar [[146] v
PRM [137] v
PRMstar [[146] v v
LBTRRT [147]] v v
LazyPRM [148]
LazyPRMstar [149] v
SPARS [[150] v
KPIECE [142] v
SPARStwo [[151]] v v
FMT [152]] v v
LBKPIECE [142] v

SN ENENENENENENENENENEN

ANENEN

tomatically computes the number of neighbors based on the coverage of the space, guaranteeing
optimality of solutions. LazyPRMstar [[149]] builds a roadmap of feasible configurations but edges
are not immediately checked for collision. If a better candidate path is found, then all edges along

that path are checked for collision.

SPArse Roadmap Spanner technique (SPARS) [150] is an asymptotic near-optimality planner.
Asymptotic optimality (AO) implies that as more time is invested in constructing the roadmap, the
quality of solutions improves and converges to optimal at infinity. SPARS relaxes the optimality
guarantees by utilizing graph spanners, thus becoming Asymptotic Near-Optimality. SPARStwo
[151] is a variant of the SPARS algorithm which removes the dependency on having the dense
graph and uses a different approach to identifying interfaces and computing shortest paths through

said interfaces.

Another common sampling-based motion planner is the Rapidly-exploring Random Tree (RRT)
method [140]]. RRT is a randomized data structure that is iteratively expanded by applying control
inputs that drive the system slightly toward randomly-selected points. One of its advantages is that
it an be directly applied to nonholonomic and kinodynamic planning. The RRTConnect method
is a bidirectional version of RRT (i.e., it grows two trees) and it usually outperforms the original

RRT algorithm [144]. This planner has already been used to perform free-floating manipulation
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with an AUV and the results demonstrate its potential to deal with advanced underwater manip-
ulation tasks [[153]]. Another variants are the RRTstar [146], Lower Bound Tree RRT (LBTRRT)
[147], Transition-based RRT (TRRT) and Bi-directional TRRT (BiTRRT) [139]. RRTstar is an
asymptotically-optimal incremental sampling-based motion planning algorithm. This algorithm
checks whether the new sampled node can be connected to other near nodes, similar to PRMstar.
LBTRRT uses an extra lower bound tree. The combination of the two trees, is faster to maintain
than the tree maintained by RRTstar. TRRT takes into consideration state costs and uses transition

tests from stochastic optimization methods to accept or reject new potential states.

The Expansive-Spaces Trees (EST) method [[138]] stands for Expansive Space Trees. It is a
tree-based motion planner that measures the density of the explored space, biasing exploration
toward parts of the space with lowest density. Bi-directional EST (BiEST) [[138] grows two trees,
similar to RRTConnect. Projection EST (ProjEST) [138]] uses a grid imposed on a projection of
the state space to detect the less explored area of the space. The variant that grows two trees, which
expands in the same manner as EST and uses lazy collision-checking, is called Single-Query Bi-
Directional Probabilistic Roadmap Planner with Lazy Collision Checking (SBL) [141]].

Other sampling-based motion planner strategies like STRIDE (Search Tree with Resolution
Independent Density Estimation) and PDST (Path-Directed Subdivision Tree) try to detect the less
explored area of the space [145,1143]], like EST. But while STRIDE uses a Geometric Nearneighbor
Access Tree (GNAT) to estimate the density of the configuration space, PDST makes use of a
binary space partition of a projection of the state space. KPIECE (Kinodynamic motion Planning
by Interior Exterior Cell Exploration) [142] is a tree-based planner that uses discretization to guide
the exploration of the state space. Its bi-directional variant is called BKPIECE and the variant
which incorporates lazy collision checking is the LBKPIECE. Finally, Fast Marching Tree (FMT)
[152]] performs a lazy dynamic programming recursion on a set of probabilistically-drawn samples

to grow a tree of paths, which moves steadily outward in cost-to-come space.

Current state-of-the-art underwater manipulation systems are predominantly designed to op-
erate with prior knowledge of target objects and their positions. This reliance on pre-existing
object information limits their ability to adapt to unfamiliar scenarios or handle novel objects au-
tonomously. Furthermore, the lack of publicly available underwater manipulation datasets hinders
the development of more advanced manipulation strategies and limits the ability to benchmark and
compare different approaches [[154]]. Additionally, while significant advances have been made in
motion planning for general robotics applications, underwater manipulation systems often diverge
from using these state-of-the-art planners. Instead, the field has largely developed application-
specific solutions tailored to the unique challenges of the underwater environment. This trend re-
flects the distinctive requirements of underwater operations, where factors such as hydrodynamic
effects, vehicle-manipulator coupling, and environmental uncertainties necessitate specialized ap-
proaches. For instance, for the GIRONA 500 AUV, authors started by developing a specialized
planner for valve turning operations that considers both vehicle stability and manipulator con-
straints, rather than adapting existing general-purpose planners [155]]. Their approach divided the
control problem into two tasks: the docking maneuver followed by constant forward thrust to
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maintaining vehicle position, and a basic grasp planning methodology for valve and connector
manipulation as shown in figure 2.13]

Figure 2.13: Girona 500 AUV performing a fixed-base manipulation [155]].

This hierarchical structure ensures stable vehicle positioning during manipulation, a crucial
requirement not typically addressed in general-purpose planners. The grasp planning methodol-
ogy implements a waypoint-based approach for generating end-effector trajectories. For valve
manipulation tasks, the system defines three key waypoints: a pre-manipulation position for safe
approach, a manipulation position for the actual interaction, and a post-manipulation position for
safe retreat. Similarly, for connector operations, the system establishes multiple waypoints includ-
ing approach positions, manipulation positions, and specific waypoints for unplugging and plug-
ging actions. This structured approach ensures collision-free trajectories around the known panel
geometry while maintaining appropriate end-effector orientations throughout the manipulation se-
quence. The proposed system generates joint motions by computing the required joint velocities
based on the Cartesian distance between the end-effector’s current position and the target way-
point. This computation is achieved by multiplying the Cartesian distance by the pseudo-inverse
of the manipulator’s Jacobian matrix evaluated at the end-effector position, effectively transform-
ing the desired Cartesian motion into corresponding joint velocities that guide the end-effector
toward the waypoint. The system’s robustness was evaluated through multiple valve turning and
connector manipulation trials. Performance testing was conducted in both controlled and real
environments. The system achieved approximately 80% success rate in water tank trials, which
decreased to 60% in sea trials. This performance reduction was primarily attributed to vision

system limitations, particularly false detections caused by variable illumination conditions in the
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marine environment.

Later, the Girona 500 AUV was used to achieve free floating autonomous underwater manip-
ulation [156]. Authors proposed a control architecture (figure [2.14)) for the whole system, with
particular attention on a suitable grasp planning strategy. The grasp planning strategy was de-

signed to ensure effective and precise grasping while the AUV remains in motion.
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Figure 2.14: Girona 500 AUV control architecture [[156]].

The grasp planning strategy begins with identifying suitable contact points on the object’s sur-
face. These contact points are selected to optimize several grasp quality criteria. Among these
criteria are the shape of the grasp polygon formed by the contact points, with the goal of achieving
a configuration as close to a regular polygon as possible. The algorithm operates by iteratively
adjusting initial candidate contact points through the application of virtual forces. These forces
are calculated based on the desired grasp quality improvements, such as enlarging the grasp poly-
gon, achieving an equilateral configuration, and aligning the grasp with the object’s inherent sym-
metries. These adjustments continue until the points converge to a configuration that meets the
defined thresholds for grasp quality. The control system employs a decoupled strategy, where the
dynamics of the AUV and the manipulator arm are treated separately. This approach simplifies
the control architecture and ensures robustness by treating the interaction between the vehicle and
the arm as external disturbances. Further decoupling is achieved by separating the motion control
of the gripper from that of the arm, allowing the two components to function independently yet
cohesively. The effectiveness of the proposed strategy was validated through simulations, which

tested its performance under various conditions, including different AUV speeds and dynamic



2.4 Motion planning strategies for manipulation 37

environmental interactions.

The TRIDENT project took a different approach, implementing a custom multi-layer control
architecture, as depicted in figure[2.15] specifically designed for floating manipulation, incorporat-
ing vehicle-arm coordination strategies not typically found in standard planning frameworks [65]].
The authors presented a task priority based control and coordination framework that integrates dy-
namic control of both the vehicle and manipulator, with a focus on system safety and/or its good

operational conditions.
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Figure 2.15: TRIDENT’s two layered architecture [[65].

The high-level control layer, the Kinematic Control Layer (KCL), handles the task specifica-
tions and generates Cartesian references for both the vehicle and manipulator end-effector, while
the low-level layer, the Dynamic Control Layer (DCL), is responsible for real-time tracking of
the velocity vector generated by the previous layer. TRIDENT’s control architecture introduced
several innovations to the task-priority framework. The approach incorporated scalar inequality
constraints through activation functions and algorithmic regularization, enhancing the system’s
ability to handle multiple constraints simultaneously. Furthermore, they implemented a Dynamic
Programming (DP) technique between the vehicle and manipulator control loops, enabling opti-
mal arm control regardless of vehicle velocity. This decoupling proved particularly advantageous
as it allowed the vehicle and manipulator controllers to operate at different rates, improving the
system’s overall robustness to disturbances. In both simulation and sea trials the system was able
to satisfy all the safety constraints, such as joint limits, and recovering the black box from the
bottom of the pool.

The Ocean One humanoid robot introduced yet another specialized approach, utilizing a cus-

tom constraint-based task framework [[157]]. Their system handles multiple constraints simultane-
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ously, including joint limits, self-collision avoidance, and obstacle avoidance, while specifically

accounting for the underwater environment’s effects on manipulation tasks.
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Figure 2.16: Ocean One hierarchical task priority system [137].

The framework incorporates hydrodynamic models and implements specialized force control
strategies essential for underwater manipulation. The proposed hierarchical task priority system
(shown in figure [2.16) is organized with three distinct tasks: Constraint Task (Highest Priority),
Manipulation Task (Medium Priority) and Posture Task (Lowest Priority). The highest priority
is given to the constraint task, which acts as a critical safety mechanism. This task continuously
monitors potential risks such as self-collision, joint movement limits, and potential collisions with
environmental obstacles. Should any constraint approach violation, this task immediately inter-
venes, effectively filtering out any actions from other tasks that might compromise the robot’s
safety. The manipulation task operates at a medium priority, focusing on controlling the robot’s
two hands. It leverages the entire robot’s body actuations and kinematics to enable precise hand
movements and interactions. At the lowest priority is the posture task, which optimizes the robot’s
body positioning relative to its hands. This task takes advantage of the redundancy in the robot’s
arms to fine-tune the hands’ inertial properties, ensuring the most effective positioning for the ma-
nipulation task at hand. The most innovative aspect of this control system is its design philosophy.
With a minimal set of control inputs directed specifically to the hands, the entire robot can be
piloted. So, instead of using a complex motion planning algorithm that would precompute trajec-
tories, the control architecture achieves robot navigation and manipulation through a hierarchical

system that uses human interfaces to enable interaction while avoiding micromanagement.
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2.5 Ciritical Review

AUVs already play an important role in several operations and maintenance activities. Neverthe-
less, many of these technologies have limited autonomy and range of exploration, and the ability
to carry out autonomous intervention operations is still very limited. As shown in the comparison
of different AUV characteristics in the state-of-the-art, in table [2.4] designs are usually based on
torpedo shaped platforms, which provide improved hydrodynamic efficiency and long endurance,
coupled to long range and depth capacity. However, traditional torpedo-shaped AUVs are mostly
underactuated systems with strong nonlinearity and coupling in their control systems, making pre-
cise positioning and intervention tasks particularly challenging [158]. Open-frame structures are
also commonly found in research, which are usually implemented in AUVs with low-speed op-
eration, since drag force is quadratically proportional to the vehicle’s velocity, and open-frame
structures are not very hydrodynamic-efficient. This approach is, however, easier to access and

maintain, as well as implement modularity.

Table 2.4: Resume of different AUV characteristics of the state-of-the-art.

AUV Type Shape Max Depth (m) Weight (kg) Length (m) Sensors Key Features

Multibeam echosounder,
HUGIN Survey Torpedo 6000 2200 6.6 sub-bottom profiler, cameras, Advanced sensor suite, INS/DVL/GPS navigation

volume search sonar, INS, DVL, GPS

DeltaT MBES, sidescan sonar, o 1 . .
REMUS 100  Survey Torpedo 100 40 2.1 GPS, IMU, DVL, depth sensor Compact size, lightweight and modular payload options
Bluefin-21 Survey Torpedo 5000 750 4.93 Mission configurable sensors Modular design, mission-specific configuration
SeaCat Survey Torpedo 600 140 25 IMU, DVL, GPS, depth sensor Compact platform, IMU/DVL/GPS navigation
Seaglider Survey Glider 6000 50 1.8 Temperature, salinity, oxygen sensors Buoyancy-driven, exceptional endurance
Iver4-900 Survey Torpedo 300 105 2.5 Side-scan sonar, compass, gyro, INS  Modular design, shallow water operations
SAUVIM Intervention Box-shaped 6000 6000 3.5 Sonars, cameras, Semi-autonomous manipulation

ultrasonic motion trackers
ALIVE Intervention Box-shaped 3000 4.0 GPS, INS, imaging sonar, cameras 7-function manipulator, autonomous docking

V.

Aquanaut Intervention  Transformable 300 1050 2.9 INS'.D L, Stereo Camera, Transformable design, hybrid operation

Multibeam sonar, Laser scanner
Girona 500 Intervention ~ Open frame 500 200 1.5 Mission configurable sensors Reconfigurable payload, versatile operation

OceanOne

Intervention

Humanoid

500

200

Stereovision cameras

Humanoid design, bimanual manipulation

The evolution of intervention-capable AUVs reveals significant challenges in balancing capa-
bility with operational practicality. Early developments were characterized by robust but heavy
designs. The ALIVE project, with its 7-DoF manipulator and autonomous docking capabilities,
demonstrated one of the first successful autonomous underwater interventions, but its 3500 kg
mass severely limited maneuverability and complicated deployment operations. SAUVIM, while
achieving significant milestones in autonomous manipulation with its advanced control architec-
ture, faced similar operational challenges due to its 6000 kg weight. More recent developments
show progress toward more practical solutions. While more recent developments like the GIRONA
500 have achieved intervention capabilities in a more compact 200kg platform, and the Aquanaut
has introduced an innovative transformable design weighing 1050kg, challenges remain in com-
bining efficient locomotion with effective manipulation capabilities.

The autonomous exploration of underwater environments presents another critical challenge

that current solutions have not fully addressed. The task of exploring a volume with given bounds
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but unknown content requires accurate localization, multi-modal sensing, and reactive navigation
capable of responding to environmental changes [159]. The underwater robotic exploration lit-
erature is notably scarce [[121], reflecting the complexity of developing reliable solutions for this
domain. Current approaches to underwater exploration often rely on basic coverage patterns, such
as lawn-mower trajectories, which while ensuring complete coverage, fail to adapt to the specific
requirements of close-range inspection tasks. The quality of sonar data varies significantly with
acquisition distance and angle, creating a fundamental challenge in maintaining optimal sensing
conditions throughout the exploration. For instance, multibeam sonars provide high-resolution
mapping capabilities, with resolution varying based on factors like frequency, range, and beam
configuration, but operating at close ranges increases collision risks and requires more sophisti-
cated navigation control. Furthermore, existing approaches rarely consider the trade-off between
data quality and operational safety, leading to either overly conservative exploration patterns or
compromised data collection. Environmental factors add another layer of complexity to under-
water exploration. Varying currents can affect vehicle stability and trajectory execution, while
turbidity and changing lighting conditions can impact sensor performance. Most current solutions
lack robust mechanisms for adapting exploration strategies based on real-time assessment of en-
vironmental conditions and data quality. This limitation becomes particularly evident in offshore
environments where conditions can change rapidly and unpredictably.

A significant gap exists in the adaptation of state-of-the-art motion planners for underwater
applications. While RRT-Connect [153] and other sampling-based planners have been success-
fully implemented in some underwater scenarios, they typically require significant modifications
to handle the unique constraints of underwater operations. These include compensation for hy-
drodynamic effects that can vary with velocity and orientation, managing the coupled dynamics
between vehicle and manipulator where forces in one system directly affect the other, and adapt-
ing to environmental uncertainties such as varying currents and visibility conditions. The field has
largely developed application-specific solutions rather than adapting established planning frame-
works, resulting in limited standardization and reusability. Furthermore, the field lacks standard-
ized evaluation frameworks and performance metrics for underwater manipulation tasks. Current
evaluation methods vary widely, from basic success rate measurements to complex multi-criteria
assessments, making it difficult to objectively compare different approaches. The absence of stan-
dardized benchmarking protocols that consider factors such as energy efficiency, path optimality,
and robustness to environmental disturbances hinders the systematic improvement of underwater
manipulation capabilities.

These limitations in current underwater robotic systems highlight the need for innovative so-
lutions that can address these challenges comprehensively. Future developments must focus on
creating more efficient and practical vehicle designs that optimize the trade-off between hydro-
dynamic efficiency and manipulation capability, developing robust exploration strategies that can
operate without prior environmental knowledge while maintaining data quality, and establishing

standardized methods for evaluating and comparing different approaches in underwater robotics.



Chapter 3

Autonomous Underwater Vehicle for
Inspection and Intervention of

Underwater Structures

The evolution from short-term deployment platforms to persistent autonomous systems represents
a critical advancement needed in underwater robotics, particularly for offshore wind farm oper-
ations. Achieving true persistent autonomy requires vehicles designed specifically for extended
independent operation through several key innovations. The vehicle morphology must optimize
both hydrodynamic efficiency and intervention capabilities, enabling stable hovering during ma-
nipulation tasks while maintaining efficient transit between inspection sites. Integration of het-
erogeneous sensors - including multibeam sonars, profiling sonars, and visual cameras - must be
achieved while preserving streamlined design and minimizing operational weight, allowing com-
prehensive environmental perception without compromising vehicle dynamics. Strategic thruster
configurations need to provide fine-tuned control in all 6 degrees of freedom, essential for both
close-range inspection operations and precise manipulation tasks. The vehicle architecture should
enhance reliability through system redundancy and independent subsystems, ensuring operational
continuity even in case of partial failures. These design principles enable critical capabilities such
as autonomous docking for battery recharging and data transfer, extended inspection missions
without surface support, and complex intervention tasks including manipulation-based docking
maneuvers. Such innovations in vehicle design would transform AUVs from platforms requiring
frequent deployment and recovery to truly persistent autonomous systems capable of extended
operations in offshore environments.

This chapter is organized as follows: section presents RAYA’s bio-inspired concept and
design principles, including thruster configuration and sensitivity analysis. Section [3.3]details the
hardware architecture and system functionalities, describing each module’s role and capabilities.
Section [3.4] details experimental validation across multiple scenarios and environments executed
to validate the different aspects of RAYA, such as: navigation, perception, propulsion and system

power. Lastly, in section [3.5]the conclusions and final specifications of the vehicle are discussed.
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3.1 Introduction

Despite significant advances in autonomous underwater vehicle technology, current platforms face
several challenges in achieving persistent autonomous operations. Traditional torpedo-shaped
AUVs are optimized for survey tasks but lack the maneuverability required for complex interven-
tion operations. Existing intervention-capable vehicles often rely on box-like open-frame designs
that compromise hydrodynamic efficiency and generate significant drag forces during positioning
tasks. Their substantial operational weights, frequently exceeding 1000 kg, necessitate specialized
deployment equipment and increase energy consumption during precise maneuvering. Addition-
ally, conventional designs struggle to optimally integrate multiple sensor types while maintaining
efficient thruster configurations, leading to compromises in either perception capabilities or vehi-

cle control.

Figure 3.1: RAYA autonomous underwater vehicle.

To address these limitations, this chapter presents the design and development of a novel bio-
inspired AUV that addresses the current challenges in underwater navigation and intervention tasks
in offshore environments. RAYA (figure[3.1) represents an innovative approach to autonomous un-
derwater operations, combining precise maneuvering capabilities with robust manipulation abil-
ities in a compact and efficient platform, featuring multiple heterogeneous sensors for real-time
data processing and a 6 DoF eletric manipulator. The major contributions of this chapter include
innovations in both vehicle design and system integration. Drawing inspiration from manta rays,

its streamlined morphology and strategic thruster placement enables high maneuverability needed
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for close-range operations while maintaining hydrodynamic efficiency. RAYA’s bio-inspired de-
sign allows for fine-tuned position and velocity control in all 6 DoFs, which combined with an
electric manipulator capable of handling payloads up to 5 kg with high-precision joint positioning
of 0.1°, enables sophisticated intervention tasks while maintaining stable vehicle positioning. The
modular architecture enhances scalability and adaptability through independent subsystems: dual
power cylinders provide redundant locomotor capacity for thrusters ensuring operational reliabil-
ity, while separate cylinders house the system power, navigation, and perception modules. These
design innovations are validated through comprehensive field trials demonstrating the vehicle’s ca-
pabilities across multiple domains, from structural integrity and kinematic control to autonomous

navigation and environmental mapping.

3.2 The RAYA AUYV: a bio-inspired concept

In the first concepts of the AUV, enabling the vehicle to hover was a challenging issue, as the
thrusters were too close to the CoM to generate enough momentum to balance the vehicle. Addi-
tionally, the open-frame structure generates significant drag forces, hindering its speed and water
current operation. Specifically, in the field of AUV design, researchers have implemented bio-
inspired solutions to replace the classic thruster propulsion system by fin propulsion [160,
[162]. The shape of the vehicle is also influenced by highly streamlined aquatic animals, which
provides the vehicle with excellent hydrodynamic properties [163} [163].

Figure 3.2: RAYA’s biomimicry inspiration.

Adopting this design philosophy, RAYA has a manta ray bio-inspired Blended Winged Body

(BWB) shape design, which is an already proven and established streamlined shape for underwater
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locomotion, with excellent hydrodynamic characteristics when swimming or gliding [166]. The
bio-inspiration is evidenced in figure[3.2] highlighting the vehicle’s conceptual fairing. This fairing
is still in the early design phase and has neither been constructed nor studied in detail. As such,
all experiments in real environment showcased in section [3.4] and the dynamic model, that can
be found in reference [167]], were accomplished with the open-frame structure. Nevertheless, the
manta ray concept design provides a streamlined body to house essential components, such as
cylinders and sensors, and features two large-span wings. The smooth intersection between the
body and wings of manta rays contributes to a reduced surface resistance, naturally enhancing
hydrodynamic performance [[168]. The wings also increase the overall moment of inertia of the
AUV, making it more resistant to roll and pitch changes. During motion, an optimized wing design
can balance lift forces that enhance horizontal stability. And during hovering operations, their large
surface area provides additional damping and added mass effects that improve horizontal stability
as well [[169,1170]]. Furthermore, this configuration allows for positioning thrusters farther from the
CoM, extending the moment arms and improving the efficiency for executing tilting manoeuvres.
An added benefit of this particular form is that the pincer-like shape at the front allows the front
thrusters to be placed even further from the CoM without significantly restricting the manipulator
range of motion.

RAYA’s structure and shape are achieved using numerical analysis techniques that ensure an
efficient design and accomplish a defined set of goals. Due to its bio inspired morphology, and
strategic thruster configuration, the vehicle is capable of executing complex manoeuvres and hov-
ering while performing inspection and intervention missions. Thus, the design of the RAYA AUV

accounts for certain essential features:

* Modular Arrangement: The electronic components are distributed among five cylinders
composing four different modules: mission control and navigation, perception, propulsion,
and system power, where two of the cylinders are dedicated to propulsion. The dimensions
of each module cylinder can be found in table The AUV’s design allows for easy
removal and replacement of each cylinder, facilitating quick adjustments or replacements.

This modular approach minimizes maintenance time and supports operational flexibility.

Table 3.1: Mechanical specifications of RAYA’s cylinders.

Diameter Length Weight

Cylinders [mm] [mm] ke
2x Propulsion 200 1130 14.7
1x System power 200 530 314
1x Navigation 230 490 13.0
1x Perception 320 440 21.8

* Load Distribution: The design strategically positions carbon fiber-reinforced polymer
(CFRP) tubes to handle the majority of the mechanical stress, while the Polyoxymethylene
(POM) components bear significantly lower stress. This approach ensures that the critical

stresses are distributed effectively, minimizing the risk of structural failure.
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* Buoyancy and Stability: The combination of CFRP’s low density and positive buoyancy of
the POM components ensures that the vehicle maintains a balanced buoyancy. This design
helps the AUV achieve a neutral or positive buoyancy state, allowing it to float to the surface

if all thrusters are turned off.

* Hydrodynamic Efficiency: The vehicle’s hull shape is inspired by bio-mimicry, specifi-
cally the manta ray. This streamlined, blended winged-body design reduces drag and im-
proves hydrodynamic performance. The hull’s shape contributes to enhanced stability and
maneuverability, particularly during hovering and close-range inspection tasks. The pincer-
like front shape facilitates optimal thruster placement, further enhancing the vehicle’s bal-

ance and operational efficiency.

The requirements for the RAYA were discussed and validated based on the needs of offshore
operations and maintenance tasks. As such, the main objectives of the system were defined: close
range inspection of offshore structures and underwater interventions. For this, a list of the func-
tional requirements is presented in table [3.2] pertaining to perception, navigation, and operational

capabilities.

Table 3.2: System requirements for RAYA.

Configuration AUV & ROV
Charging Wired

Operating conditions 3 (Douglas sea scale)
Water currents Maximum of 0.5 m/s

Manoeuvrability (DoFs)  Surge, sway, heave,
yaw, pitch and roll
Operational capabilities = Underwater manipulation
Visual inspection and guidance
3D structures detection
Sea bed mapping
Environment reconstruction
Operating depth Upto 150 m
Remote operation delay  Movement: < 10 ms
Manipulator: <20 ms
Other functions: <100 ms

Wireless comm Upto1km
Comm bandwidth 500 kbps to 1 Mbps
Localization GPS, IMU and DVL

The frame and hull design of the RAYA AUV is a critical aspect of its overall performance
and functionality. Designed with a focus on strength, buoyancy, and hydrodynamic efficiency, the
structure supports the vehicle’s complex maneuvers and operational tasks. Key elements of the

frame and hull design include:

* Cylinders and frame: The RAYA AUV is primarily composed of five sealed cylinders, as

shown in figure[3.3] each dedicated to a crucial aspect of the vehicle’s functionality:
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— Mission Control and Navigation: This cylinder houses the vehicle’s core naviga-
tion systems, including the Inertial Measurement Unit (IMU), Doppler Velocity Log

(DVL), and GPS for precise positioning and obstacle avoidance.

— Perception: This cylinder contains sensors for environmental mapping and inspection,

including three visual cameras, a multibeam sonar, and a pipe profiling sonar.

— Propulsion Power and Actuation: Two cylinders dedicated to managing the propul-
sion system. Each of these cylinders actuates six thrusters, providing comprehensive

control over the vehicle’s movement.

— System Power: Provides overall power to the vehicle’s systems, ensuring continuous

operation.

4S Front Cylinder
(Propulsion power)

}"4S Back Cylinder
(Propulsion power)

High Level &
Navigation
Cylinder

Perception
Cylinder

"~ 6SCylinder
(Syftem power)

Figure 3.3: RAYA’s cylinders (names and locations).

The cylindrical modules housing all essential electronic components, including batteries,
computers, and communication devices, are made from Polyoxymethylene, which offers
ease of machining and cost-effectiveness. The frame that supports these cylinders and sen-
sors is constructed from Carbon Fiber Reinforced Polymer tubes and anodized AW 6061
aluminum connectors. This combination ensures that heavier loads are transferred effec-

tively to the CFRP tubes, which provide higher strength and stiffness compared to POM.
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* Support Structures: Additional support structures, also crafted from POM, position and
secure various sensors and actuators such as sonars, visual cameras, thrusters, and the ma-
nipulator. These structures are produced through conventional milling, which ensures preci-

sion and cost-effectiveness. The flexibility of POM allows for quick alterations or replace-

ments as needed.

Figure 3.4: RAYA AUV open frame design and exposed sensors/actuators: (1) 6 Dof manipulator
arm - Bravo7; (2) Profiling sonar - Profiler 831L; (3) Multibeam sonar - M3 sonar; (4) DVL -
Nortek DVL 300; (5) Top facing camera; (6) Bottom facing camera; (7) Front facing camera.

RAYA is equipped with high-level mission control and vehicle navigation using an inertial
measurement unit, a doppler velocity log, and a global positioning system localization for precise
positioning and potential obstacle avoidance. RAYA’s perception module collects and processes
data from three visual cameras, a multibeam sonar, and a pipe profiling sonar for mapping struc-
tures. The vehicle is prepared to be equipped with a 6 degree of freedom manipulator and can
lift objects of up to 5kg apparent weight. The weight and general description of the different
sensors and actuators equipped outside the cylinders can be found in table 3.3] An image of the
RAYA’s open frame design can be found in figure [3.4 where the exposed sensors and manipulator

are identified.

Table 3.3: Description and weight of RAYA’s exposed sensors and actuators.

Sensors Description Weight [kg]
1x M3 sonar Multibeam sonar 4.6

1x Nortek DVL 300 Doppler velocity log 1.3

12x T200 Thrusters 0.344

1x Bravo 7 6 DoF manipulator 9.5

1x Profiler 831L Profiling sonar 1.2

3x Camera Visual inspection 0.8
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Thruster’s configuration and sensitivity analysis

The buoyancy force acts upon the center of buoyancy (CoB), in the opposing direction of gravity.
A key part of designing an AUV is analysing its CoB and CoM. For the vehicle to float, the
resulting force, between gravity and buoyancy, must be positive. Consider the position of the
vehicle, in the local coordinate frame, defined as g = [x,y5,z5], any deviations in the xzyp plane
(horizontal), between the CoM and the CoB will cause a righting moment over a pivot point located
between the two centres, over which the body will rotate until the centres are vertically aligned
[171]. If the centres are close and aligned, the thrusters spend less energy in righting the vehicle’s
orientation, allowing for longer operation times. Figure[3.5|shows the origin of the global frame of
reference, and the positive axis direction of the thrusters. The CoM and CoB of the whole vehicle

can be written as:

Y (Componentcoy x Componentyggs)

CoM = ; (3.1

Y Componenty s

CoB — Y (Componentc,p x Componenty,jme) 32)
Y Componentyyjme ' '

® upwards (z+)

&® downwards (z-)

Figure 3.5: Vector representation of the RAYA’s thrusters. The horizontal thrusters are represented
by the green arrows at a 45-degree angle with the xp axis (red). The vertical thrusters are repre-
sented by the light blue circles.
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Due to the shift of the CoM provoked by the manipulator’s movement, a sensitivity analy-
sis must be performed to validate the placement of the thrusters. For this purpose, four critical

scenarios were considered:
* Scenario 1: A full rotation of the vehicle about the xp axis in travelling state;
* Scenario 2: A full rotation of the vehicle about the yp axis in travelling state;

* Scenario 3: A full rotation of the manipulator in the xgyp plane while the vehicle is hover-
ing, as shown in figure 3.6

* Scenario 4: A full rotation of the manipulator while holding a 5 kg payload in the xzyp
plane, and the vehicle is hovering. The payload is a block of steel with density, 7750 kg /m>.

Figure 3.6: Manipulator movement during critical scenarios number 3 and 4.

In a travelling state (scenarios 1 and 2), the manipulator is retracted towards the back of the
vehicle, as shown in ﬁgure In this configuration, the CoM is located at [558.7,—2.4,66.2] x
1073 m and the CoB is located at [558.8,—3.0,99.6] x 1073 m. Gravity exerts a total downwards
force of 1648.3 N, and the surrounding water exerts a total upwards force of 1654.5 N, confirming
that the vehicle is positively buoyant, with a resulting force of 6.2 N.

For scenarios 3 and 4, the manipulator performs a rotational movement as illustrated in figure
[3.6, The CoM and CoB shift can be observed in figure [3.8] and figure [3.9] respectively. While
the payload causes larger variations in the CoM, the CoB is not as affected due to the considered
material’s high density. These leads to larger distances between the two centers, and therefore,

larger righting moments.
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Figure 3.7: RAYA'’s travelling configuration: manipulator accommodated below the cylinders.
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Figure 3.8: RAYA’s CoM and CoB shift with no payload.
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Figure 3.9: RAYA’s CoM and CoB shift with 5 kg payload.

Considering the pose of the AUV relative to a global fixed frame as ) = [xy, yn, 2n, v, On, Wn ],
where [xy,yn,zy] represent the translation of the vehicle along the respective axes, and [@y, Oy, Yn]
represents the roll, pitch, and yaw of the vehicle. Based on the expression given by Fossen [172]]
for a 6 DoF nonlinear dynamic equation of motion, the dynamic model of the RAYA AUV can be

expressed as:

Mv+C(v)v+D(v)v+g(n)=r1, (3.3)

where Vv and Vv are the acceleration and velocity vectors of the body fixed frame, M, C(Vv),
and D(Vv), are the system’s inertia matrix, the Coriolis centripetal matrix, and the damping matrix,
respectively, and T is the vector of control inputs. The parameters of these matrices, excluding
g(Vv) (which is shown in equation can be found in Leitdo’s work [[167]. The parameters
were obtained via CFD, with the software OpenFoam for the open-frame vehicle. Considering

the thruster force vector f = [fy, fy, £.]', the moment arms I = [lx,ly,lZ]T as the distance of the
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thrusters to the local origin coordinate, and C and S as cos(7/4) and sin(7/4), respectively, and
representing the orientation of the horizontal thrusters, the configuration matrix of the thrusters,

T, can be defined as:

T— [TV Th} e ROX12, (3.4)
o0 0o 0o o0 0 O]
O 0 0 0 0 0
po |1 s
Lol L L —l,
I R A
(0 0 0 0 0 o]

C C —C C C —C
S S - - -S
r_| © 0 0 0 0 o | 36
—SI. —SI. —SI. SI. SI. SI.
Cl. Cl. —Cl. Cl. Cl. —Cl.
SI;—Cly Sl;—Cly —Sl;+Cly —Sl,—Cl, —Sl,—Cl, Sk +Cl,|

Considering that each thruster is identified by a three-letter code referring to its position and
orientation: F-front; M-middle; B-back; R-right; L-left; V-vertical; H-horizontal, T is the configu-
ration matrix of the vertical and horizontal thrusters in the following order: FRV, MRV, BRYV, FLV,
MLYV, BLV; FRH, MRH, BRH, FLH, MLH, BLH.

The matrices M, C(v), and D(Vv), affect the vehicle’s motion by influencing the dynamics,
but they are not critical in determining the vehicle’s ability to complete maneuvers. This is be-
cause these matrices primarily affect the rate at which the vehicle responds to inputs, but do not
fundamentally limit the vehicle’s maneuverability as they are proportional to either the vehicle’s
velocity or acceleration. Instead, maneuverability is primarily determined by the restoring forces,
represented by g(1) € RS. Thus, for the purpose of this analysis, T = g(1n). The vector of gravi-
tational/buoyancy forces and moments, g(1), can be expressed as:

(W + B)sin(6y)
—(W 4+ B)cos(6y)sin(¢n)
B —(W + B)cos(6y)cos(¢n)
&(m) = —(yeW +yiB)cos(0y)cos(Pn) + (zgW + z,B)cos(Oy ) sin(Py ) ’ S

(2eW + 2pB)sin(0n) + (x,W +x;,B)cos(6y)cos(Pn)

—(xgW +x,B)cos(0y)sin(¢n) + (yeW + ypB)sin(6y)

where W is the gravity force, B is the buoyancy force, and [xg,y,,2,] and [x,,yp,25] are the
local positions of the CoM and CoB, respectively.
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Given that the T matrix is singular, the total force exerted by each thruster, represented by the

vector ¢, can be calculated as:

t=T"g(n),where t € R, (3.8)

Following this procedure, it is possible to map the force exerted by each thruster for any
given configuration. For each scenario, the forces exerted by the thrusters can be seen in figure
.10} where only the vertical thrusters are shown, since the horizontal thrusters do not contribute

significantly to balancing the body.

The upper and lower limits are defined by the thruster’s capacity: 5.25 kgf in the positive
direction, and 4.1 kgf in the negative direction. In scenario 1, the forces applied by the thrusters
are antisymmetrical in the xpzp plane (vertical plane that crosses the mid-section of the vehicle),
with the middle thrusters being the most overworked, reaching 22 N when the vehicle is at a roll

of 90 degrees. In scenario 2, the forces applied by the thrusters are symmetrical in the xgzp plane,
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Figure 3.10: Thruster sensitivity analysis in each scenario. Figures (a) and (b) depict the forces
exerted by the thrusters for a full rotation in roll and pitch.
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Figure 3.10: Figures (b) and (c) show the forces exerted by the thrusters for a full rotation of the
manipulator, in the xgyp plane, without and with a 5Kg payload.

with the front thrusters being the most overworked, reaching 19 N when the vehicle is at a pitch
of 90 degrees. Scenarios 3 and 4 are similar, except that, due to the payload, the magnitudes of
the forces are much larger in scenario 4. In scenario 3, the thrusters all reach similar maximums
at different points in the manipulator’s rotation. However, the maximum value registered is 7.7 N
at 154 degrees for the back thrusters. In scenario 4, the front thrusters exert more effort than the
others, with a maximum value of 38.5 N at 159 degrees. In its travelling state, the maximum effort
is 1.4 N for the front thrusters. Overall, this analysis shows that the thruster positioning is capable
of performing these 4 critical scenarios. Even if some of these positions are not achievable, since
the manipulator cannot perform a full rotation in the xgyp plane due to collisions with the body,
the fact that the thrusters have sufficient force to complete the critical scenarios, they are capable

of achieving any maneuver and perform intervention missions while hovering.
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3.3 Hardware Architecture and System Functionalities

This section presents the overall architecture of the vehicle is described, and the composition of
each cylinder previously presented. RAYA has a modular architecture, with five modules. This
structure allows the division of the components based on the different aspects of the vehicle. Four
distinct main aspects of the vehicle were considered: navigation, perception, propulsion and sys-
tem power. Figure [3.11] presents the overall architecture of RAYA, with its five modules. The
proposed architecture focuses the computation units and power related systems inside each unit.
The sensors and actuators relevant to each module are placed outside, but directly connected to
each unit. All the modules in the vehicle are connected through ethernet and use the robot oper-

ating system (ROS) framework to create the data bridges between them, allowing communication

and data sharing between all modules.
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Figure 3.11: High-level architecture of the electronic systems that compose the vehicle RAYA. The
system is composed by five modules, representing the four main aspects of the vehicle: Navigation,
perception, propulsion and power. The sensor and actuators external to these elements are also
represented. Blue lines represent Ethernet connections between modules and components, and

orange lines represent the power connections.
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3.3.1 Mission Control and Navigation Module

High-level mission control and vehicle navigation are handled by the navigation module (repre-
sented in figure [3.12)). The high-level mission control is responsible for all decisions related to
planning and scheduling of all actions of the vehicle, and is performed by a dedicated computing
unit commanding the remaining units, based on the task being performed. Additionally, the con-
trol of the manipulator for intervention tasks is also performed by this computing unit, using the
data collected by the perception module to ensure the safety of the manipulation operation. Nav-
igation is also handled by a dedicated unit, which receives commands regarding target positions
and trajectories from the high-level mission control. For navigation, both inertial measurements
and DVL are used, providing two sources of data pertaining to the navigation and position of the
vehicle, increasing its precision and reliability. When navigating at the surface, GPS localization
is available and complements the navigational system. From this data and the kinematics of the
vehicle, the calculation of the thruster firing configuration to reach the objective destination is
performed. Power for all components involved, as well as sensors, is provided externally by the
power module, and converted internally, based on the need of each component or sensor. Thus,

this module is responsible for both underwater manipulation and navigation functionalities.
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Figure 3.12: Internal structure of the navigation unit, containing its components, as well as the
connection to external sensors and other units. The orange lines correspond to power connections,
while the blue arrows represent network connections between internal components, external sen-
sors and other modules.

Underwater manipulation

As an intervention vehicle, RAYA is prepared to be integrated with a 6 DoF robotic manipulator
(Bravo7 manipulator from Reach Roboticﬂ), which is positioned at the front of the vehicle. While
moving, and when not in use, the manipulator is safely positioned under the vehicle. For inter-
vention and manipulation operations, the manipulator is extended beyond the front of the vehicle,

as represented in figure [3.13] This manipulator can operate at a depth of up to 300 meters. With

1REACH Bravo URL: https://reachrobotics.com/products/manipulators/reach-bravo/, ac-
cessed at December 2024
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Bravo 7 equipped, RAYA is capable of manipulating objects of up to 5 kg apparent weight with a

high accuracy joint positioning of 0.1°.

Figure 3.13: RAYA with the underwater manipulator fully extended.

Localization

One important component for correct movement and operation control is reliable knowledge of the
vehicle’s position. For this purpose, RAYA is equipped with multiple sensors to calculate and cor-
rect the vehicle’s localization during operation. When operating at surface level, the vehicle uses
an real time kinematic (RTK) GPS Holybro F9Pﬂ, to provide accurate positioning data. However,
since no GPS data is available when submerged, the vehicle uses a Nortek DVL 30q3| that provides
accurate velocity data relative to the seabed and a KVH 1750 IMlﬂ fiber optic gyro (FOG) IMU
for real-time acceleration and angular velocity data, allowing the vehicle to track its orientation
and compensate for drift during maneuvers. The GPS antenna is placed next to the pipe profiling
sonar and cameras, at the center of the vehicle. The DVL is housed at the rear of the vehicle behind
the multi-beam sonar, to allow for an unobstructed measuring of the velocity of the vehicle. The
IMU is positioned inside the navigation module.

The vehicle’s 6 DoF localization is estimated through the fusion of both the DVL and IMU,
using an Extended Kalman Filter (EKF) and a similar methodology to that described by Campos

et al. [173]. Since the sensors are asynchronous and do not measure all state vector variables

2Holybro Docs URL: https://docs.holybro.com/gps—and-rtk-system/f9p-h-rtk-series/
standard-f9p-uart/download, accessed at December 2024

SDVL 1000 - 300 m URL: https://www.nortekgroup.com/products/dvl-1000-300m/pdf, accessed
at December 2024

4KVH 1750 IMU URL: https://www.ion.org/3nc/upload/files/1450_1750%20IMU%20Comm%
20Datasheet%200715%20 (2) .pdf, accessed at December 2024


https://docs.holybro.com/gps-and-rtk-system/f9p-h-rtk-series/standard-f9p-uart/download
https://docs.holybro.com/gps-and-rtk-system/f9p-h-rtk-series/standard-f9p-uart/download
https://www.nortekgroup.com/products/dvl-1000-300m/pdf
https://www.ion.org/jnc/upload/files/1450_1750%20IMU%20Comm%20Datasheet%200715%20(2).pdf
https://www.ion.org/jnc/upload/files/1450_1750%20IMU%20Comm%20Datasheet%200715%20(2).pdf
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independently, the EKF is responsible for predicting RAYA’s pose throughout time when no sensor
measurement exists by using an omnidirectional motion model. When a new sensor reading is
received, the estimate is corrected. The EKF inputs consist of the IMU angular velocity and the
DVL linear velocity data. In the future, the linear acceleration data from the IMU will be added
to the EKF using absolute attitude data (roll, pitch and yaw) from a Xsens MTi-630 IMUE} This
sensor will allow for gravity vector subtraction, as the FOG IMU only provides values relative to
its initialization state. Finally, the positional information of retrieved from the GPS will be added

to the filter as well, to estimate RAYA’s position globally, while at the surface.

3.3.2 Perception Module

The perception module of RAYA (figure[3.14) contains a processing unit responsible for the collec-
tion and computation of all perception data in real-time, as well as running all processes required
for the acquisition, filtering and visualization of the data. The sensor payload for this module
includes visual cameras and sonars. Additionally, RAYA is required to both perceive and in-
teract with the environment. Therefore, the perception module is prepared to accommodate the
MARESye perception system [106, [105] fixed to the manipulator (eye-in-hand configuration),
which can be used for close range inspection tasks and allows for the reconstruction of the work-
ing environment during intervention tasks. All sensors are connected to the vehicle’s network, for
easy data transfer between modules. Similarly to the Navigation module, power for each compo-
nent and sensors is provided externally from the power module, and converted internally based on
the needs of each component and/or sensor. Thus, this module is responsible for visual inspection

and guidance, 3D structures detection and seabed mapping functionalities.
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Figure 3.14: Internal structure of the perception unit, containing its components, as well as the
connection to external sensors and other units. The orange lines correspond to power connections,
while the blue arrows represent network connections between internal components, external sen-
sors, and other modules.

Visual inspection and guidance

As an inspection vehicle, the ability of providing a detailed visual information to an operator (or

for post-hoc analysis) is extremely relevant. Additionally, this visual information can be crucial

SMTi-630 URL: https://www.xsens.com/hubfs/Downloads/Leaflets/MTi-630.pdf, accessed at
December 2024


https://www.xsens.com/hubfs/Downloads/Leaflets/MTi-630.pdf

3.3 Hardware Architecture and System Functionalities 59

for guiding the vehicle’s movements during remote navigation. Thus, RAYA is equipped with
three visual cameras (two TIS-DFK-33GX273 and one TIS-DFK-33GX265, from The Imaging
Source), which provide visual feedback of the surroundings of the vehicle. These cameras, with
a maximum resolution of 1440x1080 (1.6 MP) with up to 75 fps, and 2048x1536 (3.1 MP) with
up to 36 fps, respectively, are able to provide clear and detailed images of the surroundings, while
possessing a small footprint and being lightweight. In terms of positioning, two of the three
cameras are positioned at the centre of the vehicle to provide both an upward and downward view
of the environment, with the third camera positioned at the front of the vehicle for forward-facing
navigation and obstacle detection. The cameras are each accompanied by a set of two lights with

15000 lumens each to improve visibility at higher depths.

Obstacle avoidance

Safe navigation near underwater structures requires reliable obstacle detection and avoidance ca-
pabilities. For this purpose, RAYA is equipped with an Imagenex 83 l]ﬁdigital pipe profiling sonar,
located at the center of the vehicle, and is capable of scanning 360° up to a distance of 6 m from
the center of the sensor. The sensor’s angle resolution and range allow the proper detection and

mapping of structures surrounding the vehicle, which can be targeted for closer inspection.

Seabed mapping

Inspection of the seabed is a common task performed during O&M operations, as it allows not only
the assessment of problems such as scour, but also to identify the position and state of underwater
elements, such as anchors and cables. For this reason, RAYA is equipped with a M3 multibeam
sonalﬂ which has a range between 0.2 and 150 m and can operate up to 500 m depth. The M3

multibeam sonar is placed at the rear end of the vehicle, aiming downwards at an angle of 45°.

3.3.3 Propulsion modules

The internal architecture of RAYA’s propulsion modules is represented in figure [3.15] These mod-
ules are responsible for powering and controlling the thrusters for the movement and stabilization
of the vehicle. RAYA contains two of these modules, each responsible for controlling half of the
thrusters of the vehicle. The two modules are symmetrical, with one controlling the front and right
wing thrusters and the other the rear and left wing thrusters. Each of the modules is fully powered
by internal batteries, which also power the thrusters. Each module also contains a processing unit,
which interprets the velocity commands for each thruster, provided by the navigation module,

using a set of drivers that are connected to each of the thrusters.

SIMAGENEX MODEL 83IL URL: https://imagenex.com/assets/images/downloads/831L_
Manual . pdf} accessed at December 2024

M3 SONAR - 500M URL: |https://www.graftek.com.tr/dosya/922-20017901-12-500m—1-pdf/
356/} accessed at December 2024


https://imagenex.com/assets/images/downloads/831L_Manual.pdf
https://imagenex.com/assets/images/downloads/831L_Manual.pdf
https://www.graftek.com.tr/dosya/922-20017901-12-500m-1-pdf/356/
https://www.graftek.com.tr/dosya/922-20017901-12-500m-1-pdf/356/
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Figure 3.15: Internal structure of the propulsion module responsible for powering and controlling
the thrusters in the front of the vehicle. It contains a computing unit, motor drivers to drive each
thruster, and a battery system that powers the module and motors. The blue arrow represents the
network connection with the other modules.

A significant feature of RAYA’s propulsion system is the inclusion of two independent power
cylinders, which serve as a robust failsafe mechanism. Each power cylinder is capable of inde-
pendently providing the AUV with sufficient locomotor capability. This redundancy is a critical
safety feature, ensuring that in the event of a failure in one propulsion module, the other module
can take over and maintain the vehicle’s operational capabilities. The redundancy offered by the
two power cylinders enhances the reliability of the AUV, particularly in challenging and hazardous
underwater environments for which failure is not an option. By having a redundant system that
can independently manage the vehicle’s movement, the proposed solution ensures that RAYA can

continue its mission or return to a safe location even if one propulsion module encounters an issue.

3.3.4 System power module

Power Out System Power
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Figure 3.16: Internal structure of the System Power module, responsible for powering the percep-
tion and navigation units, as well as the manipulator. It contains its components, as well as the
connection to external sensors and other units. The orange lines correspond to power connections,
while the blue arrows represent network connections between internal components, external sen-
sors and other modules.

The System Power module, represented as figure [3.16] is responsible for providing power to
the Perception and Navigation modules, and respective sensors, as well as the manipulator. Simi-

larly to the propulsion module, it contains a battery system and a computing unit. This processing
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unit provides information on the state of the batteries, such as remaining charge, and allows an

operator to disable the power to the other modules.

3.4 Experimental validation

To validate the operational capabilities of the AUV, a comprehensive testing methodology was
developed and executed through a series of increasingly complex trials. The testing strategy pro-
gressed from fundamental system validation to full operational capability assessment through three

distinct phases:

1. Laboratory and controlled environment tests were conducted at the ATLANTIS test centre to
validate basic vehicle functionality. These tests focused on two critical aspects: validating
the structural integrity of the vehicle design and verifying the kinematic control system’s
performance. The buoyancy tests ensured proper weight distribution and center of mass
alignment, while kinematic trials verified the accuracy of the thruster configuration and

control algorithms;

2. The vehicle’s perception systems were evaluated through reconstruction tasks in a controlled
indoor pool environment at CRAS laboratory. This environment provided controlled condi-
tions to assess the accuracy of the sonar and vision systems, enabling precise measurement
of reconstruction errors and validation of sensor integration. The structured environment
of the pool, with known dimensions and clear features, served as a calibrated reference for

evaluating the perception system’s performance.

3. Real environment missions were conducted at Porto de Leixdes to validate the vehicle’s
capabilities in operational conditions. These tests included visual inspection tasks of under-
water structures and autonomous navigation missions with seabed mapping, demonstrating
the vehicle’s ability to perform its intended inspection and mapping tasks in real-world con-

ditions.

This progression from controlled to operational environments enabled systematic validation
of all vehicle subsystems while ensuring safe and reliable testing procedures. A video present-
ing the vehicle capabilities while performing these tests can be found in the following link:

https://www.youtube.com/watch7v=SzGtbimGajl.

3.4.1 Buoyancy and kinematics validation

The first set of aquatic tests were conducted at the ATLANTIS test centre in Viana do Castelo
[1'74]. These tests were designed to determine the amount and placement of lead sinkers needed
to achieve a slightly positive buoyancy and alignment of the CoM and CoB. As well as test the
structural soundness of the AUV and its kinematic control. Figure shows an image of Raya
being lowered onto the water.
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Figure 3.17: RAYA AUV open frame design during system trials.

During this test, the vehicle was suspended for an extended duration using its four lifting eye
bolts, and throughout this period, the structure remained structurally sound, exhibiting no signif-
icant displacements. To optimize weight distribution, lead sinkers were strategically positioned
in various locations on the vehicle. This arrangement ensured that the vehicle maintained a hori-
zontal orientation in the absence of thrust and remained positively buoyant while minimizing the
upward force. In total, 10 kg of lead sinkers were distributed across different areas of the vehicle.

To determine the actual weight of the vehicle, a lifting crane and a dynamometer were utilized,
connected to the four lifting eye bolts (refer to figure [3.17). This test revealed a weight of 162.75
kg, excluding the manipulator, which weighed 9.5 kg. Consequently, the weight attributed to the
cables and fasteners can be calculated as follows:

» Experimental weight (excluding lead sinkers and manipulator): 162.75 kg;
* Theoretical weight (excluding lead sinkers and manipulator): 144.53 kg;

» Weight of cables and fasteners: 18.22 kg.

Due to these anticipated variations and uncertainties regarding the actual CoM and CoB, the
process of balancing the vehicle was achieved through a trial-and-error approach.

Next, the RAYA AUV was subjected to kinematic validation tests at the Atlantis test center.
These tests, conducted without the manipulator, allowed to verify the correctness of the thruster
configuration and to validate the accuracy of the kinematic expressions used in the vehicle’s control
algorithms. The thrusters’ power was deliberately reduced to 20% to conserve battery power and

ensure the safety of the vehicle during testing. Controlled inputs were applied to the AUV using
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a remote controller. These inputs, represented on a scale from O to 1, were then converted to
control forces (7). This control force vector is used through equation [3.8]to calculate the force of
each thruster. The distance of each thruster to the center of mass is presented in table [3.4] This
approach facilitated the assessment of the vehicle’s response to known commands and provided a

direct comparison between the commanded inputs and the measured velocities.

Table 3.4: Distance in x, y and z of each thruster to the center of mass.

Thruster ID | Name L Ly L
1 FRV | 0.859 | -0.32 | -0.11
2 FRH | 1.103 | -0.293 | -0.209
3 FLH | 1.103 | 0.297 | -0.209
4 FLV | 0.859 | 0.324 | -0.11
5 MLV | -0.311 | 1.108 | -0.11
6 MLH | -0.151 | 1.101 | -0.209
7 BLV | -0.724 | 0.323 | -0.096
8 BLH | -0.864 | 0.382 | -0.209
9 BRH | -0.864 | -0.378 | -0.209
10 BRV | -0.724 | -0.319 | -0.096
11 MRYV | -0311 | -1.104 | -0.11
12 MRH | -0.151 | -1.097 | -0.209

The validation process involved three standing start to constant speed experiments, comparing
the input commands against the linear and angular velocities measured by the DVL and the IMU.
The first experiment aimed to evaluate the movement of the vehicle when actuated with a linear
command in the xp axis. Figure [3.1§]illustrates the relationship between the input commands and
the linear velocities recorded by the DVL. Figure shows the linear commands along the
xp, yp and zp axes, while figure [3.18b| presents the measured velocities in meters per second. As
shown, the linear command in the xp direction (blue line) demonstrates a significant step input,
which is accurately tracked by the measured velocity. The yg and zz components remain close to

zero, indicating minimal lateral and vertical movements, consistent with the input commands.
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(a) Input commands from the remote controller. (b) Linear velocities retrieved from the DVL sensor.

Figure 3.18: Standing start to constant speed using linear command. Blue, orange and green lines
represent the velocities in xp, yp and zp axes
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The second test aimed to study the vehicle’s response to an angular input around the zp axis,
figure The DVL and IMU were used to measure the linear and angular velocities, respec-
tively. Figure[3.19b|shows that the DVL accurately tracked the motion of the vehicle along the yg
axis. This occurs because the DVL is located near the back of the vehicle, closely aligned with
the CoG x axis. Additionally, when an angular command was applied around the zp axis, the IMU
measurement indicated angular movement in the zp direction, as depicted in figure As a
result, angular rotation around the zp axis translates into a linear velocity component in the yp

direction at the DVL’s position.
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(c) Angular velocities retrieved from the IMU sensor.

Figure 3.19: Standing start to constant speed using angular command. Blue, orange and green
lines depict the velocities in xp, yp and zp axes, respectively.

The third and final experiment aimed to evaluate the vehicle’s response to an angular input
command in yg axis, shown in Fig.[3.20a] As expected, since the thruster power was reduced to
20%, when an angular input command was applied along the yp axis, the vehicle’s motion was
limited. Fig. [3.20b|shows the measured angular velocity of the vehicle with the IMU. The results
show that the angular velocity increased and then decreased to zero as equilibrium was reached.
The vehicle could only move until the force generated by the thrusters equaled the moment caused
by the misalignment between the CoM and CoB. Additionally, it is possible to observe that the
decay to zero angular speed is slower (close to 5 seconds) than the initial acceleration (3 seconds)
due to the large drag of the vehicle.

The results from these tests confirm that the thruster configuration of the RAYA AUV is cor-
rectly implemented and that the kinematic expressions used in the vehicle’s control algorithms

are accurate. The close alignment between measured velocities, both linear and angular, and the
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(a) Input commands from the remote controller. (b) Angular velocities retrieved from IMU sensor.

Figure 3.20: Standing start to constant speed using angular command in yg axis. Blue, orange and
green lines represent the velocities in xp, yp and zp axes.

expected results using the parameters estimated by Leitdo [167], demonstrates the reliability of
the AUV’s kinematic model. These findings are crucial to ensure the precise control of the AUV
during autonomous missions, which is essential for accurate navigation and maneuvering. The
successful validation of the kinematics in a controlled test environment lays the groundwork for

further testing and deployment in more complex and dynamic underwater settings.
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Figure 3.21: AUV simulation results: Input commands (top row) and corresponding output veloc-
ities (bottom row) for linear and angular motions along xp, yg, and zp axes.

3.4.2 Perception module accuracy assessment

The second set of tests were conducted at the Centre of Robotics and Autonomous Systems
(CRAS) laboratory’s indoor pool, by performing a reconstruction task of the pool’s walls and
floor to validate the perception system and its capabilities. The pool has a depth of 1.70 m, and
it measures 4.573 m and 4.397 m in length and width, respectively. A teleoperated mission was
performed to gather data by several sensors, allowing the acquisition of navigation information
through the Nortek DVL 300 and KVH 1750 IMU from the localization module. The vehicle’s
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6 DoF localization was estimated by fusing linear velocity data from the DVL and angular ve-
locity from the IMU using an EKF, as explained in section [3.3.1} This fusion process enabled
the concatenation of data from both the Imagenex 8311 sonar and the M3 multibeam sonar over
time. Due to their specific positioning in the vehicle, the Imagenex 8311 sonar was used to gather
high-resolution 3D information about the walls of the pool, while the M3 sonar was employed to
obtain 3D data of the pool’s floor.

Post-processing involved segmenting each wall and the floor individually. To validate data
quality, a RANSAC robust estimator was iteratively applied to segment each wall and floor. The
plane coefficients obtained for each wall were used to calculate the average distance and standard
deviation. Figure [3.22] depicts the resultant 3D reconstruction. From the representation, all four
segmented walls (red, blue, green, and pink) and the bottom of the pool (yellow) are clearly visible.
Table [3.5] presents the average distance and standard deviation from each wall to their respective
parallel coordinate plane with the coordinate system origin initialized at 1.19 m depth from the
water surface. The red and green walls’ distances are measured from the vertical center plane
aligned with the xy axis, while the blue and pink walls’ distances are measured from the vertical

center plane aligned with the yy axis. The yellow floor’s distance is measured downwards from

the xy-plane to the pool bottom.

(a) Perspective view. (b) Top-down view.

Figure 3.22: 3D reconstruction of CRAS’ indoor pool: all four segmented walls (red, blue, green
and pink) and the bottom of the pool (yellow).

Table 3.5: Pool reconstruction data.

Distance to parallel coordinate plane

Wall | Average (m) Standard deviation (m)
Red 2.381 0.067
Green -2.154 0.060
Blue 2.130 0.081
Pink -2.260 0.087
Yellow 0.533 0.063

The estimated length, width, and depth of the pool have errors of 0.81%, 0.18% and 1.36%,
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respectively. The perception system shows good results, and the observed inaccuracies can be

attributed to the noise from each sonar sensor, combined with drift in the localization algorithm.

3.4.3 Real environment missions

A third set of tests was conducted at Porto de Leixdes during a real scenario application. First,
RAYA was first remotely operated to approach and visually inspect a buoy at different depths,
while also obtaining 2D information of the structure. Next, an autonomous mission was executed
with the vehicle closer to the shore with the objective of testing the autonomous capability of
the AUV. These two field tests were performed on the biggest port for yachting on the North of
Portugal, namely the Marina de Leca harbor. It has multiple mooring places available on site and
has a depth of 4 m at the entry basin and 1.5-3.5 m at the yacht basin.

The first test allowed for the validation of the close-range visual inspection capacities in the
field. This mission was executed in the maneuverable zone of the harbour with Douglas Sea State
1 and maximum underwater currents of 0.1 m/s. The goal was to retrieve 2D information with the

frontal RGB camera along the height of the structure. Figure 3.23] shows three images obtained

(a) Buoy at the surface. (b) Buoy at 2 meters depth.

(c) Buoy at 5 meters depth.

Figure 3.23: Visual camera positioned at the front of the vehicle inspecting a buoy at different
depths in Porto de Leixdes.
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from the front camera at different depths while inspecting a buoy at Porto de Leixdes. For this
mission, the vehicle was remotely operated and kept at a distance of approximately 2 meters from
the buoy.

Next, an autonomous mission was executed with RAYA at the yacht basin with Douglas Sea
State 0 and underwater currents close to O m/s. Three coordinates were user specified at the surface
of the water. This second mission was performed to test the autonomous capability of the AUV.
To achieve this goal, the vehicle started at an initial position (0,0) m and navigated to (3,0) m and
finally (0,3) m, returning to the initial point as final destination (all coordinates relative to the local
frame positioned at the initial point). The navigation algorithm, presented in algorithm|[I] follows
a state machine approach [175)]. At the initial state, the AUV checks if its distance to the goal
is within a user-defined maximum Euclidean distance (||A(x,y)||2). If the distance exceeds this
limit, the AUV enters a rotation stage, aligning itself towards the goal. The rotation stops when
the orientation error |Ay/| is below a user-defined threshold. The AUV then waits for a specified
time or until the orientation error is half of the user-defined threshold before starting to move.
In the next state, the AUV moves at maximum linear velocity, with angular velocity controlled
proportionally to the orientation error. Finally, as the AUV approaches the goal, it reduces its

linear velocity and adjusts angular velocity proportionally to |Ay/|, ensuring precise positioning.

Algorithm 1 Pseudo code of the continuous execution routine used for the autonomous mission.

EPSyaw

1: state = Init 20: if 7 > 35 OR |Ay| < —5** then
2: t=0s 21: state = MoveCruise
3: while true do 22: end if
4 switch state do 23: case MoveCruse
5: case Init 24 V = Vimax
6 ifHA(X,y)Hz < Dfinish then 25: w =kl 'Al[/'w'%
7 state = MoveEnd 26: if ||A(x,y)||2 < Dfinish then
8: else 27: state = MoveEnd
9: state = Rotate 28: end if
10: end if 29: case MoveEnd
11: case Rotate 30: V= Vmin
12: v=0 31: w=k2- Ay . Mo
13: w = sgn(Ay) - max(wpin, |Ay| - 0x) 32: if 1 > 305 OR ||A(x,y)||2 > Dfinish + 1.5 m then
14: if |Ay| < EPSy,y then 33: state = Rotate
15: state = RotateEnd 34: else if || A(x,y)||2 < EPSposition then
16: end if 35: state = End
17: case RotateEnd 36: end if
18: v=0 37: end while
19: w=0

Seabed 3D information was retrieved from the multibeam sonar while performing the naviga-
tion task. Figure [3.24] shows two images (top-down and perspective views) representing the au-
tonomous trajectory executed (in red) and the seabed reconstruction task that took place at Porto
de Leixdes. Results show that the performed trajectory, presented in figure [3.24b] was similar to
the expected triangular shape, while showing some deviation in depth (see figure mean-
ing that a fine-tuning is still needed for the navigation algorithm. This figure also shows a depth
map, result of the concatenated sonar point cloud data gathered with M3 sonar. The depth varies

between 1.71 and 2.58 meters, and it is consistent with the depth information of the local test site.
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(a) Perspective view. (b) Top-down view.

Figure 3.24: Seabed reconstruction task conducted at Porto de Leixdes. The vehicle preformed an
autonomous trajectory in the shape of a triangle, given by three points. The red arrows represent
the odometry and the point cloud represents the results of the seabed mapping. The depth map is
identified by the colour bar, with red being the lowest registered depth at 1.71 m and purple the
highest at 2.58 m.

3.5 Final Considerations

This chapter deals with the system and structural development of the RAYA AUV for offshore
inspection and maintenance missions. The structural performance was experimentally validated at
the ATLANTIS test centre. The vehicle was also optimized with lead sinkers to adjust the CoM
and CoB, achieving the alignment of the centres, and a slightly positive buoyancy. By analyzing
the necessary forces for each thruster across four different scenarios, including operational condi-
tions with and without a 5 kg payload, the suitability of the thruster’s placement has been verified.
The resulting forces for each thruster were calculated for various vehicle and manipulator configu-
rations to validate all possible motion ranges. The overall hardware architecture of RAYA consists
of five different modules, with four main functions: navigation, perception, propulsion and power
system. By making use of the modular implementation of this architecture, all of RAYA’s systems
were independently tested: the kinematic control system demonstrated accurate 6 DoF actuation
necessary for intervention tasks; the perception system achieved high accuracy with reconstruc-
tion errors below 1.5% in controlled environments; and real-world trials confirmed autonomous
navigation capabilities including seabed mapping and visual inspection of underwater structures.
A summary of the specifications of the final RAYA is presented in table 3.6

Overall, this work details the development phase of the RAYA AUV, showcasing the decision
making process behind the sensor and actuator selection, as well as the techniques used during
the design phase, which allowed to achieve all the previously set requirements. The conducted
experiments validated the vehicle’s structural integrity, kinematic control, perception accuracy, and
autonomous navigation capabilities. Through its bio-inspired design, modular architecture, and
comprehensive sensor integration, RAYA represents a significant step toward enabling persistent

autonomous operations in offshore environments.
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Table 3.6: RAYA specifications.

Configuration Hybrid (AUV & ROV)
Length [m] 2.3
Width [m] 2.25
Height [m] 0.79
Weight [kg] 162.75
Apparent weight [kg] 4
Max operating depth [m] 150
Energy [kWh] 3.4 kWh Li-Ion battery
Autonomy [h] 5
Operating temperature [°C] 0-30
Tether size [m] 300
Tether bandwidth [Mbps] 100
Degrees of freedom 6
Number of thrusters 12
Max linear velocity [m.s~'] Surge: 1.3
Sway: 0.7
Heave: 0.7
Max angular velocity [rad.s '] Roll: 0.087
Pitch: 0.087
Yaw: 0.175
Navigation system IMU
DVL
GPS

Perception system

Multibeam sonar
Pipe profiler sonar
Visual cameras + LED lightning

Launch and recovery

Crane




Chapter 4

3D Exploration of Underwater

Structures using a Multibeam Sonar

The ability to create accurate three-dimensional representations of underwater structures repre-
sents a critical capability for enabling persistent autonomous operations. In offshore environments,
where high-value infrastructure operates continuously underwater, these models serve as the foun-
dation for autonomous navigation, inspection, and intervention tasks. Accurate representations of
underwater structures, such as docking stations and their supporting infrastructure, are especially
crucial for enabling long-term autonomous operations through manipulation-based docking capa-
bilities. While current AUVs can execute pre-planned survey missions effectively, they struggle
with tasks requiring adaptive exploration and precise environmental understanding. A particular
challenge lies in close-range operations where vehicles must maintain optimal sensing distances
while ensuring safe navigation near structures. Traditional approaches often rely on maintaining
fixed standoff distances or following predefined patterns, which can result in incomplete cover-
age, suboptimal data quality, or potentially unsafe vehicle positions. Moreover, the quality of
sonar data varies significantly with acquisition angle and distance. Addressing these challenges
requires new methodologies that can explore unknown environments while optimizing both data
quality and vehicle safety.

This chapter is organized as follows: Section [4.2] presents each C2FARUS stage, offering
insights into the underlying principles and computational techniques. Section [4.3|discuss an ex-
tensive analysis of the C2FARUS’ performance detailing experiments in both simulation and real
scenarios. Finally, section d.4] clarifies the most important conclusions of this research, providing

a critical view of the obtained results.

4.1 Introduction

Despite recent advances in autonomous underwater vehicles that have enhanced our ability to
navigate and interact with subsea environments, close-range operations near structures remain

challenging due to sensing limitations. While optical systems can provide high-resolution data
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for monitoring and inspection tasks [106, [176], their effectiveness is constrained by water clarity
and limited range due to light attenuation [[177, [105]. Acoustic sensing through sonars offers a
more robust solution for underwater perception [178 [179], yet there remains a significant gap in
navigation techniques that can ensure both performance and safety during close-range operations

and maintenance tasks [[134].

C2FARUS - A Coarse-to-Fine Approach for 3D Reconstruction of
Underwater Structures

Coarse 3D Objects Exploration Objects Identification

Close-Range Inspection Scene Path Planning for Fine Object Reconstruction

Coarse
reconstruction

Fine
reconstruction

Figure 4.1: C2FARUS - a coarse-to-fine approach for 3D reconstruction of underwater structures.

The research presented along this chapter aims to enable autonomous underwater vehicles to
explore the underwater environment and capture a fine 3D reconstruction of underwater structures
using 3D sonar information. A novel coarse-to-fine approach designed for underwater exploration,
detection, recognition, and 3D reconstruction of submerged structures, provides the environmen-
tal understanding necessary for manipulation-based docking maneuvers [155} [180]]. The proposed
method, shown in figure encompasses a series of interconnected stages designed to address
the challenges inherent in underwater exploration and inspection tasks. Starting with no prior
knowledge of the environment, it enables the AUV to autonomously explore and detect objects

of interest using sonar sensors. By leveraging a multibeam sonar, the system performs an initial
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coarse scan to identify key features and approximate the target object’s location. The method
emphasizes close-range inspection navigation, which is critical for acquiring high-resolution data.
Once detected, the vehicle transitions into a fine inspection phase, where it navigates within a
safe inspection scene representation around the object. This proximity ensures the sonar captures
detailed, high-resolution information from multiple perspectives, minimizing blind spots and en-
hancing 3D reconstruction accuracy. The final output is a fine and comprehensive 3D model of

the underwater structure, generated by combining the data from multiple close-range views.

4.2 C2FARUS - A Coarse-to-Fine Approach for 3D Reconstruction

of Underwater Structures

C2FARUS introduces a coarse-to-fine approach designed to tackle the challenges of underwater
exploration and object reconstruction in unknown environments. Beginning with no prior infor-
mation about the surroundings, the method gradually refines its understanding of the environment
through a series of stages, depicted in figure #.2] This structured approach ensures that initial
uncertainties are systematically reduced, allowing for precise and comprehensive perception of
underwater structures even in complex and uncharted settings. It employs close-range navigation
in a new inspection scene representation, to overcome the limitations of sonar resolution at greater
distances, ensuring high-quality data acquisition. By navigating in proximity to the target, the
system captures detailed, high-resolution data using a multibeam sonar. This data is then utilized
for a final fine 3D reconstruction, allowing for a comprehensive and accurate understanding of

underwater structures.

C2FARUS - A Coarse-to-Fine Approach for 3D
. Reconstruction of Underwater Structures
INPUT
3D Coarse Coarse 3D Objects . .
Sonar Data = G » Objects Identification
. 3D Coarse Object
OUTPUT . Representation
3D Fine Object - Path Planning for Close-Ran
) c . . - ge
Reconstruction €—— Fine Object < ereEiaT SmEme
: Reconstruction

Figure 4.2: Visual representation of C2FARUS methodology, a coarse-to-fine approach for 3D
reconstruction of underwater structures.



74 3D Exploration of Underwater Structures using a Multibeam Sonar

4.2.1 Coarse 3D Objects Exploration

C2FARUS initial stage, depicted in figure 4.3 focuses on exploring an unknown space of the
seabed to obtain a coarse location of points of interest. This could include rocks, debris, wreckage,

docks or other objects that may pose potential exploratory interest.

Coarse 3D Objects Exploration

M3 multibeam sonar > Sliding window

<7

Pointcloud
Downsample

Vi

Depth Gradient

<7

Binary Mask

— - == = = = = = = = S

Image Processing

Contours ::> Fill Poly

Segmented Foreign Object

Figure 4.3: Coarse 3D objects exploration stage.

Multibeam sonar technology is used to capture detailed 3D data of the seabed terrain. The
collected data is organized into a sliding window data structure, enabling efficient processing and
analysis of localized regions within the sonar data. To facilitate efficient processing, the point
cloud data is transformed from its native 3D representation into a 2D grid structure by projecting
points onto the XY-plane, where each cell contains the mean depth value of its corresponding

region. This averaging process inherently acts as a low-pass filter, reducing high-frequency noise
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from the multibeam sonar while preserving essential terrain characteristics. The resulting grid-

based representation provides a structured format for gradient analysis.

To detect potential points of interest and differentiate their boundaries from the seabed, depth
gradient analyses are performed on the grid-based representation. The depth gradient represents
the first order derivative of depth values between neighboring cells in the grid. Areas with high
depth gradient values indicate significant changes in depth that therefore suggest boundary points
of interest. This crucial step is pivotal in identifying regions of significant depth variation which
indicate potential object boundaries or features of interest. To enhance the accuracy and effec-
tiveness of the analysis, derivatives are calculated in two orthogonal directions. To capture the
nuanced variations in depth along orthogonal axes, two distinct kernels serve as localized convo-
lution filters, tailored for analysis along the xx and yy axes. The use of dual kernels for depth
gradient analysis offers several advantages. By considering depth variations along orthogonal
axes, a broader spectrum of spatial information is captured, enabling the detection of objects with
diverse geometric characteristics. The grid space representation enhances the resilience of the
analysis to object spatial orientation variations within the seabed environment.

A binary image is generated with all the cells exhibiting high depth gradient values being high-
lighted. To achieve a complete segmentation mask, each object contour is detected and filled in
the image. A 3D coarse representation of each object can be obtained using the final segmentation

mask and the original multibeam collected data.

4.2.2 Objects Identification

The goal of this second stage, illustrated in figure 4.4} is to identify and classify previously known
models within the segmented 3D coarse points of interest from the previous stage, while estimating
their positioning and orientation. This will allow to filter undesired segmented objects, such as
rocks, from the previous stage and proceed with the fine reconstruction task under objects of
interest.

Initially, the segmented points of interest obtained from the previous stage are filtered to re-
move points that belong to the seabed plane. A RANSAC algorithm is used to estimate the seabed
plane that is parallel to the xy-plane. Removing these points isolates the object’s structural com-
ponents, enhancing the accuracy of subsequent analyses.

A bounding box encapsulating the segmented points of interest is computed, applying Prin-
cipal Component Analysis (PCA) to the point cloud and estimating the eigen values, providing a
spatial framework for subsequent feature extraction and recognition processes. The bounding box

serves as a reference for delineating the extent of the object within the scene, facilitating geometric

feature analysis. Given a point cloud with N points, where each point is defined as p; = [x;,y;,z]7,
the covariance matrix C € R**3 is computed as shown in equation
1Y _ 7
C (pi —p)(pi —P) 4.1

1

Il
—_
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Objects Identification

Sea-bed Removal

<7

Bounding Box
Estimation

Segmented Foreign Object >

r—-—-=1r<=---- - - - - - - - - - = I

Object Recognition

Feature Computation > Feature Matching

L e = — — 4 L - ===

Identified Object

Figure 4.4: Objects identification stage.

where p represents the centroid of the point cloud. Principal Component Analysis decomposes
this covariance matrix into eigenvectors V = [v;, v, v3] and corresponding eigenvalues A; > A, >
A3, where the eigenvectors represent the principal axes of the bounding box. These eigenvectors

form an orthogonal basis that defines the orientation of the object-aligned coordinate system.

The bounding box dimensions are then determined by projecting all points onto each principal

axis and finding the minimum and maximum extents, as shown in equation 4.2}

dj= max (vip)— min (vip), j=123 4.2)

where d; represents the extent of the bounding box along the j-th principal axis. The resulting
oriented bounding box is defined by its center position P, orientation matrix V, and dimensions
Geometric features pertinent to the object’s structural characteristics are extracted from the
bounding box and the segmented object. These features encompass properties such as shape,
dimensions, curvature, and spatial relationships among constituent points. For docking station
identification, a Plane RANSAC algorithm detects the planar surface within the segmented object.

Corner points belonging to the detected plane are then extracted as key features. These points,
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combined with structural measurements such as the length-to-width ratio, form the geometric
signature used for object recognition.

The geometric method approach to object detection and recognition leverages inherent struc-
tural properties to infer object identity and spatial orientation. This approach offers computational

efficiency, robustness to environmental variability, and interpretability of results [181].

4.2.3 Close-Range Inspection Scene Representation

The quality of sonar data is fundamentally tied to the acquisition distance - operating too far
from structures results in poor resolution while moving too close introduces collision risks. This
stage of C2FARUS addresses this challenge by defining optimal inspection zones that balance
data quality with vehicle safety. The approach creates a structured representation of the inspection
scene where the vehicle can navigate safely while maintaining the sonar resolution required for

detailed reconstruction.

P
Close-Range Inspection Scene
Identified Object

| N N

E tricit Fine Resolution
ceentricity Observation Sphere < ]

Estimation

Obstacle Representation

| |
| [
| |
| |
| Ellipsoid > Collision Spheroid |
| |
| |

|

Feature Tracing

Observation Features N\ / ; ; Inspection Scene

Figure 4.5: Close-range inspection scene stage.

The inspection scene representation, illustrated in figure 4.5] consists of three key elements:
a maximum observation boundary, a collision-free zone, and a set of observation points. The
maximum observation boundary ensures adequate sonar resolution by limiting the acquisition

distance based on sensor specifications. The collision-free zone accounts for the object’s geometry
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and the vehicle’s dimensions to prevent unsafe approaches. The observation points are positioned
to capture all critical object regions while maintaining the required resolution and safety margins.
To construct this representation, the process follows several steps. First, a spherical boundary

is computed using the multibeam sonar specifications. The radius of this sphere (r) is determined
by equation[4.3]

R
e f

.V (4.3)
2~tan(%)

where r is the radius of the sphere that guarantees adequate coverage and resolution, Ry is the
minimum resolution expected fot the fine 3D reconstruction task and by, is the multibeam’s field
of view (FOV).

The collision-free zone is defined by transforming the initial spherical boundary into an ellip-
soid that respects the object’s proportions. Given a sphere of radius r and an object with dimen-
sions length /, width w, and depth d, the ellipsoid’s semi-axes are computed (equation based
on the object’s relative proportions:

l w d

r, b=—r c=
Smax Smax Smax

r 4.4)

a =

where s,4, = max(l,w,d) is the object’s largest dimension. The resulting ellipsoid can be

represented in quadratic form as shown in equation [4.5|and 4.6}

xAx =1, 4.5)
L 0 0
A=10 % 0f, (4.6)
0 0 4%

where x = [x,,z]7 and A is a symmetric positive definite matrix:
To align the ellipsoid with the object’s orientation, a rotation transformation is applied. Given a

rotation matrix R, calculated from the previous PCA, the rotated ellipsoid is described by equation

AT

x'RTARx = 1 4.7

The resulting ellipsoid provides a collision-free zone that adapts to the object’s geometry while
maintaining the minimum required distance for sonar data acquisition.

Finally, observation points (p,) are determined for each object point identified in the previous
stage through a two-step projection process. First, each object point is projected onto the closest
ellipsoid point using the line passing both points. This ensures the selection of observation points
outside the high-risk collision zone while maintaining minimal distance to optimize sonar data res-

olution. The second step involves offsetting these initial projections outward by the vehicle’s size
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(vs) along the same projection line, resulting in the final observation points (p,) that lie between
the ellipsoid and spherical boundary. This dual-projection approach guarantees both collision-free
positioning and high resolution sonar data acquisition conditions, as the final observation points
maintain safe distances from the object while remaining within the maximum observation bound-

ary defined by the sonar’s specifications.

4.2.4 Path Planning for Fine Object Reconstruction

The final stage of C2FARUS focuses on generating an efficient inspection path for fine object re-
construction using the observable points and the inspection scene calculated in the previous stage.
As illustrated in figure 4.6] the path planning process takes the observable points as input and pro-
duces a complete inspection trajectory through a series of optimization steps. The inspection path
comprises two distinct components: precise inspection scans and transitional paths. A precise in-
spection scan involves the vehicle traversing a line between an anchor point and its corresponding
observable point while executing a controlled pitch rotation. The transitional path connects an
observation point to the subsequent anchor point in the sequence. Anchor points, which serve as
the starting positions for precise inspection scans, are determined by calculating the intersection
between the boundary sphere and the projection line established in the previous stage (the line that

crosses an observable point and its closest point on the ellipsoid).

Path Planning for Fine Object Reconstruction

Observation Features

I Optimization Problem
(Genetic Algorithm)

<7

| Inspection Scene Path Planner
(RRT)
Fine Object
Reconstruction
Fine Object

Figure 4.6: Path planning for fine object reconstruction stage.

The path planning optimization process follows a two-step approach. First, it determines the

optimal sequence of anchor points to minimize total travel distance. Second, it computes the
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Observation boundary

Anchor Point Anchor Point

Observation Point

Inspection R \L
scan ~~.__~ Collision boundary ~ =7~
Object Point @ Object Point
[

Figure 4.7: Inspection scene and inspection path comprising the collision boundary (cyan), ob-
servation boundary (green), object points (blue), observation points (orange), anchor points (red),
inspection scans (pink) and the transitional paths (purple).

optimal path between consecutive observation-anchor point pairs while respecting the defined
constraints of the inspection scene.

Genetic algorithms are optimization techniques inspired by the principles of natural selection
and genetics. By iteratively evaluating and evolving a population of candidate solutions, genetic
algorithms efficiently search the solution space to identify the optimal sequence of points that min-
imizes the total travel distance. To optimize the sequence of anchor points, the algorithm employs
a Genetic Algorithm (GA) that minimizes the total path length based on Euclidean distances.

Once the optimal sequence is established, the Rapidly-exploring Random Tree algorithm is
employed to plan the transitional paths between observation points and their subsequent anchor
points. The RRT algorithm operates within the constraints of the previously defined inspection
scene, treating both the volume inside the ellipsoid and the region outside the sphere as obstacle
spaces. To mitigate the inherent randomness of RRT, the algorithm generates 20 candidate paths
for each transition, selecting the shortest valid path. The path planning process incorporates several

additional constraints to ensure safe and effective vehicle operation:
* A vertical boundary constraint accounting for seabed proximity;
* Roll angle limitations constrained to [—10°,10°];

* Extended pitch angle range of [—80°,80°] to accommodate inspection scan maneuvers;
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* Normalized yaw angle bounds of [—180°, 180°].

The resulting inspection path guides the vehicle through a systematic data acquisition process,
enabling comprehensive coverage of the target object while maintaining optimal sonar resolu-
tion and vehicle safety. The collected high-resolution multibeam data undergoes processing and
analysis to generate a detailed 3D reconstruction of the object. This fine reconstruction provides
precise geometric information about the object’s structure and characteristics, facilitating the plan-
ning and execution of complex underwater tasks such as manipulation, intervention operations, or

autonomous docking maneuvers.

4.3 Experimental Validation

The following section presents all the results obtained from the implementation and testing of
C2FARUS. To thoroughly assess its performance, several tests and validations were conducted
across simulated and controlled environments. C2FARUS’s first and second stages were validated
in three different realistic 3D environments in Gazebo [[182] and through real controlled underwa-
ter experiments. The third and final stage was validated in a simulated environment to evaluate the
method’s effectiveness in achieving efficient and safe fine 3D reconstructions.

To fully evaluate C2FARUS initial stages described in sections f.2.1)and [4.2.2] three different
simulation scenarios were created with different depthmaps and structures along with two real

controlled experiments:

1. Scenario 1 (figure - evaluates the ability of C2FARUS’s initial stage to independently
segment each object from the sea floor. This scene comprised five docks and four obstacles
positioned in close proximity with different poses, placed in a 6-meter cube centered at the
origin. Each dock was placed at different depths, ensuring a maximum rotation of 0.2 rad
in roll and pitch. Objects were positioned in close proximity to each other with several
different poses in an environment with small depth variations (see figure [4.8c). Table {.1]
provide a comprehensive breakdown of the position and orientation of each object within

the Gazebo environment;

Table 4.1: Position and orientation of each object in the underwater gazebo scenario 1.

Object x(m) y@m) z(m) roll(rad) pitch(rad) yaw (rad)
Dock 1 -578  -4.00 -3.75 0.00 0.0297 0.00
Dock 2 -5.00 1.25 -4.00 0.1765 0.00 1.547
Dock 3 -0.0176  3.989 -4.95 0.1565 0.1423 0.7875
Dock 4 5.00 4.00 -540 0.00 0.00 1.547
Dock 5 5.00 -4.00 -5.40 0.00 0.00 0.00
Obstacle 1 | -3.00 -4.00 -5.00 0.00 0.00 -1.62
Obstacle 2 | -4.00 5.50 -4.80 0.00 0.00 0.50
Obstacle 3 0.00 0.00 -5.6 0.00 0.00 0.00
Obstacle 4 5.00 -0.50 -6.00 0.00 0.00 0.00
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(a) Scenario 1 - Underwater environment in gazebo (b) Scenario 2 - Underwater environment in gazebo
simulator. simulator.

(c) Scenario 1 - Depthmap used in gazebo simulator. (d) Scenario 2 - Depthmap used in gazebo simulator.

Figure 4.8: Description and depthmap of scenarios 1 and 2. The red and blue colors represents the
minimum and maximum depths of the seabed, respectively.

2. Scenario 2 (figure [4.8b)) - designed to test the robustness of the method to high depth vari-
ations and the ability to segment a realistic cylinder structure (monopile), a typical founda-
tion type adopted in offshore wind farms. The environment featured harsh depth variations
(ranging from 2.95m to 10m), as shown in figure[d.8d] with a cylinder-shaped object with a
2-meter radius representing a monopile, and three docks placed at different depths, ensuring

a maximum rotation of 0.2 rad in roll and pitch;

3. Scenario 3 (figure .9) - developed to access the results of the method in a realistic sce-
nario, similar to the one present at the ATLANTIS Coastal Testbed [183]: equipped with a
floating structure, a decommissioned Catenary Anchor Leg Mooring (CALM) buoy named
DURIUS. The floating structure has a diameter of 16 meters and a height of 6 meters, an-
chored using four mooring chains. The seabed configuration from the first scenario was

utilized in this test, with small varying depths along the XY-plane;

4. Experiment 1 - aimed to evaluate C2FARUS capability in exploring and segmenting sub-
merged objects with complex geometries, conducted at CRAS’s indoor pool using a small

sunk boat;

5. Experiment 2 - aimed to assess the method’s effectiveness in segmenting smaller, yet signif-
icant, underwater components such as anodes, tested at CRAS’s indoor pool with an anode
typical of structures like the DURIUS buoy.
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Figure 4.9: Scenario 3 - Underwater environment in gazebo simulator.

All three different realistic 3D environments were created in Gazebo [182] taking into account
both realistic structures as well as real environment constrains such as, currents and noisy sensory
information, to be inspected using with a model of the RAYA AUV, shown in figure[d.10} including
all the onboard sensors. All sensors are affected by Gaussian noise, parameterized according to

the specifications of each sensor datasheet.

Profiler Sonar GPS Visual Cameras

DVL MBES

Figure 4.10: RAYA CAD with the sensor payload attached. The blue and yellow lines are distance
sensors, red is imaging sensors, and purple and orange lines are navigation sensors, respectively.
CAD, computer-aided design; GPS, Global Positioning System; IMU, Inertial Measurement Unit;
MBES, Multibeam Echosounder.

To ease visualization, each test was conducted using a compact scenario similar to the one
presented in figure d.13al All tests were performed on a ASUS TUF DASH F15 laptop with an
Intel Core i5-11300H @ 3.10GHz x 8 CPU and 8GB DDR4 RAM.
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4.3.1 Validation in Realistic 3D Simulation Scenarios

One sample mission for evaluating C2FARUS’ initial stages in scenario 1 and 2, uses the inspec-
tion trajectory depicted in figure [d.11] defined for the vehicle to maneuver at 1 meter depth of the
surface of the water. Since RAYA lacks information about the seabed environment, a grid cover-
age trajectory is outlined, with cells measuring 2 meters in size and covering a total area of 8x8

meters. This trajectory performs the following steps:
1. AUV starts at the center of the grid.
2. RAYA moves to lowest left point of the grid map;

3. A lawnmower path is executed to ensure complete coverage of the area.

Figure 4.11: Coverage path defined at the surface of the water.

Table 4.2: The underwater currents in the Gazebo simulator are described as follows: the terms
Mean, Min, and Max denote the average, minimum, and maximum acceptable currents, respec-
tively. Additionally, noise amplitude (noiseAmp) and u represent the variation in noise amplitude
over time.

mean min max [ noiseAmp
velocity (m s ) 0.0 -03 03 0.0 0.01
horizontal angle (rad) | 0.0 - r 0.0 0.1

The trajectory was carried out under two distinct environmental conditions: with and without
underwater currents. Underwater currents were expressed as a function of magnitude and hori-

zontal angle and vertical angle modelled using a first-order Gauss-Markov process [184]. Table
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M.2]illustrates the average, minimum, and maximum acceptable currents, alongside the mean and
maximum amplitude noise produced for both velocity and horizontal angle. It’s important to note
that the analysis solely accounts for underwater currents within the XY-plane, hence the vertical

angle is presumed to be 0 ms~!.

Coverage trajectory performed by the AUV
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Figure 4.12: Trajectories performed by the AUV (a) with (colored) and without (black) the influ-
ence of underwater currents. Current velocity throughout the trajectory along the xx (b) and yy (c)
axis, respectively. Pink circle represents the time at which the most significant deviation occurred.

During the execution of the trajectory, a PID positional control method was added and, thereby,
drift in the XY-Plane due to the underwater currents was reduced. Figure [{.12] illustrates two
distinct trajectories executed by the RAYA AUV during a single mission: one in the presence of
underwater currents (colored) and the other without (black). The most significant deviation occurs
around 20 seconds (indicated by the pink circle), where the vehicle experiences X and Y currents
of approximately 0.1 meters per second each. Given that the AUV starts at the map’s origin with
zero angle, this slight deviation can be attributed to the challenge of compensating for underwater
currents while simultaneously turning and moving along the XY-plane.

The objective of the back-and-forth strategy is to acquire multiple multibeam sonar rays, and
subsequently organize them into a sliding window data structure. To achieve this objective with
minimal errors, the vehicle should maintain stability along the trajectory. Consequently, the vehi-
cle should only rotate upon reaching the final point of each segment. At this juncture, the vehicle
executes simultaneous angular and linear movements until it reaches the subsequent segment, re-
sulting in the remaining minor deviations observed in figure 4.12a]

While executing the path at a nominal linear velocity of 0.5 ms~!, multiple 3D scans are
retrieved from the multibeam sonar and concatenated. For this simulation, 100 sonar rays were
concatenated in a sliding window (SW) data structure (figure #.13b), changing the data modality
to a 3D point cloud. Like explained in subsection .2.1| the depth gradient of the point cloud that
composed the sliding window is analysed to allow for the segmentation of foreign objects present
on the sea floor. A grid size of 0.2 meters was used, in this particular case, to downsample the
initial point cloud. Figure depict the depth gradient across the sliding window shown in figure
M.13] As its demonstrated, the depth gradient is higher in cell grids that have points belonging to
an object (colored bars) than in cell grids that only have points belonging to the seabed (blue

bars). Coarse object segmentation is finally obtained taking into account the difference in gradient
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(a) Underwater multibeam 3D scan of the environ- (b) Concatenation of multiple 3D scan rays from
ment in gazebo simulator. the m3 multibeam sonar.

Figure 4.13: Example of the Sliding Window (SW) data structure obtain in the gazebo simulator.
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Figure 4.14: Depth gradient across the sliding window data structure.

intensity, that allow for the segmentation of the 3D points that are contained by the cells that have
the highest depth gradients.

The results when applying the method described above to Scenario 1, illustrated in figure [4.8]
can be observed in figure .15} The method was able to individually segment each of the objects
present in the scene. It’s also noticeable that the point density for each object varies. That happens
due to the performed inspection trajectory. For objects positioned further from the center, the point
density is lower, as seen with Dock 1 (pink). Similarly, the same occurs for objects positioned at
the center of the trajectory, like Obstacle 3 (green). In these cases, the number of times the objects
are inspected by the multibeam sonar is lower, resulting in reduced point density. Despite these
variations in density, the algorithm effectively segmented each object, regardless of their position
and orientation.

Table [4.3] shows the distance between the centroids of the object model’s and the centroids of
the segmented objects in Scenario 1. The average error in this scenario was approximately 0.33

meters. This error is primarily due to the asymmetry in the points obtained for each model. This
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Figure 4.15: Scenario 1 - Objects segmented using the C2FARUS. Each color represents a unique
object.

Table 4.3: Error distance between the centroid of the model to the centroid of each segmented
object in scenario 1.

error, (m) error, (m) error; (m) error distance (m)
Dock 1 -0.573 -0.083 -0.091 0.586
Dock 2 -0.192 -0.012 -0.130 0.232
Dock 3 0.058 0.202 -0.270 0.342
Dock 4 0.104 0.143 -0.123 0.215
Dock 5 0.188 -0.073 -0.140 0.245
Obstacle 1 -0.246 -0.126 -0.048 0.280
Obstacle 2 -0.248 0.261 0.018 0.360
Obstacle 3 -0.259 -0.497 0.018 0.561
Obstacle 4 0.319 -0.068 -0.048 0.330

discrepancy is further illustrated by examining the Dock 1 object (pink) and Obstacle 3 (green),
which exhibited the highest centroid distance errors. Additionally, the algorithm segments a region
around each object, which may include sections of the seabed, thus contributing to the centroid
error. Nevertheless, the average Chamfer distance between the models and their respective recon-
struction was approximately 0.0238 m. This value indicates that the reconstructed point clouds are
accurate and faithfully represent the original shape of the objects.

Scenario 2 depicts an environment that is more similar to real-world conditions. This scene
features three docks located on a highly irregular seabed and a monopile positioned on a flatter
terrain. In this scenario, the maximum depth variation was approximately 7 meters, significantly
greater than the 1 meter variation used in scenario 1. When applying the depth gradient method to
scenario 2, the developed approach successfully segmented each dock in the environment, despite
the seabed exhibiting more extreme depth gradients, as seen in figure §.16al The average centroid

position error in this case is similar to the one presented in scenario 1, at 0.32 meters. To validate
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(@) (b)

Figure 4.16: The objects segmented from scenario 2 using C2FARUS are illustrated in figure (a).
Each color represents a unique object. The cylinder model estimated using RANSAC iterative
method is depicted in figure (b). Blue and yellow points depict the segmented cylinder, result
from C2FARUS, and the fitted cylinder from the RANSAC estimator, respectively.

the quality of the segmented data, a RANSAC robust estimator was used to obtain the cylinder
coefficients from the segmented cylinder (blue). RANSAC fits a cylinder with a radius of 2.054
meters, centered at coordinates (0.009, 15.069), as shown in figure |ﬂ_35[ This shows a radius
error of 2.7% in radius and a positional error of approximately 0.07 meters for the center.

The third and final scenario aims to validate the developed method for environments similar to
the ATLANTIS Coastal Testbed. To conduct a search for underwater objects around the DURIUS
buoy, a new trajectory was defined, consisting of four points. This trajectory was designed to move

around the floating structure with a distance of less than 6 meters, enabling the use of the profiling

Figure 4.17: Scenario 3 - Objects segmented using C2FARUS. Orange points represent the con-
catenation of the points obtain by the pencilbeam sonar. Each remaining color represents a unique
object.
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sonar. As shown in figure d.17] by following the green-marked path, the algorithm was able to
segment each of the mooring chains individually. The pink-marked chain is segmented along with
the central submarine hose due to the pipeline connecting them (see figure d.9). Regarding the
yellow-marked points, a small portion of the anchor was segmented separately from the chain.
This happened due to the low density of points obtained in this specific region. The use of the
profiling sonar provided complementary data, allowing for a sparse reconstruction (orange) of the
skirt of the DURIUS structure. Moreover, this approach enhanced safety during navigation in

close proximity, offering real-time feedback on the distance to potential collisions.

4.3.2 Controlled Underwater Experiments

To fully validate C2FARUS two initial stages, a series of controlled underwater experiments were
conducted at CRAS’s indoor pool. These experiments aimed to demonstrate the method’s effec-
tiveness in real-world conditions. Two distinct tests were performed: one involving a small sunk
boat and the other using an anode, a common component in underwater structures such as the
DURIUS buoy. The experiments employed an Imagenex 837b multibeam sonar and a Qualisys
underwater motion tracking system, which estimated the sonar’s odometry throughout the tests.
The results of each segmented object are shown in figure[4.18] The sonar’s odometry is represented

in each image, with red arrows showing the sonar head’s orientation

Real Perspective 1 Perspective 2 z(m)

Boat

Anode

Figure 4.18: Segmented point clouds using C2ZFARUS methodology in a real underwater environ-
ment, for two different objects (Boat and Anode). Red arrows depict the odometry of the sonar
sensor throughout each experiment.

The first experiment aimed to evaluate the C2FARUS’ capability in detecting and analyzing

submerged objects with complex geometries. C2FARUS was applied to scan and segment the
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submerged boat, using the Imagenex 837b multibeam sonar and the Qualisys system to capture
the depth profile and structural details of the boat. The data obtained were analyzed to determine
the accuracy of the method in identifying and characterizing the boat’s structure. Comparisons
were made between the actual dimensions of the boat and the measurements obtained through the
method. C2FARUS successfully detected the small sunk boat, accurately mapping its contours

and structural features.

The second experiment aimed to assess the C2FARUS’ effectiveness in detecting smaller,
yet significant, underwater components such as anodes. An anode, similar to those used in the
DURIUS buoy, was placed at the bottom of the pool. For this experiment, the anode was con-
sidered a cylinder due to its severely worn-out condition. The radius of the anode was measured
along its length, and the mean value was used for the analysis. The effectiveness of the method was
evaluated based on its ability to detect the anode and measure its dimensions accurately. The col-
lected data were compared to the known specifications of the anode. C2FARUS proved effective

in detecting the anode, accurately pinpointing its location and dimensions.

Table 4.4: Performance of the proposed methodology in a real underwater environment, using two
different objects (Boat and Anode).

Dimensions Measured | Estimated | Absolute | Relative
(m) (m) Error (m) | Error (%)
Length 1.520 1.543 0.023 2.829
Boat Width 0.520 0,533 0,133 2.500
Height 0.390 0.399 0.009 2.308
Anode Length 0.590 0.609 0.019 3.220
Radius 0.0826 0.0849 0.0023 2.785

The quantitative results of these tests are detailed in table 4.4] which compares the measured
dimensions of the objects with the dimensions extracted from C2FARUS’s 3D representation.
For the small boat, the measured length, width and height were 1.520, 0.520 and 0.390 meters,
respectively, representing a maximum relative error of 2.829% across these dimensions. These
results demonstrate the method’s ability to segment objects/structures from the seabed. For the
anode, the measured length was 0.590 meters, and the estimated length was 0.609 meters. This
yielded absolute and relative errors of 0.019 meters and 3.220%, respectively. The slightly higher
relative error compared to the boat measurements reflects the challenges posed by the smaller and
more worn-out structure of the anode. Nevertheless, considering the anode’s condition and small
size, the proposed method showed commendable accuracy in estimating the radius with a relative
error of 2.785%.

4.3.3 Fine 3D Object Reconstruction

This subsection (4.3.3| evaluates the effectiveness of the proposed method in achieving fine 3D

object reconstructions. The evaluation focuses on metrics such as inspection duration and path
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distance, as well as the accuracy and completeness of the three-dimensional output within a sim-
ulated environment. For the purpose of this demonstration, the selected structure to be inspected
consists of the dock specifically designed to interface with the RAYA vehicle, whose model is
depicted in figure #.13a] This model has a length of 2.56 m, a width of 0.7 m and a height of 0.89

m.

To identify the docking station and given that it primarily consists of a planar surface, a Plane
RANSAC estimator was employed to verify if the object indeed contained any planar features.
Subsequently, object points were extracted, with particular attention given to the corner points that
belonged to the detected plane. From these points, structural characteristics such as the length-to-

width ratio were derived.

Figure 4.19: Feature tracing and inspection scene for a 0.03 meters resolution.

As described in section[d.2.3] the inspection trajectory is obtained through a multi-step process.
First, the inspection scene is defined, for a custom resolution, composed of two different volumes:
a sphere and an ellipsoid. Figure depicts the inspection scene obtained for the intended
structure with a resolution of 0.03 meters. Green points show the sphere that is computed around
the detected object, ensuring a fine resolution for subsequent reconstruction tasks, while in light
blue is the collision ellipsoid, ensuring that potential obstacles are accounted for in navigation
planning. With the inspection scene defined, it is then possible to project the object points (dark
blue) into the navigable space, resulting in the anchor points (red) and the observation points
(orange). The final trajectory (shown in figure consists of two components: inspection

scans that traverse between anchor and observable points with slight pitch rotation, and optimized
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paths connecting consecutive observation points.
For these experiment, the Genetic Algorithm was configured with the following parameters

shown in equation [4.8}

Population size = 24

Number of generations = 200 “38)
Crossover probability = 0.8 '

Mutation probability = 0.2

These parameters were selected to balance computational efficiency with solution quality for
the given inspection scenario. The population size and number of generations provide sufficient
exploration of possible path combinations while maintaining reasonable computation time (aver-
age of 0.111 seconds).

The proposed coarse-to-fine approach (C2FARUS) was compared against two state-of-the-art
methods adapted for autonomous underwater vehicles: the Energy-Efficient Path Planning Algo-
rithm (EEPPA) [90] and Bircher’s Structural Inspection Path Planning Algorithm [89]. EEPPA
focuses on energy efficiency, a critical consideration for AUVs operating in energy-constrained
underwater environments. On the other hand, Bircher’s algorithm [89]] emphasizes structural in-
spection, aligning closely with the goals of detailed 3D reconstructions. By comparing against
these two methods, we can demonstrate the comprehensive advantages of our method across mul-
tiple performance dimensions. While initially designed for unmanned aerial vehicles, these meth-
ods possess core principles that allow there adaptation to AUVs.

Overall, the quantitative discussions are guided by the following metrics, used to evaluate the

fine reconstruction:
* d,: Distance of the close-range inspection path (in meters);
* 1,: Elapsed time of the inspection path (in seconds);
* acc: Accuracy of the 3D fine reconstruction (in meters);
* cmp: Completeness of the 3D fine reconstruction (in percentage);

To assess accuracy, the 3D Chamfer distance metric is used evaluating the similarity between
the reconstruction and its original model. This distance is defined as the sum of the distances
from each point in point cloud A to its nearest neighbor in point cloud B, plus the sum of the
distances from each point in B to its nearest neighbor in A. Regarding the completeness metric,
the point cloud of the model is first converted into a voxel grid with a voxel size equal to 0.03
meters, matching the desired resolution of the fine reconstruction. Subsequently, the percentage
of voxels occupied by points from the reconstruction is determined. These four metrics will allow
us to infer the quality of the reconstruction as well as the effort required to achieve it.

Table and figure summarizes the quantitative results obtained from the experiments.

Each metric is averaged over 10 test runs to ensure robustness and reliability of the results. The
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(a) EEPPA [90]. (b) Bicher [89]. (c) C2FARUS.

Figure 4.20: Paths obtained for the inspection of the underwater dock (white). Paths are repre-
sented by the green line.

Table 4.5: Quantitative comparison of the different 3D underwater reconstruction methods.

Method dp (m) | 1, (s) | acc(m) | cmp (%)
Coarse - - 0.0243 43.49
C2FARUS 28.48 | 130 | 0.0076 87.04
EEPPA [90] 18.7 210 | 0.0252 63.11
A. Bircher et. al 6240 | 519 | 0.0167 81.78

proposed method achieved a distance of 28.48 meters, which, while not the shortest, allowed for
the quickest execution, providing a balance between path length and comprehensive coverage.
The inspection time for the proposed method recorded the shortest elapsed time of 130 seconds,
significantly less than EEPPA’s 210 seconds and Bircher’s 519 seconds. This demonstrates the
proposed method’s time efficiency, making it highly suitable for time-sensitive operations. EEPPA
achieved the shortest distance of 18.7 meters, indicating high efficiency in terms of path length, but

the final reconstruction showed lower accuracy and completeness. In terms of accuracy, C2FARUS

Figure 4.21: Fine reconstruction of the scene using C2FARUS.
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resulted in a highest accuracy of 0.0076 meters, indicating superior capability in capturing fine
details of underwater structures, as shown in figure @.21] This is a substantial improvement over
EEPPA (0.0252 meters) and Bircher’s method (0.0167 meters). Furthermore, the proposed method
also achieved the highest completeness at 87.04%, outperforming EEPPA’s 63.11% and Bircher’s
81.78%. This high completeness indicates that the proposed method provides a more thorough
and comprehensive 3D reconstruction.

The improvements in inspection path distance, time, accuracy, and completeness highlight the
effectiveness of C2FARUS in the context of underwater environments. The balance in inspection
path length and reduced elapsed time indicates that the proposed method is highly efficient, which
is crucial for AUV operations where energy and time resources are limited. The high accuracy and
completeness levels suggest that the presented method is able to achieve detailed and thorough
underwater reconstructions, making it a valuable tool for applications requiring precise 3D models,

such as infrastructure inspection and intervention.

4.4 Final Considerations

This chapter introduces a new coarse-to-fine approach for 3D reconstruction of underwater struc-
tures (C2FARUS) using multibeam sonar. The method gradually refines its understanding of the
environment through a series of stages aimed at enhancing AUV capabilities for exploration, de-
tection, and recognition of underwater structures. By employing close-range inspection navigation
in a novel scene representation, it overcomes the challenges posed by sonar resolution at longer
distances, ensuring high-quality data acquisition.

Extensive experiments validate the proposed method in simulation and controlled environ-
ments. C2ZFARUS was able to accurately segment and identify objects even under significant depth
variations and realistic seabed conditions. Obtained results under controlled experiments reveal a
maximum relative error of 3.22% for the estimated object dimensions. C2ZFARUS segments sub-
merged objects with complex geometries and detects smaller underwater structural components.
C2FARUS’ performance in fine 3D object reconstruction was evaluated against two state-of-the-
art methods adapted for AUVs. The proposed method outperformed these methods in key metrics,
including inspection path distance, elapsed time, accuracy, and completeness. Specifically, the
method achieved the highest accuracy (0.0076 meters) and completeness (87.04%), while main-
taining efficient inspection path distance and execution time.

In conclusion, C2FARUS offers a robust and efficient solution for underwater exploration and
inspection tasks. It effectively balances the need for detailed 3D representations of the underwater
environment with the practical constraints of AUV operations, such as time and energy limitations.
The high accuracy and completeness of the reconstructions, coupled with the method’s efficiency,
make it a valuable tool for various underwater applications, including infrastructure detection and

localization.



Chapter 5

Motion Planners Evaluation for
Operations and Maintenance Tasks

Enabling manipulation-based docking represents a critical capability for achieving persistent au-
tonomous underwater operations. The success of autonomous docking maneuvers depends heav-
ily on the robotic system’s ability to plan and execute precise manipulation trajectories while
accounting for the unique challenges of the underwater environment. However, current motion
planning approaches face significant limitations when applied to underwater manipulation tasks,
particularly in the context of docking operations. Moreover, the field lacks standardized evalua-
tion frameworks and performance metrics for underwater manipulation tasks. The existing motion
planner evaluation approaches focus mainly on individual performance indicators such as plan-
ning time or path length, failing to capture the multiple requirements of underwater manipulation
tasks where energy efficiency, safety margins, and execution accuracy must be considered simul-
taneously.

This chapter is organized as follows: Section[5.2]presents the new defined metric that takes into
account multiple requirements of underwater robots for manipulation tasks. Section[5.3]|describes
the hardware used and the designed experience and fully analyzes the performance of the planners
using the presented metric. At last, the most important conclusions of this chapter are presented
in section [5.4]

5.1 Introduction

Underwater manipulation systems such as remotely operated vehicles and autonomous underwater
vehicles already play an important role in several operations and maintenance activities. Neverthe-
less, many of these technologies have limited autonomy and range of exploration, and the ability
to carry out autonomous intervention operations is still very limited [[185]]. There have been new
imaging systems that provides dense and accurate 3D information from harsh underwater environ-
ments [106] but further automation of manipulation technologies can lead to greater cost savings

and increased safety. Nowadays, these vehicles have been mainly used for survey missions, but

95



96 Motion Planners Evaluation for Operations and Maintenance Tasks

many existing applications require manipulation capabilities [153]]. Over the past few years, sev-
eral studies have been carried out to empower AUVs with these technologies and enable them to
carry out operations, such as grasping objects [65}166]], valve-turning operations on panels [67,68]],
force regulation tasks [[69} 70] and cooperative manipulation [71].

Currently, there is a lack of planning and grasping techniques focused on increasing the per-
formance and safety of current solutions for sophisticated O&M operations, such as maintenance
and inspection operations of underwater structures. The high degree of complexity and the strict-
ness of the requirements associated with the underwater environment are two factors that hinder
progress in this area.

For O&M operations to be performed by AUVs, a set of requirements must be met by current
motion planners, that were designed to perform well on land, so that they can be reused in this

new application:

* For the safety of autonomous intervention, planners must return trajectories with the greatest
possible minimum distance between the End-Efector (Eff) and the nearest collision point.
In addition, safety is inversely proportional to uncertainty. In this way, long Eff movements

cause greater uncertainty and, therefore, they are less safe.

* Motion planners must have high effectiveness, that is, restrict the joints movement to the
minimum necessary and plan as fast as possible, reducing the energy use and minimizing
the execution of long missions. Each joint has its own engine and needs more energy to
move than to remain static, allowing the possibility to optimize the energy consumption
throughout the entire mission and maintain the stability of the vehicle in environments where

the associated inertia and currents are high.

e With the high complexity associated with the maritime environment, it must be ensured
that all trajectories are executed as consistently as possible related to the planned ones.
Each planner computes trajectories with unique characteristics, such as density of points

and distance between them, that are performed differently by each specific manipulator.

Nowadays, it is difficult to choose a planner that fulfills all the requirements specified above
as there are not yet metrics capable of characterizing them. Currently, the available analysis are
performed between individual indicators and there is no metric available capable of taking into
account several heterogeneous performance considerations. Based on the authors’ current knowl-
edge, there is no information about the execution of the available planners when applied to under-
water operations.

This chapter presents a new metric that identifies the motion planner that best fits the set of
requirements for underwater manipulation. This metric is called NEMU and evaluates the perfor-
mance using several heterogeneous parameters, such as the total movement of each joint, the path
length, the planning time, the minimum distance to the obstacle, the execution time, and the mean
and standard deviation of the position error of the end effector, as well as the error of the trajectory.

By error we mean the distance of the generated plan to its planner expected values. This metric



5.2 NEMU (plaNner Evaluation Metric for Underwater intervention) 97

will allow to calculate the cost of each planner to plan and execute an underwater manipulation

operation and thus, identifies the best collision-free path according to the requirements.

5.2 NEMU (plaNner Evaluation Metric for Underwater intervention)

The NEMU (plaNner Evaluation Metric for Underwater intervention) metric was defined by con-
sidering multiple variables according to the requirements of underwater robots for O&M tasks.
The fastest planner may not be the planner that returns the shortest or safest solution and, this way,

the metric combines different components and estimates a total cost for collision-free trajectories.

NEMU
C. Planners analysis
Min-max feature Mahalanobis squared Weigth Charbonnier cost
scaling technique distance function
O — Omin D2 _(9. 2
o' = P D2=(x-wT.c7 . (x—p) o(D?,B) = 1+%
Cost function

n
C(X5W"P) =@ (ZWi)_l WX
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Performance and Adaptability and

Safety Costs Qualitative
Evaluation

Global Costs

Figure 5.1: Representative diagram of NEMU.

NEMU considers that trajectory is calculated using planners that can have a random factor.
Thus, it was defined to calculate the cost of planners using multiple heterogeneous data and to
be robust when dealing with outliers. This metric is composed by three categories: effectiveness,
safety and adaptability that are merged together with an influence cost related to the quality of the

solution obtained (see figure [5.1). The influence cost is achieved by performing three different
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techniques (Min-max feature scaling technique, Mahalanobis Distance and Charbonnier function)

to the collected data and the total cost function can be defined as:

(X W.0)= ¢ (Y W) WX 5.1)
i=1

where c is the total cost, ¢ represents the influence cost function of the observation X and
W € R™! n =9 is the vector composed by the cost of each feature.

Currently, planners have been studied above water and the performance evaluation through
comparisons between singular indicators. With the transition to the underwater environment new
metrics need to be defined to study, simultaneously, multiple indicators that must meet specific
requirements of the underwater domain.

The metric that is proposed in this chapter takes into account several variables that are orga-

nized in three categories:

Definition 5.1. Effectiveness - the energy used by the manipulator throughout an entire mission.
Composed by the total movement of each joint (J;) and the planning time (#,). Planning time
represents the duration needed by planners to produce feasible paths. Planners with a low planning

time are considered as high performance.

Definition 5.2. Safety - produce collision-free trajectories that protect the manipulator and all the
surrounding structures. Formulated by the minimum distance to the obstacle (d,) and the path
length (d.rr). Long paths lead to a greater possibility of causing problems and/or collisions given

the mobile platform.

Definition 5.3. Adaptability - the accuracy of the real hardware to executed the motion planned.

Composed by the mean and standard deviation of the position error of the Eff related to its original

plan (e.zr).

Kinematic redundancy is the capability of reconfigure the manipulator without affecting the
position and orientation of the end-effector meaning that a small path length does not necessarily
translates in a short movement of joints. Thus, planners with short path length are considered as
high safety while short movement of joints are considered as high performance.

The adaptability of each planner to the manipulator will be analyzed, in order to understand
which planner produces trajectories that, given the mechanical characteristics of the arm, are exe-
cuted as similarly as the ones planned.

As previously said, the influence cost is achieved by performing three different techniques:

1. For sampling-based motion planners, all trajectories were computed multiple times because
of the randomness of results. After that, all variables are normalized using the Min-Max

feature scaling technique, presented in equation to bring all values into the range [0, 1]:

o = 2 Omin_ (5.2)

Omax — Omin
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where 0 € R", n =9 since it considers multiple features such as planning time, movement of
each joint, path length, etc. It is a vector composed of multiple absolute observation values

and 0,4 and oy, are its maximum and minimum values, respectively.

2. The divergence is a measure of the representativeness of the trajectory in relation to its
expected value. The higher this value, the more outlier the solution is considered and,
therefore, the higher the cost that will be employed. The divergence criterion requires a
distance measurement to evaluate the success of the planning operation. Assuming the
obtained vector as being multivariate and normally distributed, then the X vector has n
dimensions, X € R n =9, and the difference between the planning operation and its

distribution can be measured by the Mahalanobis squared distance:

DP=x-p'-cl(X-n) (5.3)

where D? is the square of the Mahalanobis distance, X is the n-dimensional observation in
range [0, 1], i is the mean values of independent variables, and C~! is the inverse covariance
matrix of independent variables in this research. u and C~! are calculated by planning the

same motion planning problem (MPP) 20 times.

3. Many problems in statistics and optimization require robustness: that a model to be insen-
sitive to outliers. This means that an outlier cannot be worth the same as an inlier. To make
NEMU more robust it needs to be able to identify solutions that are considered as outliers
to reduce their input to the total cost computation. To do this, the inverse of the weight

Charbonnier cost function, presented in the equation[5.4] was used:

o(D*,B) = \/1+(m_[§3'”))2 (5.4)

where ¢ is the influence cost, D? represents the square of the Mahalanobis distance of
the observation values and 8 is a parameter that must be adjusted accordingly for each
problem ﬂ It was defined that a solution is inlier when each X, vector that composes all
the observation values is within 99% of its distribution, that is, when y; —30; < x; < U; +
30;. The maximum Mahalanobis distance for a solution considered as an inlier is 9 x n

considering n variables .

I8 values for MPP 1, MPP 2 and MPP 3 are 10000, 900 and 600, respectively.
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5.3 Experimental Validation

This section presents three benchmarking analyses of 22 motion planners, assessed through the
NEMU metric. Both simulation and real experiments were conducted during pick and place
scenes. All simulations were designed to take into account the constrains of the real environment,
so that the computed paths can be executed in the real arm without changes. Both non-optimizing

and optimizing planners are considered for benchmarking.

Figure 5.2: Experimental setup used during NEMU experimental validation. The figure depicts
a cube and two poses placed on a table, the Bravo 7 manipulator on the center and a cylinder
obstacle.

All selected planners address the same setup: the manipulator is attached to a metallic structure
with dimensions 2x2x1 meters, as well as a cylindrical obstacle and a table. The aim of the
manipulation task is to move the object from a defined initial pose on one side of the table (white
base) to a final pose on the other side of the table (black base). The object is a cube with a size of
8 cm. The initial and final poses are located in the first and fourth quadrant, respectively. This way,
due to the mechanical restrictions of joints: joint O (shown in figure[5.3) is not continuous and only
moves from 0° to 359° the manipulator will have to move between configuration extremes while
avoiding a cylinder shape obstacle, like the one shown in figure[5.2]

Planners were tested using the Bravo 7 configuration, an advanced electric manipulator system
designed for the harsh subsea environment, with a depth rate of 300 m. It has high accuracy joint
positioning of 0.1°, grabber closing force greater than 1000 N and is a six degrees of freedom
manipulator capable of lift a 10 kg object when fully reached. A model of the Bravo 7 with its

gripper, the standard Denavit—Hartenberg (DH) parameters and its joint frames are presented in

figure[5.3]
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Link d (m) ) (rad) a(m) «(rad)
0 [ 01074 |  Oy+x | 0046 | x/2 |
00 |6 —m/2+0, | 0293 | 00 |

|
|
|
| -0.160 | 0y | 0.0408 | ~x/2 |
|
|
|

2 0.0 | 0:—m/2-0, | 00408 | —x/2 |
3
4 0.0 | 0, | 0.0408 | —m/2 |
5 | -02235 | 05 | 00 | x/2 |
6

0.0 | /2 | 0120 | 00 |

Figure 5.3: On the left - Standard Denavit—Hartenberg Parameters for Bravo 7 where 6, =
tan~'(5.2/293.55). On the right - Bravo 7 joint frames. xx, yy and zz axis are presented in
red, green and blue respectively.

Figure[5.4] presents simple examples for all motion planning problems that will be studied:

* MPP 1 - Simple motion scenario (point 1 to 2);
* MPP 2 - Obstacle avoidance while grasping scenario (point 2 to 3);

* MPP 3 - Obstacle avoidance scenario (point 3 to 1);

Figure 5.4: Bravo 7 in its initial position and the sequence of waypoints and example trajectories
for each benchmark. In pink is an example trajectory for the first benchmark, in orange for the
second and in light blue for the last motion planing problem.

In benchmark 1 the manipulator starts in a stretched arm configuration where the Eff is po-

sitioned at point 1 (-0.5,0,0.5) meters, as presented in figure [5.4] Then it will have to move to
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point 2, close to the object of interest, at (-0.212,0.446,0.560) meters, oriented downward along
the z-axis. Both positions are located between a low constrained space. The main objective will
be to identify the best planner to produce a trajectory between two points where there’s no obsta-
cle in the middle and no object attached to the end-effector. Two trajectories were interpolated
along the zz axis to lower the Eff to the cube pose, grab it, and than raise it to the original pose.
In benchmark 2, after picking up the object, the manipulator executes a trajectory where it must
move to point 3, close to the final black base at (0.195,0.459,0.560) meters, dodging the obstacle.
Then two descending and ascending segments are carried out again to place the object in the final
pose and return to the previous pose, respectively. Finally, in benchmark 3 the manipulator moves
again to its initial pose. For this last motion planning problem, the manipulator stars and ends in
low constrained spaces. However, it has to bypass the cylinder shape obstacle that is positioned in
between.

For the total set of trajectories, only 3 of these effectively need to use the planners since the
other 4 (2 ascending and 2 descending) can be obtained through spatial discretization. As these
paths are straight along the zz axis, the space between the start point and the end point is discretized
with a 0.5mm step.

The pick and place operation makes it possible to identify the best planner for three different
situations with a different scenario, and therefore different degrees of complexity. Each bench-
marking includes 22 different planners from OMPL whose performance was characterized ac-
cording to the methodology presented in figure[5.5] The 22 OMPL planners are presented in table
[2.3] The benchmarking experiments were performed on a system with an Intel i5-10400 2.90GHz

processor and 8Gb of memory.

Collision-free trajectories

Underwater fitness
Feasible Planners

Identification
Set of Time-Invariant Planners Expected NEMU

Goal Planners l Values and Variance

Online Processing

All planners

A 4

Time-Invariant Goal
Planners
Identification

Global Costs

Planners Model
Distribution

Figure 5.5: Representative diagram of the methodology.

1. Online processing:

Planners were tested above water and without cylinder obstacle to identify the sub-set of plan-
ners that are unable to return a solution within a considerable period of time due to the complexity
of the problem. This is particularly relevant for planners that do not have a time-invariant goal,
since they reach the end of the maximum planning time and they may have not calculated a fea-

sible solution, and therefore they are not suitable for online robotic applications. A time of 120s
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was specified to be large enough so that the majority of the non time-invariant goal planners could

return a solution.
2. Collision-free trajectories:

After identifying the planners that calculated a solution in less than 120s, the obstacle was
added to the environment. The increased complexity is caused by adding restrictions to the prob-
lem, making it possible to assess the planners that are unable to produce a collision-free solution in
less than 120s. Subsection[5.3.1] presents the list of the planners that will be analyzed underwater.

3. Underwater fitness:

Finnaly, the planners are studied in underwater environment. Subsection [5.3.2] depicts a small
study that tries to estimate the normal distribution model of each feature. Underwater tests were
performed in a 5x5x1.8 meter indoor freshwater pool equipped with the Qualisys motion capture
system [} This mocap system allows extracting the real trajectory executed with 2 millimeters
accuracy. Using the defined metric, it is intended to demonstrate the costs of effectiveness, safety
and adaptability. As described in section [5.2]referring to the characterization of the metric, adapt-
ability is related to the variables responsible for the execution of the motion planning by the real
hardware. They are directly correlated with the mechanical characteristics of the manipulator used,
such as the accuracy of the joints (0.1°) and their velocity, as well as the control software that was
used throughout the experiments. In this way, subsection [5.3.3| presents the cost of effectiveness

and safety, while the results related to the last category are separated in subsection [5.3.4]

5.3.1 Time-invariant Goal Planners Identification

Total planning time of each planner
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Figure 5.6: Total planning time of each planner for an experience above water and without obsta-
cle.

2«Qualisys | MotionCaptureSystems.” [Online]. Available: https://www.qualisys.com/
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Figure [5.6] shows the total planning time for each planner above water and without obstacle.
The figure is divided into 3 parts: The green columns show the times obtained from the time-
invariant goal planners, that is, the planners that have not required all the time available to return
a feasible trajectory; The red columns show the planners that used 120s in the three benchmarks;
KPIECE, SPARStwo, FMT and LBKPIECE are the planners that were unable to return a solution
for one of the benchmarks. This may have happened for two reasons: the lack of optimization of
the planner parameters and the high complexity of the problem (figure [5.7).

Mean Planning Time for each benchmark

Mean Planning Time (s)

0 _‘___I - Pl =

Benchmark 1 Benchmark 2 Benchmark 3

W BIiEST EST ProjEST TRRT W BITRRT W RRT W SBL W BKPIECE mPDST m RRTConnect u STRIDE

Figure 5.7: Mean planning time for each planner in the different benchmarks.

5.3.2 Planners Model Distribution

After all time-invariant goal planners were identified, its variability is studied. Due to randomiza-
tion of sampling-based motion planners, all trajectories were computed 20 times to obtain normal
distribution models statistically significant. As the objective is to carry out a study of the planners,
all trajectories were only calculated in simulation. This study aims to collect information on the
expected values and the respective variances of the features. Subsequently, it aims to analyze the
confidence level of the solution obtained underwater assigning higher costs to solutions that are

considered as outliers.

Through the data obtained, the variation in benchmark 1 is considerably lower than others
benchmarks because there is no obstacle in the middle and no object attached to the end-effector.
The solutions for benchmark 2 present the greater variance values, caused by the high degree of
complexity of the problem. The increase in complexity is explained by not only having to plan a
path between configuration extremes, caused by the mechanical characteristics of the manipula-
tor, but also having to avoid an obstacle while having an object attached to the end-effector. The
high complexity on benchmark 2 can also be evidenced by the increase of 53.5 times of the com-
putational time planning. Finally, regarding benchmark 3, there was a decrease in the variances
analyzed in relation to benchmark 2 and an approximate average increase of 8 times in relation to
benchmark 1. The variability reduction of the solutions comes from the smaller complexity of the

problem because there is no object attached to the Eff.
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5.3.3 Planners Analysis in an Underwater Execution

The same experiment described above was carried out in underwater. This test aims to draw

conclusions about the planners for trajectories with three levels of complexity. The results are

described by benchmark.
Mahalanobis Distance for each benchmark
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Figure 5.8: Mahalanobis Distance for each benchmark. Values below the dashed line represent
inlier planners.

Figure 5.8 depicts the different Mahalanobis distances obtained for each planner in different
benchmarks, and the threshold line that was used to define the set of observations that are consid-
ered outliers. As previously mentioned, each benchmark has a different level of complexity. In
this way, the variance of the solution presented by planners is different due to random considera-
tions that are contemplated while estimating solutions. In this way, the presented metric is able,
for each problem, to rescale the error cost depending on the complexity of the problem. Therefore,
taking into account that the variances presented by the planners have several orders of magnitude
for each benchmark, the variable B was duly adjusted for each problem. The variable 3 has been
defined so that the set of inliner observations of each problem has an influence maximum cost
approximately equal to 2.

The Mahalanobis distances were much more uniform in benchmark 1 than in the others, prov-
ing the planners’ stability in this problem. For the remaining cases, it turns out that 3 planners had
a much greater distance than the others, PDST, STRIDE and RRTConnect in benchmark 2 and
EST, BiTRRT and SBL in benchmark 3. This means that the experiment carried out with those
planners resulted in features far from the expected values. For these cases, the influence cost (@)

will be much higher in order to represent the distrust of the obtained solution.

Benchmark 1

Figures [5.9a) and [5.9b] present the total cost obtained for each planner in benchmark 1, with and
without influence cost. As it is possible to observe by comparing the graphs, the planner that
presents the lowest effectiveness cost is the PDST. These graphs present two values for each plan-

ner: the costs related to effectiveness, safety and their sum being equivalent to the total cost.
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Although the Mahalanobis distance from this planner is greater than the others, its influence cost

its not sufficient to increase the planner’s cost to values above the others (see figure [5.8).
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Figure 5.9: Costs without (a) and considering (b) the Mahalanobis distance in benchmark 1.

Regarding the safety cost of each planner, it was observed that the PDST planner is the safest
planner, presenting a trajectory approximately 50% safer than RRTconnect (which was the planner
with the lowest mahalanobis distance).

Finally, analyzing the total cost as the sum of the effectiveness and safety of each planner, the
planner that presents the lowest cost is the PDST as a result of its good effectiveness and high
safety. However, it should be noted that the BiITRRT and BiEST planners also present promising
results with just 19% and 23% higher costs, respectively.

Benchmark 2

Figure [5.10| presents the effectiveness and safety costs, considering the influence factor, for plan-
ners who were considered as inliers (see figure [5.8)). As the remaining of the planners showed
higher distance values, the influence cost of these planners is so substantial that its total cost be-

comes enormously bigger than the others.



5.3 Experimental Validation 107

Benchmark 2 Costs With Influence cost
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Figure 5.10: Costs considering the influence factor in benchmark 2.

Through the analysis of the graph it is possible to observe that the planner that presented
the best cost related to safety was BiTRRT. However, the result obtained from its effectiveness
was much higher. As explained, effectiveness is related to the energy used by the manipulator
throughout an entire mission. With a high effectiveness cost BITRRT proves to be much more

inefficient than the others.

The planner with the best cost was TRRT, with results similar to BKPIECE. The difference
presented by the two was only 0.18%. The SBL planner presents 19% higher costs than TRRT
but it was approximately 34% slower to calculate a feasible trajectory and presented a 17% higher

safety cost not making it a planner of interest.

Benchmark 3

Benchmark 3 depicts a scenario where an obstacle avoidance operation must be executed without

any object attached to the end-effector.

Analysing figure it can be observed that, without considering the influence cost, the
planner that presented the lowest cost was BiTRRT. However, when considering this factor it

makes it the worst of this set.

As explained for the benchmark 2, the graph shown in figure [5.11b] only shows the cost of
inliner planners obtained in the execution of benchmark 3. From this set it is easily identified
that the RRT planner presented the lower cost of effectiveness. Its fast planning time and small
movements of each joint allows to justify the choice of this planner by many users of Movelt!. Its
safety cost compared to the others is high. Thus, it is possible to conclude that the planner that

presented the lowest cost, both in terms of safety and globally, was the planner STRIDE.

It should be noted that ProjEST, BKPIECE and RRTConnect presented 30% higher costs com-
pared to STRIDE and maximum cost difference between them equal to 0.02. From these 30%,
approximately 20% are related to effectiveness and only 10% is related with safety. In this way,

these planners are also promising since no adjustment has been made to their parameters.
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Benchmark 3 Costs Without Influence cost
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Figure 5.11: Costs without (a) and considering (b) the Mahalanobis distance in benchmark 3.

5.3.4 Adaptability and Qualitative evaluation

This subsection depicts the adaptability and the global costs of the planners who presented the best
effectiveness and safety costs for each benchmark. Next, a qualitative evaluation is showed com-
paring the trajectories obtained by the motor encoders and those obtained with the Qualisys motion
capture system. This comparison will demonstrate not only the high accuracy joint positioning of
the manipulator used, but also the quality of the control software used.

Figure[5.12]shows the different adaptability costs of each planner. Features such as the density
of points and the distance between them have a huge influence on the cost of this category. Thus,
determining the cost of adaptability becomes essential to understand how the manipulator executes
the trajectories computed by each planner. High executed position deviations from the Eff related
to its original plan will result in high adaptability costs.

By looking at figure[5.124] it is possible to verify that the planner that obtained the best effec-
tiveness and safety cost in benchmark 1, PDST, does not present the best global cost. This is due
to the fact that its cost of adaptability was the highest of all planners, almost 6 times higher than
BiEST. It can then be concluded that although the cost of effectiveness and safety was higher, the
BiEST planner presents the best global cost for the Bravo 7 manipulator, resulting in a trajectory
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Figure 5.12: Adaptability and global costs for each benchmark.
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executed much more similar to the planned one. As for benchmark 2, analyzing the central graph
of figure [5.12b] it appears that this new category allows to differentiate TRRT and BKPIECE
planners that previously had a similar cost. Since the TRRT’s adaptability cost is 42% higher, this
resulted in a 10% difference in the global cost of these planners. It can therefore be concluded
that the best planner for the most complex case is BKPIECE according to the metric provided. In
benchmark 3, although the BKPIECE planner proved to be the best in terms of adaptability, this
was not enough to have the best global cost (see figure[5.12¢). Due to the fact that STRIDE has a
planning time 10 times faster and returned trajectories with one more centimeter on the minimum
distance to the obstacle variable results in lower safety costs than the difference relating to the

adaptability.

Kinematics (BIEST)
-=- Planned (BiEST)
—=- Ground Truth (BiEST)

Figure 5.13: Example of a planned path and its executed trajectories. In blue is the planned
trajectory, in green the trajectory executed and obtained by the kinematics and in red the Ground
Truth obtained with Qualisys motion capture system.

Figure [5.13] presents an example of a planned path using the BiEST algorithm, its execution
obtained by the motor encoders and the same path obtained with the Qualisys motion capture
system. To obtain the ground truth of the trajectory using the Qualisys system, reflective markers
were used. To define a frame, at least 3 markers are needed. During the underwater execution, 4
markers were used to define the frame relative to the metallic structure and 3 markers to define the
Eff frame. This figure demonstrates not only the quality of the trajectory executed compared to
the planned one, but also to prove that both trajectories are in accordance with the result obtained
by the Qualisys system. The offset difference, presented by the green trajectory, is due to the
imperfection in the transformation between references. The average error of the Eff position
between the trajectory obtained through the kinematics and the ground truth was 0.0064 + 0.0023
meters and the standard deviation was 5.43 x 107> meters. A video of a single execution can be
found in: https://tinyurl.com/bravo7Stride.
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5.4 Final Considerations

This chapter presented a new planner evaluation metric, NEMU, advancing the field toward re-
liable manipulation-based docking capabilities by providing a new approach to assess and select
optimal motion planners for underwater operations. NEMU was defined to calculate the cost of
planners using multiple heterogeneous data, presenting robustness when dealing with outlier solu-
tions, and it combines three different performance indicators: effectiveness, safety and adaptability
of the paths generated by each planner.

Moreover, this chapter presents a benchmark of multiple planners when applied to a 6 DoF
configuration manipulator for three underwater scenarios. Extensive experiments have quantified
the effectiveness, safety and adaptability costs of planners. These experiments depict a realis-
tic underwater pick and place manipulation and prove that state-of-the-art planners designed to
perform well on land can lead to different results when applied to underwater applications. In
practice, the behaviour of planners are related to the complexity of the problem. Results show that
the BiEST planner has the best global cost for the lowest complexity problem with 40 % less cost
than the best effectiveness and safety planner, PDST. In addition, BKPIECE was identified as the
best planner for all the designed experience due to its stability and adaptability.

The experiments demonstrated that the presented metric can distinguish the best planner for
particular movement restrictions and has the ability to manage with heterogeneous data. More-
over, it identifies the most promising planner for collision-free motion planning, being a valuable
contribution for the inspection of maritime structures, as well as for the manipulation procedures
of autonomous underwater vehicles during close range operations. This advancement in motion
planning evaluation represents a key step toward enabling docking maneuvers based on active ma-
nipulation - a fundamental capability for achieving persistent autonomous operations in offshore

environments.
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Chapter 6

Conclusion

This research presents a bio-inspired AUV design optimized for intervention tasks, created a
systematic methodology for underwater structure exploration and reconstruction, and defined a
new evaluation metric for underwater manipulation motion planners. Through the integration
of these components, this work provides a foundation for more efficient, safer, and more reli-
able manipulation-based docking capabilities, a critical requirement for achieving long-term au-

tonomous operations.

RAYA, the novel bio-inspired AUV developed in this research, represents a significant ad-
vancement in underwater vehicle design. RAYA’s innovative approach achieves enhanced capabil-
ities in a more compact and efficient platform. This innovative AUV enhances offshore inspections
by overcoming traditional limitations through extended operational endurance, precise maneuver-
ability in constrained spaces, advanced sensor integration for real-time data processing, and im-
proved underwater 3D reconstructions. Its blended wing body morphology, inspired by manta
rays enables complex maneuvers in all 6 degrees of freedom needed for close-range inspection
and intervention missions. Unlike conventional designs that sacrifice hydrodynamic efficiency for
payload capacity, RAYA’s strategic thruster configuration and optimized morphology allow for
stable hovering and precise manipulation. The vehicle’s modular architecture enhances safety and
maintainability through independent subsystems. Field trials demonstrated RAYA’s capabilities
across multiple domains. Perception system validation in reconstruction tasks showed high accu-
racy with errors below 1.5% in structural dimension estimation. Real-world testing in Porto de
Leixdes demonstrated autonomous trajectory execution and seabed mapping capabilities, with the
vehicle successfully mapping depths between 1.71 and 2.58 meters while maintaining operational
stability in varying environmental conditions.

C2FARUS, the coarse-to-fine approach for 3D reconstruction of underwater structures, ad-
dresses the challenge of systematically exploring unknown underwater environments to detect
specific structures and perform close-range inspection, enabling the creation of high-coverage and
accurate 3D representations necessary for manipulation-based autonomous docking. Starting with
no prior knowledge of the environment, the methodology processes environmental data through a

four-stage process to progressively achieve detailed 3D structural representations. Initially, it per-
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forms a coarse exploration of the unknown environment using multibeam sonar to detect potential
objects of interest. Following coarse exploration, geometric feature analysis identifies objects
of interest, enabling the recognition of specific structures without requiring pre-existing models.
Based on this acquired understanding, C2ZFARUS defines safe inspection zones considering sonar
specifications and object dimensions, and finally executes optimized path planning for detailed
reconstruction. This progressive refinement approach ensures efficient exploration while contin-
uously improving data quality for subsequent intervention tasks. C2ZFARUS achieved an 87.04%
completeness in the fine reconstruction task. The methodology overcomes the limitations of cur-
rent exploration approaches, which often rely on ad-hoc solutions or require prior environmental
knowledge. By defining navigational zones based on measured structure dimensions and sonar
specifications, C2FARUS ensures high quality data acquisition while maintaining vehicle safety.
Extensive validation in controlled underwater environments demonstrated the system’s accuracy,
with a maximum relative error of just 3.22% in object dimension measurements. When bench-
marked against state-of-the-art methods, C2FARUS achieved the highest accuracy at 0.0076 me-
ters and lowest time, completing inspection paths in 130 seconds. Furthermore, real-world trials
validated the method’s capability to segment complex geometries and detect fine-scale compo-

nents such as anodes, with relative errors below 2.829% for structural dimensions.

Building on the capability to create accurate environmental models, the next challenge in en-
abling autonomous docking through manipulation lies in achieving reliable motion planning for
underwater robotic arms. NEMU, a novel evaluation metric for underwater motion planning,
introduces a framework for assessing and selecting optimal planning strategies for underwater
intervention tasks. Current evaluation approaches typically analyze individual performance in-
dicators separately, lacking a unified method to assess planners under the specific constraints of
underwater operations. NEMU addresses this limitation by integrating three key performance cat-
egories: effectiveness (energy efficiency and planning time), safety (obstacle avoidance and path
optimization), and adaptability (accuracy of real hardware execution). Through this multi-criteria
approach, NEMU enables the quantitative comparison of motion planners while considering the
unique challenges of underwater environments, such as manipulator stability and energy con-
straints. The metric was extensively validated using a 6-DoF manipulator capable of lifting 10kg
with high-accuracy joint positioning of 0.1°, testing 22 different planners across varying com-
plexity scenarios. Results revealed distinct optimal planners for different operational conditions:
BiEST demonstrated superior performance in low-complexity tasks, achieving 40% lower global
costs than the next best alternative (PDST), despite PDST showing better individual effectiveness
and safety scores. For complex manipulation scenarios involving obstacle avoidance, BKPIECE
emerged as the optimal choice, demonstrating 42% better adaptability than TRRT and achiev-
ing a 10% lower global cost. Real-world validation using an underwater motion capture system
demonstrated the metric’s reliability, with planned trajectories executed with average position er-
rors of 0.0064 4 0.0023 meters and a standard deviation of 5.43 x 10~> meters. This thorough
validation establishes NEMU as a reliable methodology for selecting motion planners specifically

optimized for underwater intervention tasks, providing a foundation for improving the efficiency
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and reliability of autonomous underwater operations.

In conclusion, this thesis addressed the challenges of autonomous underwater inspection in
offshore structures by introducing innovative solutions across vehicle design, perception, and mo-
tion planning. The integration of bio-inspired design principles, systematic inspection method-
ologies, and robust evaluation frameworks has established a foundation for the next generation
of autonomous underwater vehicles capable of performing complex intervention tasks. This re-
search contributes to making offshore operations safer, more efficient, and more cost-effective,
particularly in the growing offshore wind energy sector where reliable inspection and maintenance

capabilities are crucial for sustainable operations.

6.1 Future Work

Building upon the contributions presented in this thesis, several key research directions have been
identified for future development. The RAYA platform can be enhanced through the estimation
of the full dynamic model and subsequent implementation of a more robust control algorithm
to improve performance in varying underwater conditions. Future work should focus on imple-
menting autonomous docking capabilities and developing compliant control strategies for manip-
ulation tasks. The C2FARUS methodology can be extended by incorporating machine learning
techniques, for improved object recognition, and developing methods for handling dynamic en-
vironments. From a system integration perspective, future research should address challenges in
achieving long-term autonomy, including energy management strategies and fault recovery mech-
anisms. The development of industry-standard interfaces and safety protocols would facilitate
integration with existing offshore infrastructure. Extended validation through comprehensive field
trials and long-term deployment studies would further demonstrate the system’s reliability in real-
world conditions. These developments would collectively advance the capabilities of autonomous
underwater vehicles in offshore inspection and maintenance tasks, contributing to more efficient

and safer offshore operations.
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