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SUMMARY

In this thesis, we focus on two areas relevant to improving near-surface off-
shore seismic surveys : inversion-based estimation of subsurface properties and
the monitoring of the acquisition-geometry. These issues remain challenging in
ultra-high-resolution (UHR) marine geophysics, where imaging the first tens of
meters below the seafloor can be limited by both data quality and instrument
uncertainties. Through a combination of modelling- and field-data studies and
experimental hardware development, we investigate the possibilities for enhan-
cing the characterization of this shallow region which is of interest for the de-
velopment and monitoring of offshore infrastructure and subsurface resources
extraction.

In the first part of this research, we revisit the foundations of seismic-velocity
model building for UHR data. Standard approaches such as Full Waveform Inver-
sion (FWI) often fail under the limitations typical of near-surface surveys which
can be characterise by short offsets, limited low-frequency content, and inaccu-
rate starting velocity models. To overcome these challenges, we introduce and
evaluate a sequential inversion workflow that integrates Joint Migration Inver-
sion (JMI) and FWI. Using synthetic experiments, we demonstrate that JMI can
reliably retrieve the low-wavenumber background velocity by simultaneously in-
verting for reflectivity and transmission effects, providing a stable foundation
for subsequent FWI refinement. We show that the workflow successfully recons-
tructs complex near-surface structures such as layered sediments and buried
diffractors—features that conventional inversion methods often misinterpret or
miss entirely.

We then apply the workflow to a field dataset acquired at a Dutch North Sea
wind farm site, representative of modern offshore engineering surveys. In this
field case, FWI alone fails to converge due to the absence of refracted arrivals
and the dominance of reflected energy. Conversely, JMI produces more robust
results, revealing the presence of a high-velocity layer relevant for geotechnical
planning of monopile foundations. Our comparison emphasizes a key conclu-
sion : in UHR seismic acquisition, where offsets are short and data bandwidths
limited, the JMI framework offers a more viable approach to reconstructing near-
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surface velocity models than conventional FWI. The results also highlight a cri-
tical dependency between data quality and hardware performance, motivating
the second part of our research.

In the second half of the thesis, we address a major hardware limitation in
UHR seismic acquisition : the poor control and monitoring of hydrophone po-
sitions along the streamer. In such surveys, precise receiver positioning is vital,
as even small uncertainties in depth or lateral displacement can distort ampli-
tude spectra and be detrimental to subsequent processing that relies on relative
source and hydrophone positions. However, unlike exploration-scale streamers,
UHR streamers lack embedded GPS or inertial navigation systems. To overcome
this, we propose a novel method based on Fiber-Optic Shape Sensing (FOSS) —a
technology that translates distributed strain measurements in multi-core optical
fibers into three-dimensional shape reconstructions.

After performing a detailed theoretical analysis of FOSS principles, we then
design dedicated sensor architecture for geophysical and geotechnical use. The
design considerations include interrogator selection, core geometry, embedding
configuration, and shape reconstruction algorithms. We develop a prototype, the
SSU2000, and test it in both bench setups and a controlled flume environment.
Our experiments successfully demonstrate the feasibility of reconstructing the
3D streamer shape and hydrophone depths in real time. The reconstructed posi-
tions are then used to perform receiver-side deghosting, recovering lost spectral
amplitudes and improving the vertical resolution of the seismic data. While we
observe some limitations in the sensor embedding and curvature handling, the
proof-of-concept experiments validate FOSS as a viable solution to the positio-
ning problem in marine UHR acquisition.

In the concluding chapter we expand on the implications of the developments
described above. On the inversion side, the integration of JMI into near-surface
workflows opens new pathways for shallow imaging where traditional reflection
or refraction-based inversions fail. On the hardware side, extending FOSS into
long-distance distributed sensing (LD-FOSS) presents opportunities beyond seis-
mic applications — including unmanned underwater vehicle navigation, tethe-
red robotics, and continuous structural-health monitoring. Both innovations re-
present a shift toward hybrid solutions where computational algorithms and phy-
sical sensing systems evolve together to address the limits of marine data fidelity.

Ultimately, with this thesis we demonstrate that improving offshore imaging
requires more than algorithmic sophistication alone; the improvement depends
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equally on the precision of the instruments used to acquire the data. By uniting
advancements in seismic inversion and fiber-optic sensing, our work contributes
to the broader goal of reliable high-resolution marine subsurface characteriza-
tion —an essential foundation for future offshore infrastructure, environmental
monitoring, and resource management.






SAMENVATTING

In dit proefschrift richten we ons op twee gebieden die relevant zijn voor het
verbeteren van near-surface offshore seismische onderzoeken: inversiegebaseerde
schatting van ondergrondse eigenschappen en het monitoren van de acquisitie-
geometrie. Deze vraagstukken blijven uitdagend binnen de ultra-high-resolution
(UHR) mariene geofysica, waar de beeldvorming van de eerste tientallen meters
onder de zeebodem wordt beperkt door zowel datakwaliteit als instrumenton-
zekerheden. Door een combinatie van modelleer- en veldgegevensstudies en
experimentele hardwareontwikkeling onderzoeken we de mogelijkheden om de
karakterisatie van deze ondiepe zone te verbeteren — een gebied dat van belang
is voor de ontwikkeling en monitoring van offshore-infrastructuur en de winning
van ondergrondse hulpbronnen.

In het eerste deel van dit onderzoek herzien we de fundamenten van seismi-
sche snelheidsmodelbouw voor UHR-data. Standaardmethoden zoals Full Wa-
veform Inversion (FWI) falen vaak onder de typische beperkingen van near-surface-
onderzoeken, die gekenmerkt kunnen worden door korte offsets, beperkte laag-
frequente inhoud en onnauwkeurige startsnelheidsmodellen. Om deze uitda-
gingen te overwinnen introduceren en evalueren wij een sequentiéle inversie-
workflow die Joint Migration Inversion (JMI) en FWI integreert. Met syntheti-
sche experimenten tonen we aan dat JMI in staat is het laag-golftal achtergrond
snelheidsmodel betrouwbaar te reconstrueren door gelijktijdig in reflectiviteit en
transmissie-effecten te inverteren, waarmee een stabiele basis ontstaat voor ver-
dere FWI-verfijning. We laten zien dat de workflow complexe near-surface struc-
turen — zoals gelaagde sedimenten en begraven diffractors — succesvol kan re-
construeren, structuren die door conventionele inversiemethoden vaak verkeerd
worden geinterpreteerd of geheel worden gemist.

Vervolgens passen we de workflow toe op een velddataset die is verkregen op
een windparklocatie in de Nederlandse Noordzee, representatief voor moderne
offshore ingenieursonderzoeken. In deze veldcase convergeert FWI op zichzelf
niet vanwege het ontbreken van gerefractieerde aankomsten en de dominantie
van gereflecteerde energie. Daarentegen levert JMI robuustere resultaten op en
onthult het de aanwezigheid van een hoge-snelheidlaag die relevant is voor ge-
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otechnische planning van monopile-fundaties. Onze vergelijking benadrukt een
kernconclusie: in UHR-seismische acquisitie, waar offsets kort zijn en de data-
bandbreedte beperkt is, biedt het JMI-raamwerk een haalbaarder aanpak voor
het reconstrueren van near-surface snelheidsmodellen dan conventionele FWI.
De resultaten onderstrepen tevens een kritieke afhankelijkheid tussen datakwa-
liteit en hardwareprestaties, wat de aanleiding vormt voor het tweede deel van
ons onderzoek.

In de tweede helft van dit proefschrift richten we ons op een belangrijke hard-
warebeperking in UHR-seismische acquisitie: de beperkte controle en monito-
ring van hydrofoonposities langs de streamer. In dergelijke onderzoeken is pre-
cieze ontvangerpositionering cruciaal, aangezien zelfs kleine onzekerheden in
diepte of laterale verplaatsing de amplitudespectra kunnen verstoren en nade-
lig kunnen zijn voor daaropvolgende verwerking die afthankelijk is van relatieve
bron- en hydrofoonposities. Anders dan exploratie-schaal streamers beschik-
ken UHR-streamers echter niet over ingebouwde GPS- of inertiaalnavigatiesys-
temen. Om dit te verhelpen stellen we een nieuwe methode voor op basis van
Fiber-Optic Shape Sensing (FOSS) — een technologie die gedistribueerde rek-
metingen in multi-core optische vezels omzet in driedimensionale vormrecon-
structies.

Na een gedetailleerde theoretische analyse van de FOSS-principes ontwerpen
we vervolgens een specifieke sensorarchitectuur voor geofysische en geotechni-
sche toepassingen. De ontwerpkeuzes omvatten de selectie van de interroga-
tor, de kerngeometrie, de inbeddingsconfiguratie en de algoritmen voor vormre-
constructie. We ontwikkelen een prototype, de SSU2000, en testen dit zowel in
laboratoriumopstellingen als in een gecontroleerde flume-omgeving. Onze ex-
perimenten tonen succesvol de haalbaarheid aan van het reconstrueren van de
3D-streamervorm en hydrofoondiepten in real time. De gereconstrueerde posi-
ties worden vervolgens gebruikt voor ontvanger-zijdige deghosting, waarbij ver-
loren spectrale amplitudes worden teruggewonnen en de verticale resolutie van
de seismische data wordt verbeterd. Hoewel we enkele beperkingen waarnemen
in de inbedding van de sensor en de behandeling van kromming, bevestigen de
proof-of-concept-experimenten dat FOSS een haalbare oplossing vormt voor het
positioneringsprobleem binnen mariene UHR-acquisitie.

In het afsluitende hoofdstuk gaan we dieper in op de implicaties van de hierbo-
ven beschreven ontwikkelingen. Aan de inversiekant opent de integratie van JMI
in near-surface workflows nieuwe mogelijkheden voor ondiepe beeldvorming
wanneer traditionele reflectie - of refractiegebaseerde inversies tekortschieten.
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Aan de hardwarekant biedt uitbreiding van FOSS naar long-distance distributed
sensing (LD-FOSS) kansen buiten seismische toepassingen — waaronder navi-
gatie van onbemande onderwatervoertuigen, getetherde robotica en continue
structurele conditiebewaking. Beide innovaties vertegenwoordigen een verschui-
ving naar hybride oplossingen waarbij computationele algoritmen en fysieke sen-
sorsystemen gezamenlijk evolueren om de grenzen van mariene data-fideliteit te
doorbreken.

Uiteindelijk laten we met dit proefschrift zien dat verbetering van offshore beeld-
vorming meer vereist dan alleen algoritmische verfijning; de vooruitgang hangt
evenzeer af van de precisie van de instrumenten die worden gebruikt voor de
dataverwerving. Door innovaties in seismische inversie en vezeloptische sensor-
technologie te verenigen, draagt ons werk bij aan het bredere doel van betrouw-
bare hoog-resolutie karakterisatie van de mariene ondergrond — een essentiéle
basis voor toekomstige offshore-infrastructuur, milieumonitoring en hulpbron-
nenbeheer.
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Dans cette thése, nous nous concentrons sur deux domaines essentiels al’amé-
lioration des études sismiques offshore de proche surface : I'estimation par in-
version des propriétés du sous-sol et le suivi de la géométrie de la fltite sismique
au cours des campagnes sismiques. Ces problématiques restent complexes dans
le cadre de la sismique marine a Ultra-Haute Résolution (UHR), o1 I'imagerie
des premieres dizaines de metres sous le fond marin est limitée a la fois par la
qualité des données et par les incertitudes instrumentales. Grace a une combi-
naison d’études basées sur des données réelles et synthétiques, ainsi que sur le
développement expérimental de nouvelles méthodes instrumentales, nous ex-
plorons les possibilités d’améliorer la caractérisation de cette zone de profon-
deur superficielle, qui est d'intérét majeur pour le développement et le suivi des
infrastructures offshore ainsi que pour la cartographie des ressources du sous-
sol.

Dans la premiére partie de cette recherche, nous revisitions les fondements de
la construction de modeles de vitesse sismique pour les données UHR. Les ap-
proches standards, telles que I'inversion de formes d’ondes complétes (nommé
Full-Waveform Inversion ou FWI dans la littérature scientifique internationale),
échouent souvent en raison des limitations typiques des mesures de proche sur-
face. Celles-ci sont généralement caractérisées par des décalages source-récepteur
courts, un contenu de fréquences basses limité et des modeles de vitesse ini-
tiaux imprécis. Pour surmonter ces défis, nous présentons et évaluons une mé-
thode d’inversion séquentielle intégrant la migration et inversion jointes (simi-
lairement nommé Joint Migration Inversion ou JMI) et la FWI. A l'aide d’expé-
riences synthétiques, nous démontrons que la JMI permet de reconstruire de
maniere fiable le fond de vitesse a bas nombre d’ondes en inversant simultané-
ment la réflectivité et les effets de transmission, fournissant ainsi une base stable
pour un raffinement ultérieur par FWI. Nous montrons que cette méthodologie
permet de reconstruire des structures complexes du sous-sol de proche surface
telles que des sédiments stratifiés et des corps (géologiques) diffracteurs enfouis
— des éléments que les méthodes d’inversion classiques interpretent souvent
médiocrement ou manquent complétement.
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Nous appliquons ensuite cette méthodologie a un jeu de données acquis sur
un site de parc éolien en mer du Nord néerlandaise, représentatif des campagnes
sismiques appliquées a I'ingénierie offshore moderne. Dans ce cas réel, la FWI
seule ne converge pas en raison de 'absence d’ondes réfractées et de la domi-
nance de I'énergie réfléchie. A I'inverse, la JMI produit des résultats plus robustes
et révele la présence d’'une couche a haute vitesse pertinente pour la planifica-
tion géotechnique des fondations monopieux. Notre comparaison met en évi-
dence une conclusion clé : dans 'acquisition sismique UHR, ou les distances
source-recepteur sont courtes et la bande passante fréquentielle des données
limitée, le cadre JMI constitue une approche plus viable pour reconstruire les
modeles de vitesse du sous-sol proche que la FWI conventionnelle. Les résultats
soulignent également une dépendance critique entre la qualité des données et
la performance du matériel d’acquisition des mesures, ce qui motive la seconde
partie de notre étude.

Dans la deuxieme partie de la theése, nous abordons une limitation matérielle
majeure dans I’acquisition sismique UHR : le controle et le suivi insuffisants des
positions des hydrophones le long de la fltite sismique. Dans ces acquisitions,
une localisation précise des hydrophones est essentielle, car méme de faibles in-
certitudes en profondeur ou en déplacement latéral peuvent distordre les spectres
fréquentiels et compromettre les traitements ultérieurs qui s’appuient sur les po-
sitions relatives de la source et des hydrophones. Contrairement aux fliites uti-
lisées pour 'exploration pétroliére, les fltites UHR ne disposent pas de GPS in-
tégrés ni de systemes de navigation inertielle. Pour remédier a cette limitation,
nous proposons une méthode innovante basée sur la détection de forme utili-
sant la fibre optique (nommeée Fiber-Optic Shape Sensing ou FOSS) — une tech-
nologie qui convertit des mesures distribuées de déformation dans des senseurs
optiques multi-cceurs en reconstructions tridimensionnelles de la forme.

Apreés avoir réalisé une analyse théorique détaillée des principes du FOSS, nous
concevons une architecture de capteur dédiée aux applications géophysiques
et géotechniques. Les considérations de conception incluent le choix de I'in-
terrogateur, la géométrie des fibres, la configuration d’intégration dans le strea-
mer et les algorithmes de reconstruction de forme. Nous développons un proto-
type, le SSU2000, et le testons a la fois en laboratoire et dans un canal hydrau-
lique controlé. Nos expériences démontrent avec succes la faisabilité de recons-
truire en temps réel la forme 3D du streamer et la profondeur des hydrophones.
Les positions reconstruites sont ensuite utilisées pour effectuer un traitement
de 'empreinte des réverbérations de surface qui se présentent comme des en-
coches dans le domaine des fréquences. Ceci permet de récupérer les amplitudes
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spectrales perdues et d’améliorer la résolution verticale des données sismiques.
Bien que nous observions certaines limites liées a I'intégration du capteur et a
la gestion des courbures, ces expériences de preuve de concept valident le FOSS
comme solution viable au probleme de positionnement dans I’acquisition ma-
rine UHR.

Dans le dernier chapitre, nous approfondissons les implications des dévelop-
pements présentés ci-dessus. Du point de vue de 'inversion, I'intégration de la
JMI dans les méthodes sismiques appliquées aux sous-sols peu profonds, ouvre
de nouvelles perspectives pour 'imagerie lorsque les inversions traditionnelles
basées sur la réflexion ou la réfraction échouent. Du point de vue matériel, I'ex-
tension du FOSS vers la longue distance offre des opportunités au-dela des ap-
plications sismiques — notamment la navigation de véhicules sous-marins au-
tonomes, la robotique et le suivi en temps réel des infrastructures. Ces deux in-
novations représentent une évolution vers des solutions hybrides ou les algo-
rithmes de calcul et les systémes de détection physique progressent conjointe-
ment afin de repousser les limites de la fidélité des données marines.

Finalement, cette these démontre que I'amélioration de l'imagerie offshore
nécessite plus qu'une sophistication algorithmique : elle dépend tout autant de
la précision des instruments utilisés pour acquérir les données. En réunissant
les avancées de I'inversion sismique et de la détection par fibres optiques, nos
travaux contribuent a I'objectif plus large d'une caractérisation marine du sous-
sol a haute résolution — un fondement essentiel pour les futures infrastructures
offshore, le suivi environnemental et la gestion des ressources.









INTRODUCTION

It is colloquially said that man knows more about the surface of the moon than
the bottom of the ocean. Yet, we have utilised the seafloor and its immediate
subsurface much more than we have the moon at this point in time.

The goal of the research in this thesis is to improve the performance of existing
methods to understand the geometry and composition of the subsurface
immediately under our oceans, seas, lakes, and rivers. With a breadth of

methods to choose from, we focus on the high-resolution seismic method as it
allows us to significantly penetrate the subsurface and derive material
parametres from the wave propagation phenomenon.

1.1. INTEREST IN THE OFFSHORE NEAR-SURFACE

Historically, the ground below the seafloor has been utilised to tap into
large hydrocarbon deposits that accumulated from plant material in the
Carboniferous period, some 300 million years ago. Generally, such organic-
matter reservoirs can be found at depths of 1,000 to 6,000 metres below the
seafloor. Seismic methods that can penetrate deep within the subsurface are
critical in locating them, mapping their geometry, and planning the efforts to
drill and access the deposits [1]. In recent decades, interest in the offshore
near-subsurface has steadily increased with the expansion of infrastructure
and the installation of underwater cables for intercontinental communication
and energy transmission. These geo-engineering projects require increasingly
accurate and high-resolution imaging of the shallow subsurface. Additionally,
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conventional (deep) exploration seismologists recognize that a more precise
characterization of a reservoir’s overburden greatly improves its imaging,
especially in the context of time-lapse seismics. Some more detailed examples
include :

— Dutch offshore wind energy investiture : The expansion of wind farms
in the North Sea has been a pivotal development in Europe’s energy
transition since the 2015 Paris Climate Agreement. The region is critical
for offshore renewable energy due to its wind resources, favorable
geography with a shallow water layer, and already established energy
infrastructure. As of April 2024, the Dutch government alone reports
10 active wind farms in the Dutch North Sea, which have a total
production capacity of 4.7 GW [2]. Although the Netherlands originally
pledged to produce 49 TWh of offshore wind energy per year by 2030
(requiring a capacity of 11.5 GW), in 2022, the government increased
the target to 21 GW by 2033 [3]. This investment in offshore wind
turbine infrastructure requires a detailed investigation of potential wind
farm sites, and seismic methods have responded to the demand by
developing increasingly higher-resolution survey systems and processing
methods [4]-[6]. Specifically, these surveys aim to : 1. identify objects
of interest like boulders, and submarine communication and energy
transmission cables; 2. investigate the geometry and composition of the
subsurface. It is reported that approximately 10% of piling attempts were
unsuccessful due to unexpected encounters with hard strata and objects
like boulders [7]. These failed attempts can directly result in damage
to the pile, leading to delays and increases in operational costs [8].
Equipped with the results of relevant geophysical surveys, operators and
governments can make informed decisions where the operational risks
during construction are minimized and the design of the infrastructure
is appropriate for its full lifecycle [9]. Finally, as can be seen in Figure
1.1, offshore wind farms are themselves adding infrastructure to an
already heavily utilised Dutch North Sea territory. Notably, this figure
omits all infrastructure related to hydrocarbon extraction, which is also a
major operation in the area. Managing the existing infrastructure in this
increasingly complex environment requires a significant effort in shallow
subsurface exploration and monitoring [10], [11].

— Overburden characterization for complete reservoir exploitation in
the Gulf of Mexico : The term "overburden" refers to the layers of
rock, sediment, or other material that lie directly above a target of
interest in the subsurface. Because of its location, all seismic information
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FIGURE 1.1. - Map showing the boundary of the Dutch North Sea territory
(blue dotted line) and the existing (pink) and planned (white) wind farm
locations up to 2030. The wind farms with granted permits to be developed
between 2025 and 2029 are shown in purple. [12]
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from a source at the surface to a receiver at the surface will travel
through the overburden twice : once on the way down to the target
and once on the way back up to the receiver. Moreover, proximity
to the surface means that the overburden will change more rapidly
in geological time compared to deeper layers, and will often feature
a complex, shallow stratigraphy, which leads to elastic-wave effects,
attenuation and scattering of the seismic signal [13]. Historically, the
effects of the overburden on acquired data were generally ignored as
resolving other factors had a more significant impact on the imaging
results. However, with the growing concerns regarding the finite nature
of non-renewable energies, governments and companies have focused
their efforts towards fully exploiting known reservoirs. To do so, increased
resources have gone towards high-resolution imaging of the reservoir.
Part of this effort has involved investigating the effects of the overburden
on deep target imaging, specifically in a monitoring context-also referred
to as time-lapse or 4D [14]. In 2021, NCS SubSea completed a 4D
Ultra-High-Resolution (UHR) seismic survey in the US Gulf of Mexico
to map the overburden of a well-studied reservoir [15]. Although the
results of this survey remain undisclosed, NCS SubSea suggests that the
survey aims to improve the client’s understanding of reservoir production
performance and to provide data for further development of their asset.
Re-utilization of depleted reservoirs in the North Sea : The development
of Carbon Capture and Storage (CCS) in depleted offshore reservoirs
has also gained traction in recent years. The intention is to capture
atmospheric carbon dioxide (CO,) and permanently store it in the
subsurface to mitigate the effects of global warming. In March
2023, Project Greensand demonstrated for the first time that it is
possible to transport captured CO, across borders and safely store it
offshore [16]. Because this is a relatively new application, governments
and regulatory bodies require extensive monitoring programs to be
implemented to ensure long-term storage integrity and environmental
safety. A key example is the PORTHOS CCS project, in the Dutch
North Sea, scheduled to begin injection in 2026. This project includes
a comprehensive monitoring plan using seismic, geochemical, and
geotechnical techniques throughout its operational life [17], [18]. While
the risk of CO, leakage into marine environments is low, monitoring
using diverse technologies is required to detect and quantify potential
leaks and to address natural overburden variability. Specifically, seismic
surveys can identify potential risks such as faults, fractures, or subsurface
voids that could compromise the integrity of the CCS reservoir in the



1.1. INTEREST IN THE OFFSHORE NEAR-SURFACE 7

long term; thus, they are a critical tool to ensure that CCS remains a
permanent and safe carbon-storage solution [19].

— Unforeseen environmental consequences of warfare : Following World
Wars I and II, significant amounts of explosive ordnance were left
undetonated. Deployed unexploded munitions were often abandoned,
and surplus supplies were discarded, sometimes carelessly. As a
result, large quantities of unexploded ordnances (UxOs) persist in the
environment, particularly in the oceans, where they continue to pose
substantial risks to human safety, offshore infrastructure, and the marine
ecosystem [20]. Techniques to locate UxOs in the environment are
often "multi-physical” in nature. A common method is to carry out
two concurrent surveys : 1. a magnetometry survey that can discretely
measure the magnetic force, responding to the ferromagnetic nature
of UxOs; 2. a high-resolution acoustic survey (seismic or subbottom
profiling) to detect the precise location of the anomaly [21], [22].

— South Korea’s floating city : In 2024, the South Korean government
unveiled its plan for a floating city in Busan [23]. Geophysical surveys
were carried out in the area in the previous year, and it could be
inferred that the subsurface information will inform the construction and
monitoring of the floating city [24]. The development of floating coastal
offshore infrastructure is not unique and presents several advantages
over traditional sea-reclamation projects : 1. the environmental damage
is reduced as the sea bottom remains free to be populated by indigenous
ecosystems; 2. they are resistant to water-level changes and flooding; 3.
they can be designed in a modular fashion that can permit expansion to
accommodate growing populations [25]. Monitoring the stability of the
subsurface in which these cities are anchored will be a crucial aspect in
ensuring the safety and viability of these structures in the long term.

The offshore subsurface has become an important aspect of modern
economic development, supporting critical activities ranging from renewable-
energy expansion and large-scale carbon-storage efforts to the development
of new urban environments. As the demands on offshore spaces continue to
grow, a detailed understanding of the shallow subsurface is essential to ensure
that offshore infrastructure remains safe, resilient, and capable of supporting
a sustainable energy transition.
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1.2. SUMMARY OF OFFSHORE NEAR-SURFACE GEOPHYSICAL
METHODS

Several methods can help us image and characterise the shallow subsurface.
Broadly speaking, they fall under two categories : invasive and non-invasive.
Invasive methods are more difficult to perform in a marine setting as access
to the seafloor is limited. They may include drilling to extract core samples
and Cone-Penetration-Tests (CPTs) where a cone-shaped probe is pushed into
the seabed to measure soil resistance, pore pressure, and shear strength [26].
These measurements are discrete, but the conversion process to obtain soil
parametres is precise since they provide low measurement uncertainty, and
the theoretical interpretation model is directly linked to fundamental soil
mechanics [27], [28]. However, invasive measurements only provide discrete
information about the subsurface parametres and provide limited information
regarding lateral subsurface variability [29]. Additionally, although poorly
reported in the literature, the presence of boulders, gravel, or hard inclusions
can prematurely terminate penetration and sometimes cause equipment
damage. For this reason, CPT providers may opt to perform non-invasive
geophysical surveys before selecting the CPT measurement locations.

Non-invasive geophysical methods infer the properties of subsurface for-
mations without direct physical alteration to the seabed or subsurface. These
methods are therefore of particular interest in the offshore environment
because they allow for continuous, spatially extensive characterization of
the subsurface in a cost-effective and minimally disruptive manner. Key
techniques include seismic methods using passive or active sources, such
as Ocean Bottom Nodes (OBNs) or Ocean Bottom Cables (OBCs), and
towed-streamer seismics; side-scan and multi-beam sonar; magnetic and
gravity surveys; Controlled-Source Electromagnetics (CSEM); and SubBottom
Profiling (SBP). [30]. Note that in the case of OBCs and OBNSs, although
there is direct contact with the seafloor, no alteration to the subsurface is made.



METHODS

SUMMARY OF OFFSHORE NEAR-SURFACE GEOPHYSICAL

1.2.

‘[re]-log] ‘(6] woif paprduios s1 211 s1y3 U1 pajuasaid vipp ayJ suoyvarddp

aopfuns-ivau atoysffo juaiaffip 1of senbruysay voisAydoas aarsvaur-uou uowiwiod Jfo uostivdwio) - ‘1°T A1AV],
$309(qo suonerIeA poy
3 A 3
onaudewo1Id) ‘SOXN $ 90103 SNIUIEN ke wos> onaudew (820 R
3 3 [4
:EBE_MH MNMMMMWH% W A1A1SISa1 011109 w - uny| 1< osu0dsax play a1 wcwmaﬁwmwwuu
nezisloerey $$ J1ADS] o9[d 00¢ - 01T 1 SnPUSEWOno 8] 19914
uapINgIdAQ 92IN0§ pa[jonuo)
A3o100101R uonerper (4dD) 1epey
‘Gunesol Amn $ A1an109[J01 104R] u 0 - w Og> oneudewonos[ Sunensuag
‘Suruueds 91910U0) QABMOIITN punoin
(2
unioyruowr agexea] ¢QD 45 SUOTIRLIBA e /U oo PIPY o
‘U0T12919p UOQIBIOIPAY] [euonelaei3 [ed07 [euoneIARID)
A3o1oayore KnowAme . 017 IeUOS
‘Sunnozx aurjadid $$ owAtmeq wo 07 - 1 w O[> HINT ©1 ZHX00T weaqnn
‘A11AT109[Jo1 194 oNsSnooy
‘Burddew 1007jeaS / UedS-9pIS
HOHI939p z 012z (dgS) 191yo1
193[qo paung $$ AI1ATI09[JA1 oA wi-10 w 08> FPI00T ©3 ZEI0T L
J1ISNOdY wonogqns
‘Aydeidnens yuowirpas
UOTBZIIdIOBIBYD 91IS K1A1097J01 194® z 01 ZH T~ SOTWISIAS
nezt o o 488 o B I wor - 50 uny 1< H0T HI Twst
Surewr orwsios SONID0[OA dABM-J J1ISNOdY IoWEAIIS-PIMO],
. oot | e o0
nezleloeleyd 9l $$$$ ‘SONIDO[IA DABM-G PUE g 0T -60 o 1 nsej 198D /9PON
‘Surdewnr orwsiog juouodwos-¢ wonog uead)
Ry 1502 sanauwered uonnjosay mdaq T POYIdIN
aAney paaL_Q [eonId\ | uonenaudd 3JeJINg-TeaN




10 1. INTRODUCTION

Table 1.1 compares key characteristics of these techniques. Each is employed
for a specific purpose based on the application for geological, geotechnical,
or environmental investigation and monitoring. They can be combined in
multiphysical schemes that aim to simultaneously invert multiple non-invasive
geophysical datasets, also known as joint-inversion schemes [35], [36]. A prime
example is the integration of electromagnetic and seismic data, where the
strong correlation between electromagnetic resistivity and seismic velocities
allows for the direct inversion of petrophysical properties such as porosity and
fluid saturation [37]. Joint inversion schemes for near-surface applications are
similarly becoming more robust, although the smaller projects and limited
budgets reduce the opportunities to carry out multiple concurrent surveys
[38], [39]. Also of note is that constraining the inversion of continuous methods
with point-wise measurements like CPTs, magnetometry, or gravitational data
provides robust characterization of specific targets like UxOs [21], [22] or
to improve the convergence of optimization schemes towards the global
minimum [29].

1.3. COMPARISON OF NON-INVASIVE MECHANICAL
WAVEFIELDS METHODS

Mechanical wavefield methods play a significant role in offshore near-
surface exploration, whether applied standalone or in joint-inversion schemes.
They are currently the only non-invasive approach capable of producing
detailed continuous images of subsurface stratigraphy at significant pene-
tration depths. According to a PGS release [40], when building wind farm
ground models, an initial "reconnaissance" 2D survey is performed and
subsequently interpolated into a crude 3D model. The reconnaissance helps
in defining the locations for acquiring additional geophysical data, and
the measured soil and geotechnical parametres are integrated into the 3D
models to fine-tune them and create a more complete image of the subsurface.

As illustrated in Table 1.1 and Figure 1.2, these surveys can be classified
into High-Resolution (HR) seismics, Ultra-High Resolution (UHR) seismics,
and Sub-Bottom Profiling (SBP). Frequency ranges vary across literature
and industry practices, and some groups propose further subdivisions, such
as Ultra-Ultra High Resolution (UUHR). However, given the similarities in
hardware, acquisition methods, and processing techniques between UHR and
UUHR seismics, we argue that further subdivision of the UHR category is
unnecessary. HR seismics are traditionally used for standard exploration tasks
but also play a critical role in monitoring CCS applications in depleted
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FIGURE 1.2. — Comparison of the penetration depth and vertical resolution
trade-off with representative frequencies for HR seismics (50-500 Hz), UHR
seismics(100-5000 Hz), and SBP methods (>1000 Hz).

offshore reservoirs [41], [42]. In the event of a CO-, leak, the gas would migrate
toward the surface, where UHR seismics combined with CSEM methods can
help detect the plume front [43]. UHR seismics are also the primary tool for
wind farm site investigations and monitoring, as well as geotechnical and
offshore infrastructure projects requiring detailed subsurface imaging [44].
Lastly, sonar and SBP are primarily used for very shallow investigations, but
because they only produce zero-offset reflection data, they are unsuitable for
detailed characterization tasks.

We have chosen to focus on UHR seismic methods as they are on the
frontier of established technologies. In this context, UHR seismics fill the gap
by providing high-resolution near-surface imaging with significant penetration
and information from offsets. Seismic methods have been used for decades yet
direct translation of these to a higher frequency range is not a 1 :1 transition.
As we will discuss throughout this thesis, state-of-the-art industry methods
fall short for UHR seismics, both on the acquisition and processing fronts.
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FIGURE 1.3. — Figure released on a presentation from Fugro [45] comparing the
data resolution from 2D HR, UHR, and sonar surveys in the same area from 0 to
50 m of the subsurface. Depth axis is in meters and the Two-Way Travel-Time is
in seconds. Highlighted areas point to the improvement in imaging small-scale
features by using higher resolution methods.

1.4. OVERVIEW OF SEISMIC METHODS

Seismic methods refer to a set of techniques where mechanical wavefields
that have propagated through the subsurface are recorded and analyzed to
infer the properties and geometries of the layered media they have travelled
through. The wavefields can occur naturally to varying degrees of amplitudes,
like from earthquakes or from the vibrations from passing trains. They can also
be artificially designed using "sources" that can take the form of a hammer on
a plate or a controlled explosive. In the case of offshore acquisition, airguns,
sparkers, boomers or marine vibrators are typically used. Airguns produce
lower frequency signals whereas sparkers and boomers are used to obtain
higher frequency and, therefore, higher resolution data. Marine vibrators
produce a frequency swept signal similar to an onshore vibroseis and are less
commonly utilized than the three aforementioned [46]. The seismic waves
are recorded using geophone arrays (or hydrophones in water). They produce
typical seismic datasets containing a "shot record" : the wavefield emanating
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from the same source recorded over time by multiple geophones at different
locations. This data can subsequently be used to produce images and map
parametres in the subsurface.

There are two modes in which the seismic waves propagate through the
subsurface : as compressional waves and as shear waves. Shear waves (or
S-waves), where the medium displacement is perpendicular to the direction
of propagation, only propagate through solids. At the interface with air or
water, S-waves can combine with compressional waves and create surface
waves, including Love and Rayleigh waves. Shear wave propagation depends
on the subsurface’s elastic parametres that can be used to derive material
properties like the bulk density, which is the mass per unit volume including
the pore volume; the shear modulus, which is the ratio of shear stress to
shear strain; and Poisson’s ratio, which is the ratio of transverse strain to axial
strain. Compressional waves (or P-waves), where the medium displacement is
parallel to the direction of propagation, can travel through and be recorded in
all media, including gases and liquids. For example, the sound produced by a
tree falling in a forest is carried by P-waves, even if no one is around to hear
it; and when the tree hits the ground, a combination of P- and S-waves will
be produced, even if no one is around to feel them.

The speed at which a wavefield propagates from its source to the geophone
varies depending on the medium it traverses. For example, a P-wave will
propagate at around 1500m/s through water, a velocity that will vary
depending on water temperature and salinity. With a constant speed, the
wavefield will not deviate from its path, propagating in a constant direction
and, therefore, at a constant velocity. If the wavefield encounters a boundary
where material properties change, it will be transmitted, reflected, refracted,
or diffracted. By recording the seismic waves and measuring the travel times
between the source and the receiver array, analysing amplitude variations,
phase shifts, and frequency content, it is possible to reconstruct an image of
subsurface reflectors and diffractors in a process called imaging, as well as
derive the seismic velocities of these layers using velocity inversion methods
[47].

These models are created with a level of uncertainty. In a nutshell, the
velocity inversion method, just like all inversion methods, looks for a solution
where the residual between the recorded seismic data and the model is
minimized. This solution is non-unique and exists in a solution space that
contains multiple local minima. Finding the global minimum in this solution
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space, aka the true solution, can not be done with a complete level of certainty.
Similarly, this imperfect velocity estimate is required to produce an image of
subsurface reflectors. If the velocities are poorly constrained, the reflectors
will be placed at an incorrect depth in the image to account for the measured
arrival travel-time. The fields of seismic imaging and inversion are, therefore,
continually innovating to improve the certainty and accuracy of subsurface
models. Advanced algorithms incorporate additional data constraints and
leverage machine learning techniques to reduce uncertainties and improve
resolution [44]. Despite these advancements, challenges remain due to factors
such as noise in the recorded data, limited acquisition coverage, and the
inherent non-uniqueness of the inversion process [29]. Consequently, seismic
methods continue to evolve, integrating new technologies and methodologies
to refine our understanding of Earth’s subsurface structures, including in the
near-surface.

1.5. DEFINING THE INTENT OF THIS RESEARCH

In this thesis, we attempt to provide new insights and solutions into the
dilemmas of seismic methods in an offshore near-surface context. To this end,
we focus on the upper 100 m of the subsurface, tackling both inversion and
imaging methods as well as improving the quality of seismic data during the
acquisition via accurate measurements of hydrophone positions.

The main research questions that we focus on are :

1. What characteristics of the offshore near-surface seismic data pose a
challenge when performing seismic velocity inversion using state-of-the-art
methods?

2. What techniques improve velocity-model building of the offshore near-
surface, where methods used in exploration seismics fall short?

3. How can the quality of near-surface data be improved during acquisition
to mitigate some of the challenges with offshore near-surface data
processing?

4. Can existing shape sensing technologies be applied to UHR streamers to
improve the positioning of hydrophones in the water?

In Chapter 2, we discuss the applicability of reflection and refraction
seismic methods to near-surface seismic velocity inversion and encounter
the challenges of dealing with offshore near-surface data. We propose a
workflow of Joint-Migration-Inversion (JMI), based on reflection tomography,
and Full-Waveform-Inversion (FWI) that sequentially harnesses the strengths
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of each method to improve the velocity model and reflection image, using
synthetic data.

In Chapter 3, we apply the proposed workflow to seismic data from a wind
farm site in the Dutch North Sea. Although the synthetic datasets used in
Chapter 2 were designed to reflect typical offshore near-surface acquisition,
we observe firsthand the effects of data quality and acquisition design on
the inversion process. Nonetheless, we demonstrate the efficacy of using JMI
methods to improve estimates of the acoustic velocity model.

In Chapter 4, we take a detour to look at a technical constraint that can
severely negatively affect the data quality during a near-surface seismic survey.
Specifically, the limitations in streamer design as hardware have typically been
"scaled down" from exploration geophysics to be applied to the near-surface
surveys. A victim of this transition are the positioning methods that currently
fail to accurately record the positions of hydrophones in the water during the
survey. We discuss the effects of poor receiver positioning for near-surface
data and the community’s call to improve existing methods.

In Chapter 5, we propose to use so-called Fiber-Optic Shape Sensing (FOSS)
to monitor the shape of seismic streamers used during acquisition and solve
the hydrophone positioning limitations discussed in Chapter 4. We explore
the basic theory of FOSS and describe the procedures and considerations
involved in the process of deployment and the steps required for reliable
and repeatable measurements. We go in-depth on the guidelines we have
established to design a shape-sensor specifically to serve implementations in
the geotechnical and geophysical industries, from the interrogator technology
to the sensor geometry, mentioning the importance of a central core,
embedding, and options for the reconstructed shape in 3D-space.

In Chapter 6, we present the first developments in testing the possibility
of using FOSS for streamer shape reconstruction. Our work involves the
design of a dedicated sensor and embedding sleeve, developed through bench
experimentation and numerical modelling. We then deploy these elements in
a flume in a series of experiments that utilise FOSS and streamer data in a
controlled environment.

Finally, in Chapter 7, we discuss the outlook of the work presented in this
thesis. We look at the realistic application potential of JMI in the industry for
near-surface offshore data. Furthermore, we discuss the value of long-distance
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FOSS sensors in geotechnical fields and the practical issues that must still be
tackled.

With this thesis, we aim to contribute to both the scientific and applied
geophysical community by addressing two longstanding challenges : (1) the
accuracy and reliability of velocity model building in the complex near-surface,
and (2) the precision of hydrophone positioning during acquisition. The
proposed innovations aim to improve offshore engineering safety, reduce
project risk, and advance sustainable use of the marine environment.
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JMIAND FWI WORKFLOW : THEORY
AND SYNTHETIC EXAMPLES

To improve the imaging and characterization of the near-surface, we begin the
research by looking at existing inversion methods of seismic data and
evaluating their benefits and drawbacks.

In this chapter, we implement a workflow of Joint-Migration Inversion and Full
Waveform Inversion to improve the final reflectivity images and seismic velocity
estimates on synthetic datasets.

2.1. INTRODUCTION

In geophysics, inversion is the process of using data to estimate the physical
properties of the medium characterised by the recorded data. When using
seismic data, it is possible to invert for P- and S-wave velocities, as well as
density, Poisson’s ratio, and other elastic parameters. Seismic velocity inversion
methods can be categorized into seismic refraction methods, seismic reflection
methods, and transmitted waves methods. Seismic reflection methods involve
computing the round-trip travel time of a seismic wave from a source, via
a subsurface reflection layer, to a receiver to gain velocity information of
the layers the acoustic energy travelled through, and therewith the location
of interfaces. Refraction seismics, on the other hand, makes use of the
multi-pathing nature of seismic energy at farther offsets through layers of
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varying velocities to compute the difference between paths. This is detectable
from refracted head-waves that occur when a seismic wave encounters a
higher velocity layer below a lower velocity layer. At the critical angle, the wave
travels along the interface between the layers (guided by the faster medium),
and continually radiates energy back up to the surface at the critical angle.
The critical angle is dictated by Snell’s law, which describes when a wavefield
will reflect or refract based on the angle of incidence and the refraction index.
Snell’s law can be described as

sinB, sin6,

.oovl
" 2 and 0. = arcsm(y—z) 2.1

where 61and 6, are the angles of incidence and refraction in media 1 and 2
respectively, and 6, is the critical angle computed when 8, =90° in medium
with velocities v; and v,, as shown in Figure 2.1. Special kinds of refracted
waves are so-called "diving-waves" that occur when the velocity increases
with depth, forcing the wavefront to continuously refract, eventually turning
back towards the surface. Diving waves are an example of transmitted waves
where part of the seismic wave energy continues through the boundary
into the next layer, without bouncing back. Unlike refraction’s critical-angle
phenomenon, transmission occurs for all incident angles below the critical
angle. Transmitted waves are, for example, utilised in surface-wave inversion
and in first-break tomography, where direct and refracted body waves are
combined to recover subsurface velocity models.

e "

FIGURE 2.1. - Conceptual drawing showing reflected seismic waves (blue
arrows), transmitted refracted seismic waves (green arrows), and refracted
seismic head waves (red arrows) at the critical angle of incidence 0. from the
source (yellow star) to the receiver array (yellow polygons).

In this chapter, we focus on reflection and refraction methods, which will
be used for velocity inversion. A basic principle that governs both reflection
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and refraction seismic inversion is that by increasing the number of sources
and receivers, as well as the range of offsets and frequencies, an increasingly
accurate image of the subsurface can be constructed. Naturally, during
real-world seismic surveys, time and costs limit the reach of this principle.
To improve imaging and inversion results of offshore near-surface seismic
data, with no prior knowledge, we must resort to improving processing and
inversion strategies. To this end, we propose a workflow of Joint Migration
Inversion (JMI), Full Waveform Inversion (FWI), and Full Wavefield Migration
(FWM).

2.2. MOTIVATION

In field UHR seismic applications, both S-wave and P-wave velocities are of
interest. The shear information that can be related to and interpolated from
point measurements called Cone Penetration Tests (CPTs) and give informa-
tion about subsurface physical characteristics like density, Poisson’s ratio and
stiffness [1]. These parameters are useful to understand how the subsurface
will react to different piling methods. P-wave information is typically used
for structural imaging, which is important to discern the structural depth
of specific hard layers as well as lateral variability and hazard detection,
like boulders. In unconsolidated shallow sediments, P-wave velocity can also
be strongly correlated to with stiffness and effective stress, allowing P-wave
velocities to serve as a practical proxy for geotechnical parameters when
calibrated against CPT or borehole measurements [2]. The higher propagation
velocity of P-waves also lead to shorter wavelength that can sample smaller
structures, increasing the fidelity in the reflection imaging. Approaches to
recover density and Poisson’s ratio have been demonstrated on UHR reflection
data for the 1.5D case under the assumption of lateral homogeneity, where the
scale of layering is small compared with the streamer aperture (e.g., elastic 1D
inversion strategies such as those presented by Provenzano et al., 2017, 2018
[3]). These approaches explicitly target elastic parameters and are particularly
suited to settings where lateral variability is limited and the data response
can be approximated as locally one-dimensional. For these reasons, this work
adopts an acoustic approximation within the FWI framework. This choice is
not intended to imply that elastic properties are unimportant, but rather to
focus on imaging positioning accuracy of small-scale structures and hazard.

To derive the P-wave propagation velocities and improve reflectivity imaging,
we propose a FWI workflow conditioned by a JMI starting velocity model.
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FWI is well-suited for high-resolution velocity estimation as it produces a
set of solutions with a resolution equal to half of the propagated source
wavelength [4]. Resolution, in this case, can be described as the minimum
spatial separation between two perturbations that can be distinguished in the
reconstructed model. For example, with a maximum frequency of 1000 Hz,
the solution will have a resolution of 75 cm in water with a propagation
speed of 1500 m/s. Its data-driven approach reaches a solution that most
closely resembles the seismic data in a locally optimised manner. However,
the least-squares error function may converge towards a mathematical local
minimum due to the lack of low frequencies in the dataset and the low
precision of the starting model. The refraction-based FWI method also
struggles when the dataset lacks far-offsets and therefore contains mainly
reflection data, which can be a feature of near-surface marine data with short
acquisition streamers [5].

To improve the convergence of Full Waveform Inversion (FWI), the industry
standard calls for initial model-building methods, which have their respective
advantages and drawbacks. Some sites may benefit from legacy conventional
seismic models and borehole data that can be reprocessed to create a
low-resolution initial velocity model [6]. Travel-time tomography of first
arrivals is a simpler method that does not rely on legacy or well-log data;
however, it is limited in its ability to recover complex velocity structures,
especially in areas with sparse ray coverage or strong lateral heterogeneity
[7], [8]. Finally, a recent trend in literature has been to use machine learning
methods for initial model building, which have shown promising results in
generating data-driven, geologically plausible velocity models that can help
FWI avoid cycle skipping and converge more reliably toward the global
minimum [9].

Instead, we propose to use JMI to build the initial velocity model for FWI
[10], [11]. It uses the full wavefield and fully accounts for internal multiples,
which are not treated as noise in the data, to invert the velocity model and
perform seismic migration simultaneously. The recursive, iterative two-way
modelling [12] produces a sharp, high-resolution reflectivity image and a
smoother propagation velocity estimate [13]. The reflectivity image can be
used to improve the velocity resolution during the iterative process by acting
locally as a weight during the velocity update process [14]. The efficiency
of JMI is optimised by using a multi-scale approach. It does not require
additional information or a robust starting model to perform relatively well,
but the final resolution of the velocity estimate is too low for it to be used on
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its own in this application. It is, however, a reliable, data-driven method to
obtain a starting model for high-resolution FWI that does not depend on the
presence of low frequencies in the data.

2.3. THEORY
2.3.1. FDM

Acoustic Finite-Difference Modeling (FDM) is the forward modelling method
of FWI and was also used to create the synthetic datasets. The acoustic
wave equation can describe the propagation of seismic waves through the
subsurface, by modelling the pressure variations in a compressible medium.
In two dimensions, the second-order acoustic wave equation is given as

2 2 2
ptxzn pf());,zz, D c(x,2)? (27’29 + 272) +5(x,2,1), (2.2)
where p(x,z,1t) is the acoustic pressure, c(x,z) is the spatially varying wave
velocity, and s(x,z,t) is the seismic source. Alternatively, the wave equation
can be formulated as a first-order hyperbolic system in terms of particle
velocity u = (uy, u;), which is advantageous for the staggered-grid FDM engine
described by Thorebecke [15], [16]

u__lg, 2.3)
ar p "’ '
op

a =—xV-u+si1), (2.4)

where p is the density, x is the compressibility (or the reciprocal of the bulk
modulus), and V is the spatial derivative. The spatial derivatives in these
equations are approximated using combinations of Taylor expansions that
form a stencil of 4 points around the point where the wavefield is derived.
The spatial and temporal first order derivatives are approximated using the
2nd and 4th Crank-Nicolson approximation respectively [15] as

oP _ P((i+0.5)A1) - P((i - 0.5)A1)

halipy (2.5)
ot At
G_P ~ —P((i +1.5)Ax) +27P((i + 0.5)Ax)
x 24Ax
_ 27P((i —0.5)Ax) — P((i —1.5)Ax)_ 2.6)

24Ax
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The modelling domain must therefore be discretized, which is done, in this
case, using a staggered grid. The compressibility x is constrained in terms of
the P-wave velocity and density such that

L >

—=cp. 2.7)
Zero initial-conditions can be applied to ensure uniqueness, and, to simulate
wave propagation in an open domain, absorbing boundary conditions are
applied at the model edges to minimise artificial reflections. To summarize,
this FDM engine takes the input of a velocity ¢, and density p models to
simulate the propagation of a wavefield from a source signature that is also
provided.

2.3.2. FWI

Full-Waveform Inversion (FWI) is a high-resolution seismic imaging
technique that aims to estimate subsurface parameters (e.g., acoustic velocity)
by minimising the misfit between observed and simulated seismic wavefields.
The process works in three major stages :

1. The forward modelling, where the source wavelet is propagated through
an estimated velocity model to a set of receivers. This is done using the
FDM forward engine.

2. The least-squares error computation, where the predicted (or modelled)
receiver data is compared to the recorded receiver data.

3. The estimated velocity update, which is computed through a chosen
optimisation scheme.

In this research, we implement the Devito framework where FWI is
implemented through symbolic representation of partial differential equations,
automatic differentiation, and optimised finite-difference operators [17], [18].
The least-squares function that is minimised iteratively compares the recorded
data to the synthetically propagated source wavelet. It is defined as

1 T
F(m) = Ezzfo [ds(0) — ps,r ()] dt, (2.8)

where m(x) represents the spatially varying model parameters, which, in this
case, is the squared slowness m = 1/0129, ds (1) is is the recorded pressure
data for source s at receiver location x,, and ps,(X,,t;m) is the modelled
pressure field using the current model m. The forward problem, which is the
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propagation of the source wavefield in the current model parameters, is done
by discretizing the acoustic wave equation using finite differences

62

P mmVip=sx, 1), (2.9)
32

where V? is the Laplacian operator. Devito employs the adjoint-state method

to compute the gradient of the objective function [19]. The adjoint wavefield

A(x, t) is obtained by solving the adjoint wave equation backward in time

921 9
F—m(x)v A=rx1), (2.10)
where the adjoint source
rXr, 1) = ps,r (X, t;m) —ds, (1) (2.11)

is the data residual injected at receiver locations. Then, the gradient of the
objective function with respect to the model m is computed by correlating the
time derivatives of the forward and adjoint pressure fields

VZ(m)x = f —(x )a—(xt 1)dT, (2.12)

Finally, the gradient can be passed to a chosen optimisation algorithm. In
this chapter a simple steepest gradient descent scheme is applied the model
is iteratively updated as

m*x) = m*x) - av_g(m"x), (2.13)

with a as a chosen step length chosen per iteration. In Chapter 3, the
Gauss-Newton method is described to update the slowness model iteratively.

2.3.3. JMI

Full Wavefield Migration (FWM) and Joint Migration Inversion (JMI)
[10], [20] are built on the Full Wavefield Modeling forward (FWMod) and
reverse (FWMod™!) propagation engines [12] which utilise the propagation
operators (W, W) and scattering operators (R, dT) [21] to retrieve seismic
measurements using source vector information or to retrieve source vector
information using seismic measurements respectively. FWMod and FWMod ™!
are recursively iterative and utilise the full wavefield, including multiples. In
short, the forward model can be described by the following set of equations
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using the downgoing (ﬁ}“(z,‘n; zp)) and upgoing 13].‘(2,‘,2 ; z9) wavefields at depths
m=0,1,2,...,M and m=M-1,M-2,...,0 respectively
P} (233 20) =W (2, 205 (20)
m—1 N (2-14)
+ 2 W (2,2,)85] (2375 20)

n=0

and
P} (23200 =W (23, 2m0) P (2015 20)
Moo (2.15)
+ Z W (zm,zn)ésj (z,;; 20)-
n=m+1

Above, §;T(zo) is the source term at depth z =0. The down-going and up-going
propagation operators, W* and W~ respectively, are defined using the local
propagation velocity. The secondary source terms 6§}“ and 6§]‘. contain the
local scattering information and are defined as

857 (25 20) = R (2373 2) P (2335 20)

J 2.16)
+5T_(z;;z;:)P]T (2775 20)

and
857 (23 20) =R" (2553 23) P (2773 20)

- (2.17)
+6T+(z;;z;)P;(Z,;;ZO),

where R" and R are the up-down and down-up reflection coefficients, res-
pectively, and 6T* are the down-going and up-going transmission operators,
respectively. Performing a round-trip by computing the downgoing wave-
field at every depth until m = M and then computing the upgoing wavefield
from m = M to m =0 allows us to model synthetic data in the forward FWMod.

In FWMod, the source, propagation operators, and scattering operators
are known and used to compute the synthetic seismic data. The reverse
(FWMod™!) can also be performed using the same reasoning, where the
measurements, propagation, and scattering operators are known and the
source properties need to be retrieved. FWMod™! can be expressed using the
following upgoing and downgoing wavefield equations :

P} (23 20) =F* (23, 200) P}

m o (2.18)
(203 20) + Y F (25, 2,)85 (275 20),
n=1
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moving down, and

P} (233 20) =F* (23, 20) S (20)+

M-1 . (2.19)
> F (2,,2,)85] (2,3 20),

n=m

moving up, where F* are the reverse propagation operators. In FWMod and
FWMod ™!, the scattering operators address the amplitude information of the
seismic data, and the propagation operators address the phase information of
the data.

As described by [20] and [21], FWM is built using both FWMod and
FWMod ™! engines. FWM utilises seismic measurements, approximate source
vectors, and the propagation operators to recover the scattering operator
that corresponds to the reflectivity image. Here, the propagation operators
are derived from a user-provided propagation velocity model and assumed
to be correct. This is achieved by applying FWMod and FWMod™! as a
dual round-trip and comparing at every gridpoint the up- and downgoing
wavefields of each engine and using a normalized cross-correlation to derive
the scattering, i.e., reflectivity, operators. The synthetic results are then
compared to the recorded data using a least-squares criterion, and the
difference between the datasets is minimised, after which the next dual
round-trip starts. The least-squares misfit function is given by

JRU, RN =3 Y IIP,, (20520) -

J
(2.20)

M
> W (20, 20)8S] (203 20115,
n=1

where P';bs,].(zo;zo) is the measured data at the surface and 8S- represents
the physical reflections. The reflectivity image is improved with each round
trip and, by recursively applying the FWM engine, an increasing number of
multiples are included in the modelled data.

A major holdback of migration technology is the assumption that the
propagation velocities provided by the user are correct. Joint Migration
Inversion (JMI) resolves this drawback by adding a velocity inversion element
and performing seismic migration simultaneously as described by [10], [11].
The least-squares objective function that aims to minimise the reflectivity and
propagation velocity at each gridpoint, using a gradient-descent scheme is
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given by

JRY,RY,6W*6W) =3 3 IIB;, (205 20)—
w

J
M (2.21)

Wy (20, 20) (6 (23 20) + Q] (23 20)1lI5,
n=1

where §W* are the differential propagation operators and & @]‘ =0W~ (ﬁ]T +657)
is the virtual scattering, which corrects the propagation error at each grid
point. Finally, using current JMI technology, we assume that R and 6T are
angle- and frequency-independent, which, makes JMI insensitive to Amplitude
versus Offset (AvO) effects and diving waves in the data as it struggles to
handle far-offsets information [22].

2.4. WORKFLOW

For these synthetic experiments, we propose the workflow shown in Figure
2.2 to improve the FWI results. Starting from the left, the synthetic data
is modelled using FDM and is fed into the JMI engine as ’seismic data’
Iteratively, using a least-squares gradient-descent approach, JMI improves the
propagation velocity estimate and reflectivity image migration. The reflectivity
image is also used to constrain the velocity update at each iteration to reduce
the smoothness of the final velocity estimate. Once the error function is
minimised, the final inverted velocity estimate is used as the starting model
for FWI. Again, using a least-squares gradient-descent approach, the error
function is iteratively reduced. The final output is the high-resolution P-wave
velocity estimate from FWI. Finally, the resultant velocity estimate is used once
again to perform FWM to recover the reflectivity image of the subsurface. The
velocity and reflectivity estimates are combined to produce a comprehensive
image of the subsurface velocities and reflectors.

Table 2.1 compares the JMI and FWI features relevant to near-surface
imaging. The goal of the proposed workflow is to derive a sharper FWI velocity
estimate while approaching the global minimum in the solution space by
using the JMI engine, which has a reduced dependency on the presence of
low frequencies and the starting model. JMI should also help to explain some
of the multiples in the data and include them in the starting model for FWI.



2.4. WORKFLOW

33

JMI

FWI

Reflection-based forward
engine (FWMod)

Refraction-based forward
engine (FDM)

Influence of reflectivity
information on velocity inversion

Velocity inversion using primarily
refracted and diving waves

Inherently handles multiples

Struggles with multiples

Smooth velocity estimate,
sharp impedance imaging

Sharper “high-resolution” velocity
estimate, no imaging component

Reduced dependency on low
frequencies and starting models

Dependent on the presence of
low frequencies in the data and a
reliable starting model

AVO effects not included
(angle-dependent reflectivity)

Improved performance when
far-offsets are provided

Computationally less expensive
due to coarser grid sampling

Finer sampling makes it
computationally expensive

TABLE 2.1. — Comparison of JMI and FWI features relevant to near-surface

seismic velocity inversion.
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2.5. DATASETS

We generate synthetic seismic datasets based on marine near-surface models
using acoustic FDM, avoiding so-called "inverse crime" for JMI. These models
include features such as thin layers, velocity inversions, inclusions, and a
shallow water layer, designed to replicate offshore near-surface conditions.
The hydrophone array spans 300 metres, with receivers spaced at 2 m intervals
and recording for 0.15 s. Shots are modelled every 2 metres, with a bandwidth
limited to frequencies between 100 and 600 Hz. However, high frequencies
result in spatial aliasing due to the receiver spacing, and this aliasing is not
corrected in the data used for inversion, as shown in Figure 2.4.

Figure 2.3 shows an example of a ground-truth acoustic velocity, density
and resulting reflectivity model used to create the synthetic data. Note that
the reflectivity (R) is computed using the impedance (Z) between layer 1 and
layer 2, such that

= M, (2.22)
(Z2+ 21)

where the impedance is the product of the acoustic velocity and density.
The density model in Figure 2.3 was populated using realistic values from
core sediment samples found in literature [23]. The models shown are scaled
here to fit on the page, but the horizontal dimension is 300 m and the vertical
dimension is 80 m. The intrusive feature in the high-velocity layer is, for
example, only 2 m thick, approaching the limit of the propagation wavelength
of 1.25 m in water for FDM using a 600 Hz frequency limit and exceeding
the propagation wavelength of 2.3 m in the high-velocity layer. The seafloor
is covered by a layer of mud-like sediments characterised by a small acoustic
velocity contrast to the water column but a high density contrast, as seen in
the reflectivity image. The subsurface layers are also characterised by velocity
inversions and low impedance contrasts below the high-contrast top-layer.
The starting velocity model for the JMI step and the FWI control step is a
smooth version of the ground-truth velocities.

2.6. RESULTS

We apply the workflow shown in Figure 2.2 to three marine models, to
validate the improvement in velocity estimates imaging. We compare the
inversion and imaging results to the ground-truth models used to generate
the FDM data, and compare the data residuals from the final imaging step.




36 2. JMI AND FWI WORKFLOW : THEORY AND SYNTHETIC EXAMPLES

Acoustic velocity model

]
2800
@
£ 2475
=
£ _
s} E
o 250 ¢
> o
8 o
=
3
a 1825
(]
<
1500
80
0 Offset (m) 300
o Density model
2500
—_ 2125
£
o —_
x £
Dl e S =
2 §
g fa)
[5]
O L lizs
1000

Impedance contrast
E=3

FIGURE 2.3. — Example of a synthetic acoustic velocity and density models with

80

|
0 Offset (m) 300

Reflectivity

Depth (m)

80
0 Offset (m) 300

associated reflectivity in terms of impedance contrast.



2.6.1 EXAMPLE 1 : CONFINED AQUIFER 37

Offset (m)
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Time (s)

0.15

FIGURE 2.4. — Example of FDM-generated shot record with internal multiples
(red arrows) and aliasing (red circle).

2.6.1. EXAMPLE 1 : CONFINED AQUIFER

The results of the JMI velocity estimation step are shown in Figure 2.5,
and the resulting FWI velocities using the JMI model as a starting model
are compared to the FWI control experiment. Masks can be used during the
inversion in the data- or model-space to fix the velocities in the water-column
or to constrain velocities from borehole measurements. This can be done by
muting the data in the data-space or setting water velocities values after the
update in the model-space, for example. In this chapter, no model masks
are used in the examples presented for either inversion method. The JMI
step successfully identifies the high-velocity layer and the aquifer branch,
though the high velocities remain poorly constrained. Despite the relatively
low resolution of the JMI update, the sediment layer is distinguishable, and
some velocity contrast below 50 m is captured. These features appear in the
velocity estimate due to the reflectivity constraint applied during the JMI
process. The FWI step produces a sharper velocity estimate. In the control
experiment without JMI, the velocities are poorly constrained, leading to
vertical ringing above and below the high-velocity layer due to unexplained
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FIGURE 2.5. - [nversion results of the FWI control experiment using the
smooth starting model (FWI only) and the FWI experiment using a JMI-derived
(JMI + FWI) starting model compared to the ground-truth velocity model and
intermediate JMI velocity estimate (JMI only).
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FIGURE 2.6. — FWM imaging results using the control FWI experiment velocity
estimate (left) and the FWI velocity estimate using the JMI-derived starting
model experiment (right).
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Residual FWI only Residual FWI + JMI
Offset (m) Offset (m)
-150 0 150 -150 0 150

Time (s)
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FIGURE 2.7. — Residual of FWM for the control FWI experiment (left) and the
FWI experiment using the JMI conditioning (right).

data below the high-velocity layer, the model shows few updates. When JMI
is used as the starting velocity model, the estimated velocities are closer to
the ground-truth, though still underestimated. The depth of the high-velocity
layer and the shape of the aquifer branch are also more accurately represented.

The imaging step using the derived velocities is shown in Figure 2.6,
again, comparing the control FWI experiment to FWI using JMI as a
model-conditioning step. As can be expected, the amplitudes of the reflectivity
and depth location of the reflectors improve when the velocity model more
closely resembles the ground-truth. However, the low estimation of velocities
for the high-velocity layer fails to recreate the strong internal multiples in
the aquifer branch layer, causing spurious artefacts below the aquifer branch.
Nonetheless, the subsequent low-contrast layers are visible, whereas they
are not in the control experiment. The residual between ground-truth and
modelled data is shown in Figure 2.7, where the first arrivals are better
explained by the velocities derived using the JMI-model conditioning. This is
explained by the correct placement of the high-velocity layer and aquifer.
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2.6.2. EXAMPLES 2 AND 3 : INCLUSIONS AND COMPLEX MODELS

The models for examples 2 and 3 are variations of the confined-aquifer
model with example 3 being the most complex. Example 2 shows the effects of
inclusions of various shapes and acoustic velocities, while example 3 includes
successive velocity inversions, a graben structure represented by two slanted
faults, and a diffractor in the sand layer. The inversion and imaging results
for these examples are shown in Figures 2.8 and 2.9. As seen in example 1,
using JMI to derive an acoustic starting model improves the final inversion
and imaging results.

2.7. CONCLUSIONS

We demonstrated that JMI is an effective method for improving FWI
velocity estimates in complex, high-frequency scenarios, even when no prior
knowledge is available. By using JMI as a preprocessing step, FWI can achieve
more accurate velocity reconstructions, making it a valuable approach for
tackling challenging subsurface structures. One of the major challenges in
FWI is its dependence on an accurate initial velocity model. Without a good
starting model, FWI can easily become trapped in local minima, leading to
erroneous velocity updates. JMI helps mitigate this issue by using reflectivity
constraints to guide the velocity updates. This method ensures that velocity
features related to reflections are better represented, allowing for a more
reliable initial model for FWI. Additionally, because JMI is a migration-based
method, it can exploit reflection data in ways that traditional FWI struggles
with. The ability of JMI to extract meaningful velocity information from
reflection data makes it a practical and computationally efficient alternative
to traditional velocity model-building methods.

To further refine this method, future work should explore its application to
shorter-offset and/or higher-frequency data. Additionally, a more integrated
inversion scheme could be developed, where FWI is iteratively informed
by JMI, incorporating reflectivity information throughout the process. This
approach could help mitigate the risk of local minima and enhance the
overall inversion stability. The relevance of integrating migration information
becomes even greater when transitioning from acoustic to elastic models,
as reflectivity inherently carries density information, making it crucial for
subsurface characterization. Despite the promising results with synthetic
experiments, several real-world challenges must be addressed before applying
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FIGURE 2.8. — Inversion and imaging results for example 2.
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this method to field data. These synthetic tests were conducted under
ideal conditions- with a generous acquisition footprint, no noise, and no
positioning errors. In contrast, field data introduces significant complexities,
such as acquisition imperfections, noise contamination, and the highly elastic
nature of the near-subsurface, all of which can severely degrade FWI accuracy.
Therefore, rigorous testing on field data is essential to assess the practical
feasibility of this approach and to refine it for real-world applications.
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JMIAND FWI EXPERIENCE ON
NORTH SEA WINDFARM DATA

With a quantitative improvement of the seismic image and inverted velocities
using a JMI-FWI workflow, it is logical to proceed to apply this method to field
data, a much more complex case.

This chapter highlights the limitations experienced when refracted waves are
no longer present in the data due to short offsets. In this case, a method like
JMI can be more effective than FWI.

3.1. INTRODUCTION

As the proposed JMI-FWI workflow was successfully applied to synthetic
examples in Chapter 2, we apply the same velocity inversion methods to
a field dataset for the characterization of a potential windfarm site. To
summarize the logic proposed in the previous chapter on this topic, the
refraction-based FWI is a data-driven method that takes advantage of the
full wavefield; it generally produces estimates of the propagation velocity
field with higher resolution than tomographic methods [1], [2]. However, the
propensity of FWI to approach the true solution is limited by missing low
frequencies in the data, using a starting model that is too far from the truth,
and the relatively short offsets found in UHR seismic data. JMI is a data-driven
reflection-based inversion technique that can retrieve propagation velocities
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FIGURE 3.1. - Location of the selected line shots in the Egmond aan Zee
Offshore Windpark.

and impedance images simultaneously where the impedance image can be
used as a constraint on the inverted velocities [3], [4]. JMI is less dependent
on a comprehensive starting model and the presence of low frequencies in the
data, but it is sensitive to amplitude versus offset (AVO) effects and produces
a lower-resolution velocity estimate. Although often not sufficient on its own,
we have shown in Chapter 2 that it can be a powerful engine for building
starting models for FWI, circumventing some of the limitations of FWI in a
near-surface context. In this chapter, our goal is to demonstrate this inversion
workflow using a field data example. In this case, we apply these methods to
a 2DUHR survey from the Hollandse Kust Noord Windfarm Zone.
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Survey date 29/09/17
Line number V5-59800A
Source bandwidth 150 - 1800 Hz
Time sampling 0.25 ms
Record time 0.2s
Offset 12 - 120 m
Receiver spacing 1.5 m (12-48 m)
3 m (48-120 m)
Shot spacing 1.5 m
Towing depth limit 0.5m £0.1
Feathering angle 6°
Average seafloor depth 18 m
Single source yes
2D line yes

TABLE 3.1. — Survey parameters for 2D UHR data from the Hollandse Kust
Noord windfarm zone.

3.2. DATA PROCESSING

The raw data used in for the workflow is publicly archived [5] and no
velocity-model estimate is included with the data. The acquisition parameters
for the chosen line are summarized in Table 3.1. We select a line that shows
multiple near-surface structures and look at a subset of 251 shots, shown
geographically in Figure 3.1. The data processing is done using the following
steps :

1. A bandpass filter between 150-1800Hz is applied to remove instrument

response.

2. Analysis of the exact offset of each channel (8-channel segments glued
together with variable spacing) using NMO velocity to obtain smooth
lateral consistency of first primary.

3. Interpolation of missing near-offsets (0 - 12 m) using the Anti-Leakage
Fourier Transform (ALFT) method on the approximate NMO corrected
data [6].

4. Extrapolation to 241 channels with 120 m offset and even hydrophone
spacing of 0.5 m.

5. FK-dip filtering to remove coherent noise before doing the inverse NMO.

6. Surface-Related Multiple Elimination (SRME), to predict and adaptively
substract multiples generated by the free-surface without needing a
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velocity model and with minimal preprocessing [7].

7. Laterally constrained predictive deconvolution with a single delay of 6ms
over common offset sections, aiming to reduce reverberations in shallow
layers and potential airgun bubbles.

0,05

time (ms)

0,15

trace number trace number offset (cm)

FIGURE 3.2. - Example of a raw shot record (left), after bandpass filtering
(middle) and after interpolation (right).

Figure 3.2 shows the effects of the bandpass filtering and interpolation on
the raw data. The results of the predictive deconvolution are shown on a shot
record (index 150) in Figure 3.3. From the difference plot, we observe that
some coherent periodic events are minimized which correspond to the linear
noise from the acquisition ship. Some noise does remain in the data after the
predictive deconvolution operation. The results of the SRME using L1 and L2
norms are shown in near-offsets in Figure 3.4. These show comparable results
where the free-surface multiples appearing after 0.05 s are not fully removed
with either solutions. For the processing and imaging, the L2-norm SRME
results were used.

The shots from the final preprocessed dataset are shown in Figures 3.5 and
3.4, where we can observe several characteristic features of high-frequency
offshore seismic data. Firstly, the streamer is towed at a shallow depth of
approximately 0.5 m. Given the recorded frequency range of 150-1800 Hz, the
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FIGURE 3.3. - Comparison of shot record before and after predictive

deconvolution for shot index 150 with the data after the short-offset
interpolation (top), data after predictive deconvolution (middle) and the

difference (bottom).
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Near-offsets after interpolation (perc=99)
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FIGURE 3.4. — Near-offsets of the data after short-offsets (0-12 m) interpolation
(top), after SRME using Ll-norm (middle) and after SRME using L2-norm
(bottom). The zoom on the time axis shows typical free-surface multiples
starting at 0.05 s.
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towing depth is capable of generating receiver-side ghost notches in the fre-
quency spectrum. These notches arise from destructive interference between
the upgoing primary wavefield and its downward-reflected ghost wavefield
from the sea surface (more information of ghost notches can be found in
Chapter 4). For the towing depth of 0.5 m #0.1 m, the first receiver-side
ghost notch could appear from 1250 Hz to 1800 Hz, corresponding to a
half-wavelength equal to twice the streamer depth. In this case, the ghost
notch would therefore only appear at the end of the spectrum. Therefore,
for the velocity inversion and imaging in this chapter, no further deghosting
step is applied. Looking at Figure 3.5, we see that the frequency spectrum
shows no notches, or ringing, for shot 0; however, notches are visible in
shot 125 and shot 250. These are not caused by ghosts but rather by the
interference between the primaries originating from the top and the bottom
of a strong, shallow reflector that is also represented in the time-domain data.
This reflector is visible in the near-offset section shown in Figure 3.4 to start
around shot index 60.

The shallow towing depth of the streamer also increases the influence of
surface-related noise, such as cable strumming and wave-induced pressure
variation. As discussed above, despite applying predictive deconvolution
and SRME, remnant free-surface multiples remain visible in the near-offset
section. The persistence of free-surface multiples is likely exacerbated by
wave-height variations causing inconsistent surface reflection angle and
coefficient [8]. Additionally, 3D geometry effects and limited accuracy of the
missing near-offset interpolation also contribute to the reduced effectiveness
of SRME and predictive deconvolution [7], [9]. In the end, the uncorrected
surface multiples and noise in the data complicate subsequent imaging and
inversion steps.

3.3. METHODS

We create a starting velocity model featuring an 18 m water column, as
reported in the survey data, and smoothly increasing seismic velocities down
to 100 m. We use this starting velocity model for the JMI step and for the
control FWI experiment. The source wavelet is designed using the frequency
range provided by the survey metadata, and the amplitudes are adjusted
based on the amplitudes in the field dataset.

We apply JMI with a reflectivity weight constant of 0.8 on the velocity
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update, as described by [10]. This means that reflectivities are used to steer
velocity updates by making them more blocky. We apply a mask to the
water layer for both the reflectivity and velocity updates and use a multiscale
frequency scheme to execute 50 iterations with 5 iterations at full bandwidth.

We then apply FWI for 50 iterations at full bandwidth. Looking at the model-
led wavefield, we include an equalisation step in the frequency-wavenumber
domain to the FDM data in the FWI modelling stage to balance the amplitudes
at offset.

To improve the convergence of the FWI process, the optimisation step is
upgraded from a steepest-descent scheme to a Gauss—Newton scheme [11]. As
described in Chapter 2, the steepest-descent method computes the gradient
of the objective function using the data residual and the adjoint operator;
this gradient is then scaled and applied to the velocity model as an update.
Considering the least-squares objective function

1
fm) = Elld—p(m)llz, (3.1)

where d is the field data and p(m) the synthetic data produced by the
forward modelling operator given model parameters m. The data residual is
r(m) =d — p(m) and the Jacobian (sensitivity kernel) is denoted by

Op(m)

The gradient of the objective function with respect to the model is therefore
Vf(m)=¢im)=—-g"r(m), 3.3)

which is the quantity computed by the adjoint-state method in FWI
A full Newton update would require the exact Hessian V?f(m). For
nonlinear least-squares problems, the Hessian can be approximated by the
Gauss-Newton (GN) matrix,

szTj. (3.4)

Forming and inverting #7 ¢ is typically intractable in large-scale FWI; a
practical compromise is to retain only its diagonal, yielding the diagonal
approximation

Happrox = diag(_#” #), (3.5)

which is cheaper to store and invert. The GN-type model update then applies
the inverse diagonal scaling to the gradient :
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Gradient Descent vs Gauss-Newton Optimization
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FIGURE 3.6. — Comparison of the analytical convergence of gradient descent
and Gauss-Newton optimisation for f(x) = (x+2)*+(y-3)* +1.

_ -1
Om = — Hyppyronb(m). (3.6)

This diagonal GN preconditioner retains essential curvature information-
reducing sensitivity to parameter scaling and improving step lengths -while
avoiding the cost of assembling or inverting the full GN matrix. A comparison
of the convergence of the GN optimisation compared to gradient descent is
shown in Figure 3.6.

3.4. RESULTS
3.4.1. JMI

Figure 3.7 shows the results from the JMI inversion engine including the
velocity estimate, objective function behaviour and residuals obtained from
the JMI process. The objective function increases every 5 iterations due to the
multi-banding strategy that sequentially introduces wider band of frequency
and thereby increasing the misfit. The misfit at iteration 50 is therefore the
minimum value for the full frequency spectrum. The inversion results confirms
the presence of a high-velocity layer in the shallow section that was visible
as a strong reflector in the near-offset plot (Figure 3.4). The model is better
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FIGURE 3.7. — Results from the JMI procedure showing the estimated velocity
model (top), the misfit value ¢(m) (middle), the modelled data using FWMod
and the JMI-derived velocity model at source location x =307.5 m (bottom left)
and the residual between the modelled data and the field data (bottom right).
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resolved on the right-hand side due to the increased illumination coverage
from the moving streamer. Below the high-velocity layer, the velocities are
poorly resolved, likely due to the absence of strong reflectors at depth. In the
velocity estimate, we can also see the effects of the irregular acquisition that is
not accounted for in the modelling as a "cross-hatched" pattern, most visible
around a 30 m depth. In the misfit plot, the convergence is stable and the
"steps" in the misfit function are caused by the multiscale frequency scheme
used. Looking at the residuals, the data is relatively well explained but the
relative residual amplitudes could be improved.

3.4.2. FWI

Figure 3.8 shows the velocity models obtained from FWI. When initialized
with a smooth starting model, the inversion produces only minimal true
velocity updates (top panel). For example, it fails to recover the high-velocity
layer observed in the true structure. This behaviour indicates that the data
lacks sufficiently long offsets, and therefore refracted arrivals and diving
waves, causing the inversion to operate effectively in a reflection-mode
regime rather than true transmission FWI [12]. Even when the JMI-derived
model is used as the starting point, the resulting velocity remains overly
smooth, showing only modest improvement in resolution, (3.8 (middle panel).
The inversion tends to converge toward a gradually increasing velocity with
depth, deviating from the expected layered structure. Additionally, the residual
surface multiples in the data can be seen in the FWI velocity updates. Looking
at the velocity-difference amplitudes between the two runs confirms that
little additional information is gained from using the JMI model compared
to the smooth one. The absence of refracted energy ultimately prevents
FWI from recovering accurate layer velocities. In Figure 3.9, we show that
best models were selected as the iteration where the objective function was
most minimised. Yet, the recorded data is still quite poorly explained by the
FWI-derived models and the residuals are larger overall than the modelled data.

Looking at the vertical velocity profiles shown in Figure 3.10, we can see that
the reflections found in the short offsets contribute to the reconstruction of
fine-scale interfaces, seen as the high-resolution, somewhat jittery, structures
that are absent from the JMI velocity estimate. However, these cannot be
considered tomographic velocity updates as the background velocities remain
largely constrained around the initial velocity gradient; they are introduced by
FWI to explain the reflection events.
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FIGURE 3.10. - Vertical velocity profiles taken at x = 250 m comparing the FWI
only estimated velocities with the smooth starting velocity model (left) and the
JMI velocities compared the JMI+FWI velocities (right).

3.4.3. REFLECTIVITY IMAGING (FWM)

Using the updated acoustic velocity models, we compare the impedance
image obtained when using FWM with the JMI velocity model and when
using FWM with the FWI acoustic velocity models. The results are shown in
Figures 3.11. Firstly, all impedance images are very similar, showing surface
multiples and a well-resolved high-velocity layer, though features below it are
less clear. The high velocity from the JMI approach produces a slightly less
flat bottom of the layer, which may better represent the diffracting boulder
and the base of the high-velocity layer. In the zoomed view, shown in Figure
3.12, the acquisition footprint is visible above the seafloor, likely due to poorly
constrained hydrophone locations (see Section 4) and imperfect near-offset
interpolation. While clear faults are apparent in the shallow section below
the high-velocity layer, most prominently after the FWI step. Ultimately, the
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FIGURE 3.11. — Comparison of migration results using FWM and different
acoustic velocity models showing the reflectivity image from FWI only, JMI+FWI,
and JMI only approaches (left column, top to bottom) and the absolute
differences between the respective models (right column).



3.4.3 REFLECTIVITY IMAGING (FWM) 63

Reflectivity FWI-only

|[FWI only - JMI only| le—6
14
1.2
1.0
E B
ry 5 0.8
a
£ g
0.6
0.4
0.2
60 0.0
350 450
Distance (m}
Reflectivity JMI-FWI le-6 JMI-FWI - JMI only| le-6
15
14
10 £
10
1.2
20
0.5 1.0
E B
£ 30 5 08
g 00 §
8 -1
0.6
a0
-0.5 0
50
-1.0 0.2
60 60 0.0
350 450 350 450
Distance (m}
Reflectivity JMI only le-6 |FWI - JMIFWI| le-6
15
14
10
12
0.5 1.0
E E
£ = 0.8
a 00 §
=] a
0.6
-0.5 04
-1.0 0.2
60 0.0
350 450 350 450

Distance (m)

FIGURE 3.12. - Same as Figure 3.11, zoomed in.



64 3. JMI AND FWI EXPERIENCE ON NORTH SEA WINDFARM DATA

Profile at x=250 m, depth=15-30 m

—— FWI only
—— |MI-FWI
e —— Ml only
18 1 B —
20 A
E 55
L
—
Q
@
(@]
24 -
26
28
30 A
-3 -2 -1 0 1 2 3 4
Impedance contrast le-6

FIGURE 3.13. — Profiles of the reflectivity at x=250m for depths 15-30 m. The
blue profile for FWI only lays partially below the orange profile for JMI+FWI.

difference between the velocity profiles affect the amplitudes of the impedance
and the depths associated with the reflectors, as can be seen in the impedance
profile in Figure 3.13. Additionally, the reflectivity derived for the FWI only
and the FWI with JMI case are near-identical above 15 meters (bottom right
plot of Figure 3.11 and 3.12) which explains why the profiles almost perfectly
overlap in Figure 3.13. The impedence contrast is so similar in this shallow
layer due to the mask constraint applied in the water layer that can be seen
in Figure 3.8.
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3.5. DISCUSSION

When refracted waves are missing from the data used in FWI, the inversion
loses critical information about the low-wavenumber components of the
velocity model. Refracted waves propagate along deeper paths and sample
the long-wavelength structures of the subsurface, which are essential for
accurately recovering the background velocity. Without them, the gradient
of the FWI objective-function becomes dominated by high-wavenumber
contributions from reflected waves. This leads to cycle-skipping issues : the
misfit surface develops local minima that trap the inversion, preventing
the reconstruction of the true low-wavenumber model. In practical terms,
the inversion may converge to a model that fits the reflections but has
incorrect overall velocities, which can severely affect subsequent imaging and
interpretation, as we have seen in the results of this experiment.

This problem is visually represented by the so-called 'bunny-ears’ artifact
in FWI. When the objective function gradient is dominated by reflections,
the energy in the gradient splits along the two edges of the reflection
path, as shown in Figure 3.14. This occurs because reflections are sensitive
mainly to contrasts rather than smooth background velocities, creating
high-wavenumber updates on either side of the true interface. The bunny-ears
pattern is a direct consequence of the derivative of the misfit function with
respect to the model parameters : it reflects where the data residuals correlate
with the wavefield, but lacks the directional information provided by refracted
or diving waves. A method that can utilise this is Reflection Waveform
Inversion (RWI), which separates the inversion into a background model
update and a reflectivity update, allowing the inversion to partially recover
low-wavenumber structures even when refracted waves are weak or missing
[13]. Essentially, RWI employs the same logic as JMI, making the primary
difference between the two the forward-modelling and migration engines (i.e.,
FDM vs FWMod and least-squares reverse time migration vs FWM).

3.6. CONCLUSIONS

Compared to our examples on synthetic data, the application of the JMI-FWI
workflow failed with this specific North Sea windfarm dataset. Simply assessed,
FWI cannot update velocities without the refracted and diving waves, which
were not captured with the 120 m maximum acquisition offset (compared to
300 m in the synthetic examples). Diving waves that may have been presents
for shallower depths (until 30m), may not have been accessible due to the
data quality and could have been lost during the data processing, affecting
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the performance of FWI, even at shallower depths. Objectively looking at
these results, we must conclude that the industry-standard FWI should not
be the method of choice to retrieve velocity information in these kinds of
UHR surveys. RWI may be able to exploit the reflected waves and improve
the convergence; however, this is still dependent on the relative offset in the
data and is a method that is even more expensive than FWI. In contrast,
JMI did perform sufficiently well on its own. Specifically, information about
the presence of a high-velocity layer at the depth seen in this dataset
may be extremely relevant to geotechnical applications; for example, for the
installation of windfarm monopiles that are driven up to 20 m below the
seabed.

(a) Distance, km (b) Distance, km

Depth, km

FIGURE 3.14. — Figure from [13] showing the sensitivity kernels of transmitted
waves (a) and reflected waves (b) in conventional FWL

It is undeniable that the JMI-derived velocity model is still overly smooth
and poorly constrained at depth. It could certainly be further improved by
improving the data processing, introducing gradient conditioning methods
(see Chapter 7), using a more accurate starting velocity model and the
presence of more and stronger deep reflectors. Improving the data processing
may include : shot-by-shot effective wavelet estimation directly from the data
and improved free-surface multiple and ship-related noise suppression. When
it comes to the removal of free-surface multiples, SRME is a robust method
that would have been sufficient in exploration acquisition set-ups; however,
the performance here was unusually poor. We suspect that this is caused
by the effects of wave height on the streamer, the relatively large missing
near-offset gap, and the poor control over hydrophone position and depth
during the survey. The latter is a topic that we will explore in more detail in
the next chapter.
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STREAMER-POSITIONING
PROBLEMS DURING FIELD UHR
ACQUISITION

In UHR seismic acquisition, the inability to accurately track streamer depth
and shape in real-time creates major ambiguities in hydrophone

positioning. These errors degrade the quality of the data, hindering the results
of processes that depend on relative source-receiver positions.

This chapter serves as an introduction and justification to the work presented
in Chapters 5 and 6.

By attending conference sessions on the offshore near-surface, we were
marked by some of the practical issues that separate the synthetic examples
shown in Chapter 2 and the field data shown in Chapter 3. Firstly, several of
the talks were given by industry participants rather than academic or institute
researchers, which indicated a strong interest in near-surface offshore imaging
and characterization for the energy and geotechnical industries. Secondly,
several papers highlighted the specific schemes employed on near-surface field
datasets to tackle their intricacies [1], [2]. While these observations validated
the analysis underpinning the parametrization of the synthetic datasets and
the rationale for a JMI-FWI workflow, there was one issue that we had not yet
considered in this research. This problem was, in fact, the origin of severe
damage and statics in the data. An emphasis on this issue is published in the
conclusions of a paper by Henrique Duarte et al. on Advanced processing for
UHR3D shallow marine seismic surveys ' :

1. Because this paper is available online behind a paywall, the untruncated quote from
the conclusions of Duarte et al., 2017 [1] can be found after the bibliography of this chapter.
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"[...] Future work should focus on the implementation within the hardware of
real-time computation of the motion corrections, for improved online QC and
overall better quality data delivered from the vessel. [...] Pre-stack receiver
deghosting, in particular, remains challenging because of the effect of wave
motion on receiver ghost variability. It should be tackled both at the hardware
level (e.g., development of suitable accelerometer sensors, increase in the
number of receivers, and decrease in the receiver interval) and at the level of
efficient pre-stack receiver deghosting techniques." [1]

The problem is that, unlike conventional seismic streamers, the streamers
used for UHR offshore seismic acquisition contain no coordinate measurement
systems like Real-Time-Kinematic (RTK) or Global Positioning Systems (GPS)
and no underwater positioning modules like Inertial Navigation Sytems (INS)
along the streamer. This problem implies that the locations and depths of the
hydrophones must be interpolated between the head and tail buoys of the
streamer.

In (U)HR seismics, methods are generally comparable to exploration
seismics using higher-frequency sources where the wavefields are spatially
and temporally sampled at a higher rate to avoid aliasing effects in the data.
Source and receiver spacing is therefore significantly shortened with typical
array length <100 m and bin sizes <5 m, as shown in Figure 4.1. The arrays
are also typically towed at the surface or at shallow depths, as was seen in
Chapter 3, to avoid ghost notches in the frequencies of interest in the data.
Marine (U)HR seismic literature presents complex processing schemes, which
require significant time, computational power, and human input to resolve
high-resolution marine statics, complex receiver ghosts, and poor regulari-
zation that do not respond to typical processing methods due to limited
far-offsets, missing low frequencies and mitigating factors during acquisition
[11, [2], [4]. These issues are further exacerbated by the industry’s transitions
to full 3D (U)HR systems and could be remediated by improving the qua-
lity of the positioning of the data and real-time depth QC during acquisition [5].

Without conventional positioning systems available on the streamer itself,
poor knowledge of the lateral and vertical receiver positions is primarily
caused by weather conditions, steering, and pitch/yaw movement of the vessel
(6], [7]. Weather specifically has become a severe limiting factor regarding
the execution of (U)HR surveys causing significant costs due to delays when
conditions are not favorable, as shown in Figure 4.2. Furthermore, vessel
steering often prevents the survey from being continuous as data can only
be recorded when the vessel is traveling at a relatively constant speed and
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FIGURE 4.1. - Illustration of a UHR3D streamer presented by Monrigal et al.
[3] showing that GPS beacons are only present at the sources and head/tail
buoys of the multi-channel streamers.

in a relatively straight line since the position of the hydrophone in the water
must be interpolated between the head and the tail buoy. These factors
may cause significant issues regarding repeatability as the exact position
of the receivers may deviate from the streamer models used in data processing.

According to Wardell et al. [8] when source frequencies reach 1kHz,
the positioning resolution should be <10 cm. Current high-resolution
global-positioning methods fall within two categories : satellite-based and
fixed-point-based. Global Navigation Satellite System like GPS provide good
coverage around the globe but may suffer from lower accuracy (>10 cm)
while higher accuracy systems like RTK provide centimeter-level accuracy
but require nearby referral stations. Positioning providers can provide very
high-resolution global positioning by combining these methods resulting
in an accuracy of 3 cm and 6 cm in the horizontal and vertical planes,
respectively [9], [10]. Inertial Navigation Systems (INS) are also commonly
found on conventional seismic streamers. They are made-up of a set of
instruments that typically include gyroscopes, accelerometers and pressure
gauges, using dead-reckoning methods to continuously track the positions of
hydrophones during a surveys. These systems rely on discrete measurements
that can suffer from accuracy drift over time due to environmental factors
and sensor limitations [11], [12]. These sensors further struggle to compensate
for lateral drift and wave height when the streamer is floating on the
surface. Moreover, they provide discrete point measurements, contributing to
increased equipment costs and load on the vessel. Therefore, none of these
established exploration seismic technologies have made it to UHR streamer
surveys while the short arrays, high sampling, and near-surface towing make
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FIGURE 4.2. - Examples of weather conditions during UHR seismic surveys in
the field, with calm weather conditions (left) and rougher weather conditions
(right). Images courtesy of GEOMarine Survey Systems.

UHR seismics uniquely sensitive to even small motion and positioning errors.

In general, receiver positioning is critical for a wide range of seismic pro-
cessing workflows because the geometry of the acquisition directly influences
how recorded wavefields are interpreted and combined. In migration and
imaging, for example, the exact locations of sources and receivers determine
the calculated travel times and raypaths, and even small positioning errors can
lead to misaligned reflections, blurred images, or artifacts. Similarly, in velocity
analysis and tomographic inversion, receiver mispositioning propagates into
inaccurate velocity models, which in turn degrade the resolution of the final
subsurface image. Multiple processing steps that rely on coherent stacking,
such as common-midpoint stacking, also assume precise receiver locations
to correctly align traces from different offsets; misalignment reduces the
signal-to-noise ratio and can distort the amplitude. Furthermore, advanced
techniques like pre-stack depth migration, reverse-time migration, and FWI
are especially sensitive to receiver geometry, as their algorithms explicitly
model wave propagation and scattering; errors in the positioning can produce
erroneous wavefield predictions, slow convergence, or false structures in the
inverted model. Even in processes like deghosting or AVO analysis, knowing
the exact receiver depth and lateral position is useful to correctly account
for interference effects and amplitude variations. Overall, the fidelity of
nearly every modern seismic processing workflow hinges on precise receiver
positioning, making it a fundamental requirement for both imaging accuracy
and quantitative interpretation.



73

Primary
—— 55 ghost
— RS ghost

FIGURE 4.3. — Acoustic wave paths causing interference (or ghosts) in UHR
seismic data. . The star represents a seismic source, the green bar represents the
streamer. SS stands for Source-Side and RS stands for Receiver-Side.

When dealing with spatially poorly constrained UHR data, the interference
caused by Source-Side (SS) and Receiver-Side (RS) ghost notches in the
frequency spectra needs to be corrected. Even though, sometimes this
data-degradation effect can be used to estimate the depth of hydrophones, it
does not resolve lateral positioning uncertainty. Ghosts occurs when energy
reflected from the sea surface interferes with the primary wavefield when the
source and/or the hydrophone lies below the surface during acquisition. In
this scenario, the sea surface acts as a near-perfect reflecting free-surface.
Figure 4.3 illustrates the different raypaths that a wavefield could take from
the source to the hydrophone; any reflection from the water-air interface is
almost fully sent back toward the seafloor but with a reversed phase. The
delayed, phase-inverted ghost arrival interferes destructively with the direct
arrival, carving out equidistant notches in the frequency spectrum.

Looking at the North Sea dataset presented in Chapter 3, the effects of RS
ghosts were limited to the upper edge of the frequency spectrum by towing
the streamer at shallow depth. Any ghosts that would be present in the data
would vary with offset as the streamer is flexible. During the survey, a QC
step was performed to ensure that the interpolated receiver depths stay at
0.5+0.1 m. We can use a trace-by-trace inversion approach of the apparent
ghost notch to invert for the apparent receiver depth in the data and compare
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FIGURE 4.4. - Hydrophone depth estimated using trace-by-trace ghost delay
inversion assuming vertical propagation from the free-surface.

them to the recorded depths.

The ghost appears as a delayed and inverted copy of the source signal, with
its delay determined by the hydrophone depth. In the literature they can be
used to determine the hydrophone depths like in the approach demonstrated
by Vrolijk et al. 2017 [13] taking into account sea-surface wave effects or the
approach from Provenzano et al. 2020 that successfully demonstrates using
the depth- and angle-dependent estimated ghost operator to subsequently
attenuate the ghost notches in the spectrum and recover original bandwidth. A
more simplistic analysis was performed on the windfarm field data discussed
in Chapter 3. The recorded pressure trace p(t) can be modeled as

pt)=s(t)—as(t-1), (4.1)

where s(f) is the source wavelet, 7 is the two-way travel time (ghost delay)
from the hydrophone to the sea surface, and a is the ghost amplitude scaling.
To invert for the maximum effective depth of the hydrophones per shot [14],
we will consider the case of perfect vertical reflection from the free-surface.
In other words, the case the ghost time delay is only caused by vertical
propagation. This assumption is mostly valid for the very shallow reported
towing depth of 0.5 m +0.1 m and the relative short offsets of 120 m. In this
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case, assuming vertical propagation, the hydrophone depth d can be related

to the ghost time delay by

2d
T=—"), (4.2)
c

with ¢ being the sound speed in water. In the frequency domain,
P@) =S@)[1-ae™r], (4.3)

where the bracketed term acts as a ghost filter G(w) = 1-ae™'T modifying
the source spectrum. To invert for 7, the deghosted spectrum of the primary
is defined as

G* (w)
IG)|* +€

where G*(w) represents the complex conjugate of the ghost filter, and € is a
stabilisation factor. The residual between the modelled and observed spectra
is then given by

Paeghost(w) = P(w) - (4.4)

R(w) = P(w) = Pgeghost (@) (4.5)
- P(w) - P(w)—2 @) 4.6)
B IG(w)|2+¢€ '

The objective function measures the fraction of the signal explained by the
ghost model :

2 weband | R(®) |2
Zweband|P(w)|2'
Maximizing this function over candidate 7 values identifies the best ghost
parameters. The hydrophone depth is then computed directly as

Fopj(t,a) =1- 4.7)

_ CThpest
—2 .

d (4.8)
For the North Sea windfarm UHR data, the search range for T were defined
based on the expected reported towing depth (including a margin) such that

Tmin =0.0005 S, Tmax=0.0009s, N, =120.

Results of the inversion are shown in Figure 4.4. Although the frequency-
domain inversion retrieved realistic depth variations, the results did not match
the reported streamer depths within their stated uncertainty. In fact, the
inverted hydrophone depths were often shallower than the nominal towing
depth of 0.5+0.1, as seen in Figure 4.6. In this workflow, the hydrophone depth
is derived from the time delay assuming vertical propagation only (Equation
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dotted red line shows the recorded minimum towing depth during the survey.
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FIGURE 4.6. — Inverted depths over all shots for hydrophone index 0, 100 and
200; the dotted red line shows the recorded minimum towing depth during the
survey.

4.2). When taking into account horizontal offsets from the angle of reflection
a where the time delay becomes

2d - cos(a)
T=——
c

4.9)

where « is the reflection (or incidence) angle. The inversion therefore retrieves
an effective depth d’' = dcos(a), rather than the true streamer depth d. As a
increases with offset, d’ decreases, which explains why the frequency-domain
inversion predicts systematically shallower hydrophone depths at larger
offsets, explaining the trend visible in Figure 4.5 from hydrophone index
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0-150. In other words, the observed trend in the inverted depths is a geometric
artifact arising from angle-dependent propagation. This also clarifies why the
inverted depth begins to increase again at the far offsets. For the field data,
deeper primaries that are associated with smaller reflection angles, become
more dominant than the large-angle surface-related multiples at wide offsets.
As a result, the effective d’ approaches the true depth again, consistent with
the upturn seen in Figure 4.5. Thus, the overall shape of the inverted curve is
physically reasonable and expected from the angle-dependent formulation.

This does not exclude the presence of genuine depth variations along the
streamer, such as the smaller-scale ‘wiggles’ observed in the inversion results.
Figure 4.4 shows some coherent striping along the receiver index which is
supported by Figures 4.5 and 4.6. This pattern could reflect hydrophone
sensitivity variations or calibration inconsistencies, and possibly residual
geometric effects from kinking or uneven tension in the streamer during
storage or deployment. It must be said that estimating receiver depth from
ghost notches becomes unreliable when both source- and receiver-side ghosts
overlap or vary across offsets due to the reflection angle a during deep towing
or when survey conditions become too "rough" when shallow towing. In the
case of the former, the spectral notches merge or shift, creating non-unique
solutions for the ghost delay. In the case of the latter, complications arise from
amplitude variations caused by sea-surface roughness and streamer flexing,
which violate the assumptions of a single, stationary ghost delay per trace.
These factors limit the effectiveness of purely processing-based receiver-depth
estimation in real UHR acquisition environments.

The field experience and inversion results collectively point toward a broader
conclusion : improving UHR imaging quality may depend more on acquisition
design than on post-processing. Real-time motion sensing, denser receiver
arrays, and improved streamer stabilisation could reduce the variability that
processing must later correct. By addressing positioning and ghost issues
during acquisition, rather than compensating for them afterward, UHR
surveys could achieve more consistent resolution and repeatability—pushing
the practical limits of shallow-marine imaging.

Based on the limitations of UHR seismic surveys in practice presented
above, our focus shifted toward developing methods to accurately determine
receiver positions and trim variations along a streamer during UHR seismic
surveys. We focused on developping methods that would support the low-cost,
fast turn-around philosophy that often applies to projects requiring offshore
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UHR seismic surveys. In Chapters 5 and 6, we present a methodology
based on Fiber Optic Shape Sensing (FOSS) technology, whereby distributed
strain measurements along an embedded optical fibre are employed to
reconstruct the 3D geometry of the streamer, instantaneously and in real-time.
This approach may enable precise monitoring of streamer deformation and
hydrophone placement, providing a direct means to improve the fidelity of
UHR data acquisition and subsequent processing.
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The full quote from the conclusions of Duarte et al., 2017, on the focus of
future work in UHR3D acquisition :

"The most recent processing results of 3D data acquired in seas with
waves in excess of 1.5-2 m are particularly telling. The imaging quality
after migration is strong evidence that processing flows, tailored to
the specificities of UHRS data, can actually preserve signal resolution
and significantly improve signal-to-noise ratio (Figure 13). In its current
status, UHRS processing already preserves amplitude and phase with
enough fidelity for relevant analysis of attributes of horizons for various
applications such as the study of the foundations of shallow-water
structures such as bridges and wind turbines (Figure 14).

Future work should focus on the implementation within the hardware of
real-time computation of the motion corrections, for improved online QC
and overall better quality data delivered from the vessel. Furthermore,
processing of broadband UHRS should address the importance of
minimising artefacts from the deghosting process, already identified for
lower resolution broadband applications (Reilly 2016). Pre-stack receiver
deghosting, in particular, remains challenging because of the effect of
wave motion on receiver ghost variability. It should be tackled both at
the hardware level (e.g., development of suitable accelerometer sensors,
increase in the number of receivers, and decrease in the receiver interval)
and at the level of efficient pre-stack receiver deghosting techniques."



FOSS FORSTREAMER-SHAPE
TRACKING : THEORY AND SENSOR
DESIGN

The technology of FO shape sensors allows remote and instantaneous
monitoring of the path taken by the sensor in a dynamic environment. It
follows that, perhaps, this technology could be useful to resolve the hydrophone
positioning problem in UHR marine seismic data.

In this chapter, we explore the basic theory of fibre optic shape-sensing and
describe the procedures and considerations involved in the process of
deployment and the steps required for reliable and repeatable measurements
for geotechnical applications.

5.1. INTRODUCTION

Fiber Optic (FO) sensing has emerged as an indispensable technology
as it enables the precise and real-time monitoring of various physical
parameters. FO sensing leverages the inherent advantages of extruded silica,
including flexibility, durability, immunity to electromagnetic interference, high
sensitivity, and low signal loss over long distances [1], [2]. FO sensing operates
on the principle of exploiting changes in light characteristics, as the light
propagates through the fibre. These changes can be induced by a variety of
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physical phenomena, including strain, temperature, pressure, and vibration. In
geophysics and seismology, FO sensing is often synonymous with Distributed
Acoustic Sensing (DAS) where it is used to detect external acoustic wavefields
propagating through the fibreglass medium (3], [4]. Another application of FO
sensing is Fiber Optic Shape-Sensing (FOSS), which enables the reconstruction
of the path taken by an object remotely, instantaneously, and in 3D. Although
the hardware is similar to that used in DAS, the aim of FOSS is to measure
the strain caused by the bending of a sensor itself and reduce/eliminate the
effects of external wavefields and environmental noise. This technology was
originally developed in robotics, in the medical fields to enable the precise
tracking of catheters or endoscopes within the human body and in the
industrial engineering field to monitor structural health and movement over
time [5]-[7].

The form of a FOSS sensor will differ between applications. For example,
when attached to a catheter, the goal is to attain extremely high accuracy
and resolution over short sensing lengths in order to precisely reconstruct
the path taken by the instrument. Meanwhile, in industrial engineering, the
focus is to extend the sensing length to monitor the deflection of large
structures like railways and bridges [9]. Inherently, these different forms
of FOSS result in specialized sensing methods and sensor designs, which
best suit the respective sensing requirements. Medical FO shape sensors are
typically engineered from highly specialized fibres, from which the individual
extended-range cores are carved out on a micrometer scale [10]. These
specialized fibres are then often optically marked with Fiber Bragg Gratings,
enabling precise strain measurements discretely along the sensor, as shown in
Figure 5.1. These sensors are centimeters to a few meters long and designed
to monitor the path of the instrument remotely, in real-time, and in the highly
dynamic environment that is the human body [11]. On the other end, in civil
engineering, FO shape sensors may take the form of long telecommunication
optical fibres that are permanently embedded into a structure in various
patterns, as shown in Figure 5.2. These sensors will be tens to hundreds of
meters long and cannot rely on high-precision FBG strain sensing due to
optical signal attenuation. Instead, Distributed Fiber Optics Sensors (DOFS)
are used, which offer spatially resolved data along the entire length of the
optical fibre. These sensors provide lower spatial resolution and accuracy but
greatly increase the useful sensing length. They also regularly exploit the
plug-and-play feature of FO sensing by permanently leaving the sensor inside
structures and only interrogating the fibres based on the monitoring schedule
[12], [13]. Looking at the applications available to FOSS technology in the
geophysical and geotechnical fields, it is important to consider the design and
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FIGURE 5.1. — Figure sourced from [8] : "Multi-core optical fibres can be placed
in numerous flexible medical instruments due to their small size, flexibility,
light weight, immunity to electromagnetic interference and compatibility with
medical-imaging modalities. Fibers with Bragg Gratings (FBG) are shown
embedded in a) a catheter and b) an endoscope."” This figure shows the typical
application of FOSS in medical instruments, specifically the short sensing
length, use of FBGs, limited sensor width and free floating shape-sensing of
flexible structures.

implementation of the sensor.

5.2. THEORY OF FIBER OPTIC SHAPE-SENSING

Using FOSS, we can remotely monitor the curvature and 3D shape of
an element or instrument over increased sensing length. This is enabled
by measuring the mechanical strain in individual fibreglass cores using a
technique called FO strain sensing. A typical FOSS sensor contains several
cores which act as independent extended-range elements. Figure 5.3 shows a
conceptual bending of a rod with two embedded strain-sensing cores. Cores
above the neutral plane of bending (laying at the geometrical center of the
sensor) would experience extensional strain while cores below this plane
would experience compressional strain. Evaluating the strain of multiple cores
at all points along the cores allows us to compute the bending throughout
the sensor. The minimum number of cores necessary for 3D-FOSS is three
but the more cores are embedded, the higher the accuracy of the shape
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FIGURE 5.2. — Figure source from [9] : "Laboratory testing of steel rod
specimen perfomed by [5] : (a) Practical test setup. (b) Installation scheme
with (I) extended-range cable, (II) temperature sensing cable, and (III) gluing
groove." This figure shows the typical application of FOSS in structural-health
monitoring, specifically the extended sensing length, use of Distributed Fiber
Optic Sensors (DFOS), the embedding into solid structures, and necessary
sensitivity to small curvature differentials.

reconstruction. The cores are most often placed radially symmetrically and
must be attached at all points to their common cladding to ensure the
entire sensor system deforms as a uniform unit. The shape reconstruction
of a sensor using FOSS occurs in three stages : strain-sensing along all
fibre cores, computing path variables from strain measurements, and shape
reconstruction using differential geometry methods.

FIGURE 5.3. — Conceptual bent rod showing two embedded cores (light blue
circles) and the neutral plane of bending (orange dashed line). The core above
the neutral plane experiences extensional strain (green) while the core below
the plane experiences compressional strain (red) due to bending.
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FIGURE 5.4. — Rectangular cross-section of a rod under bending strain. The
neutral plane of bending N is denoted by the dotted green line with a radius of
curvature R from the center of rotation C. The angular distance due to bending
from A to B is the angle of rotation ¢. The outer boundary of the beam AB
lays at a distance d from the neutral axis.

5.2.1. DERIVING PATH VARIABLES FROM STRAIN VALUES OF MULTIPLE
CORES

Firstly, we aim to derive the discrete sets of curvature (x) and bend
direction (6j) at specific measurement locations (s) along the fibre which
correspond to the strain measurements of multiple cores. To understand this
process, we first observe the relationship between strain and curvature of
a 3D rod. Strain (¢) can be described as the relative change in length of
a material due to deformation such that € = %. Figure 5.4 represents the
rectangular cross-section of a rod undergoing bending. The neutral axis N
passes through the geometrical center of the rod and experiences no strain
during deformation. Any material laying above or below N will experience
positive or negative strain, equivalent to extensional and compressional strain,
respectively. In this case, the strain at the outer boundary AB can be described
as

AL AB-N (R+dp—-Rp d
EAB= —F/ = = =7

= (5.1)
L N Ry R

where R is the radius of curvature, ¢ is the angle of rotation at the center
of rotation C and d is the distance from the neutral plane. The radius of
curvature R can be expressed as the inverse of the curvature modulus x,
which allows us to express the strain in terms of the curvature and distance
from the neutral plane :

EAB =xd. (5.2)
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FIGURE 5.5. — Circular cross-section of a bent rod containing three strain-
sensing cores at a distance r from the center of the rod. The curvature vector
K has the length x that is the inverse of the radius of bending R and points
towards the center of rotation C. The neutral plane N passes through the
geometrical center of the rod, perpendicular to the direction of curvature. 8y
and 0, are the angular distance of the curvature vector and the 1st core from
the z-axis in the arbitrary reference frame respectively.

In the case of FO shape sensors, we are considering the strain measurements
with three cores, evenly radially distributed in the sensor sheath. As the
sensor is bent, the cores and sheath deform as a uniform unit, also known
as a Kirchhoff rod [14]. Figure 5.5 shows the circular cross-section of this
hypothetical sensor being bent towards the center of rotation C. Again, the
neutral plane runs through the geometrical center of the system, perpendicular
to the curvature vector ¥ (with curvature modulus x), which points in the
direction of the center of rotation C. In this case, we observe that the distance
from the neutral plane of each core d; is the shortest perpendicular distance
from each core to N. As can be seen in the angles shown in Figure 5.5, for a
core i, we can say that

d; =ricos(@,—0;), (5.3)

and, therefore,
g; =xr;cos(@,—0,), (5.4)
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where 65, and 0; are the angular distance of the curvature vector (x) and
the i-th core from the z-axis in the arbitrary reference frame, respectively.
Using this formulation, we have expressed the strain of a core in terms of
the components of the curvature vector ¥ : its direction 6, and modulus
k. All other variables are known from the geometry of the sensor and the
location of each core in terms of an arbitrary frame. However, the solution
for Equation 5.4 is non-unique due to the nature of the cosine function;
therefore, the true direction of bending 6; cannot be properly evaluated. To
retrieve a unique solution, we can combine the curvature components into a
closed-form solution, expressing the complete curvature vector ¥ for a single
core i in terms of its local axis components [15]

K= %(COS(Qi)f+ sin(0,)k), 5
1

where f and k are orthogonal unit vectors, which align with axes of the local
frame. To compute the total apparent curvature X using strain information
from all cores N, we can simply sum all respective curvatures as

Ne g . Mg, R
k=Y —cos@)j+y —sin@)k. (5.6)
i=1"i i=1Ti

As previously mentioned, the curvature ||x|| corresponds to the length of the
curvature vector and the bending angle 6, is the angle of the curvature vector
compared to the reference frame :

llicll = /x5 +x3, (5.7)

K

6}, = angle(¥) = arctan(—=). (5.8)

K
y

Further, we can derive the angle of rotation ¢ and the radius of curvature
R by using the distance between two strain measurements As, similar to the
distance between A and B in Figure 5.4, as well as torsion, which is the 1D
spatial derivative of 8, along the fiber [15] :

]
r=L (5.9)
K
_As (5.10)
¢=— :
T=0),. (5.11)

With these equations, we obtain the local curvature, angle of bending, radius
of curvature and the rotation angles which correspond to strain measurements




88 5. FOSS FOR STREAMER-SHAPE TRACKING : THEORY AND SENSOR DESIGN

taken by extended-range cores at specific locations along the sensor. This
operation requires precise knowledge of the geometry of the sensor, including
the distance between consecutive measurements as well as the angular and
radial distance of each core from the geometrical center of the sensor.
With multiple strain measurements throughout the sensor, it is possible
to reconstruct the 3D path taken by the sensor using different numerical
methods detailed in the next subsection.

5.2.2. NUMERICAL METHODS FOR PATH RECONSTRUCTION
FRENET-SERRET FRAMES

Every point s along a fibre can be described by a 3D orthogonal frame with
respect to the observation frame [16]. The orthogonal frame is composed of
its normal N (s), tangent T(s) and binormal E(s), as shown in Figure 5.6. The
relationship between the unit vector orthogonal components can be described
using the previously derived curvature modulus x and torsion t such that

T'(s) = x(s)N(s),
N'(s) = —k(s) T(s) + (s)B(s), (5.12)
B'(s) = —1(s)N(s),

FIGURE 5.6. — Example of Frenet-Serret frames along a 3D path showing the
tangent vector (blue arrow) modulated by the torsion T and the binormal vector
(green arrow) modulated by the curvature x between two points along a curve
(red line) and their respective normal vector (red arrow).
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where ’ denotes a differentiation with respect to s and the torsion is derived
from the bending direction such that 7(s) = 6'(s). If the curvature and torsion
are explicitly defined, the Frenet-Serret formulas can be solved and the
position of point 7(s) can be determined using the tangent unit vector :

7(s) :fT(s)ds+Fo. (5.13)

where 7y = 7(sg) is the origin of the curve. The system of equations that
iteratively solves the Frenet-Serret partial differential equations is given by

- AS(T,’ E,’ —K; Tz)
Ni+1 = 2 2 2 2
1+As Tl.+AS K
Ti1=As ki Ny + T, (5.14)

Bi+1=-As 1; Nij+1+B;j,

Fir1=As Tip + 74,

where As is the distance between the strain measurements along the sensor
[17]. To locate the start and orientation of a curve in space, we can define
the initial conditions at the origin 7y = [0,0,0] where TO =[1,0,0], NQ =[0,1,0]
and the binormal at the origin is obtained from their cross-product such that
EO =T 0 X No. We also define the initial bending 79 = 0 and curvature kg = 0.

TRANSFORMATION MATRICES

The second commonly used method to reconstruct the path of the fibre is
by using transformation-matrices properties. Our explanation replicates the
work of [18]. The homogeneous transformation matrix A is composed of 3
main features : R; +1» Which is a 3x3 rotation matrix that aligns the rotation
of 2 frames; 0;. 0 which is the origin vector of the subsequent frame i+1
relative to frame i in 3D and 03T , which is a 1x3 null vector

. 0.
Al = i+l i+1
ol 1

i+1

[R' (5.15)

Matrix A; .1 can be used to transform the homogeneous coordinates of a point
7 from origin frame 0 to frame i+ 1 such that

7 =AY ATAL pitl=A0 7 (5.16)

i+1 i i+17i+1"

We consider location s; represented by the unit vectors (x;,y;, z;). Further
along the fibre the frame at position s;;+1 is rotated along z; by angle 6; and




90 5. FOSS FOR STREAMER-SHAPE TRACKING : THEORY AND SENSOR DESIGN

around y; by ¢ (taking x as the neutral axis in this case). The corresponding
rotation matrices R are given by

cos(@;) -—sin(@;) 0
], (5.17)

Rzi(Oi):[sin(Bi) cos(@;) O
0 0 1

where 0 corresponds to the bending angle derived from the curvature and
¢ is derived from the radius of curvature R and the distance s between the
measurements at i and i + 1, such that R; = = - and ¢; = &, and

cos(¢p;) 0 —sin(¢;)
] (5.18)

Ry, (¢;) = [ 0 1 0
—sin(¢p;) 0 cos(¢;)

The original frame at i+1 in terms of frame i can be described using the
trigonometric relationship :

R;(1 - R;cos(¢pi)) cos(8;)
ol+1 R;(1— R;cos(¢y)) cos(6;) (5.19)
R;sin(¢;)
Using these expressions, we can reformulate matrix A;: 1
cos (0;)cos(¢p;)  —sin(0;)
Al sin (0;) cos (¢;) cos (0;)
i+17 —sin (¢;) 0
0 0
cos(@)sin(¢p;)  Ri(1-cos(¢pi))cos(®;)
sin (0;) sin (¢;) R; (1 cos ((bl))sm Ch) (5.20)
cos (¢;) sin (¢;) .
0 1

With a complete transformation matrix from points s; to s;y; we can
reconstruct the complete 3D path of curve using its curvature and bending
angle at every point. To reconstruct a complete path, we iteratively compute
the transformation matrix A;f +1 and cumulatively multiply all transformation
matrices with the origin coordinates like ry = [0,0,0, 117,

5.3. FOSS PROCEDURES AND CONSIDERATIONS

When performing FOSS, regardless of the application type, similar procedural
steps must be followed to obtain accurate and repeatable results.
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1. Sensor deployment : Along with decisions regarding the sensor type
and the interrogator type, it is important to consider the manner of
embedding the sensor into the structure or instrument to be monitored.
This can take the form of bonding the sensor to a part of structure like
we have seen in Figure 5.2 or embedding the sensing fibres radially
to the instrument itself like in Figure 5.1. Other embedding methods
can include a free-floating sensor in air, in a liquid or in a gel or
a partially free sensor in a lubricated channel. When considering the
ideal embedding methods, certain factors should be considered; these
include 1) the relationship between the maximum expected strain versus
radial distance of individual cores and 2) the expected environment of
deployment and related noise. The relationship between these factors is
explained in more detail in Section 5.4.3.

2. Taring : Once the sensor is ready for operation, it can be connected
to the interrogator and a taring measurement must be executed, which
serves two crucial roles. Firstly, the sensor contains inherent background
strain from fibre extrusion and sensor production, which is not linear
and not predictable but does remain relatively constant. This background
strain may change throughout the lifetime of the sensor as it is exposed
to extended periods of high strains, thus the taring measurement
must be repeated before each new deployment. Secondly, the taring
measurement is necessary to record a state of zero differential strain
from which to build the shape for the shape-sensing numerical methods.
There are no guidelines for what this ‘zero-strain’ shape should be, the
only important factor is that the shape is accurately recorded and can
be numerically modelled.

3. Strain measurements : Once the tare measurement is made and
the sensor is deployed, strain measurements can be executed. Most
modern-day interrogators automatically convert the optical return signal
into strain measurements. Due to the tare, all made measurements
represent a differential strain state from the tared ‘zero-strain’ shape.
Depending on the application, the strain measurements can be made
continuously (e.g., in the case of monitoring a catheter in real-time
during an operation) or instantaneously (e.g., monitoring the structural
health of a beam or underground cable). The measurements can be
made over a few seconds or over several years, which is one of the
advantages of durable, FO-based sensors.

4. Data processing : Once the strain data is acquired, minimal processing
is required to be able to perform a shape reconstruction. A typical
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processing workflow will include removal of anomalous values and NaNs,
interpolation and smoothing. Due to the nature of the strain being
continuous in space and time as well as related between cores, we can
imagine effective interpolation procedures including 2D interpolation
and machine-learning-based interpolation schemes. A crucial factor in
the accuracy and repeatability of the shape-sensing method is the
inclusion of a central core in the shape sensor design, which allows
the mitigation of elongation and compression of the sensor as well
as environmental stimuli in order to isolate the strain caused by
bending during data processing. Moreover, for some free-floating sensor
applications, the inclusion of helically wound cores is crucial to model
and mitigate twisting effects of the sensor. These effects would be
handled during the data processing steps, they are explained in more
detail in Section 5.4.2.

5. Shape-sensing : Once the strain due to bending has been isolated,
the shape-sensing procedure can then be performed using the ‘zero-
strain’ state as the shape to be subtracted from the reconstructed
shape. Computationally, the data processing and shape reconstruction
operations are negligible, allowing the shape reconstruction to be
performed in real-time.

6. Orientation in 3D space : Finally, once the 3D shape of the sensor
has been reconstructed, it must be placed in context of the monitored
structure or within an understood geographical frame. This is achieved
by aligning the first tangential vector to the correct orientation. This
procedure may be rather trivial if the orientation of the sensor remains
unchanged like when embedded into a large structure. On the other
hand, this procedure may require additional positioning instruments
or orientation reference frames for dynamic shape-sensing. These
possibilities are discussed in more detail in Section 5.4.4.

5.4. DESIGNING A FOSS SENSOR FOR GEOPHYSICAL
APPLICATIONS

As established above, the form of a FOSS sensor varies strongly based on
the application and deployment, not only in the fibre embedding and sensor
design but also in the interrogation method used to measure strain. It is
useful to establish some design guidelines appropriate for geophysical and
geotechnical applications based on current technologies, to inform the future
implementations of FOSS in these fields. We expect to encounter two major
components that would broadly characterize the usage of FOSS in geophysics
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(i.e., streamer-shape tracking) : extended sensing range and highly dynamic
environment. We can thus immediately recognize the necessity to abstract
specific aspects of existing FOSS technologies and adapt them to these new
applications.

5.4.1. CHOICE OF INTERROGATOR

The choice of interrogator is crucial to enable the extended sensing range
for geophysical applications. we propose that DOFS, that detect the spatial
distribution of a measurand along the fibre, are best suited for large-scale
FOSS. This is contrary to discrete measurements, like with FBGs. Despite the
higher accuracy of the latter, the primary reasoning behind this determination
is the inherent loss of signal over consecutive gratings preventing a successful
high-resolution strain-sensing over large distances without requiring excessive
interpolation between individual measurements [19]. DOFSs rely on inherent
photonic scattering in an imperfect medium where atomic-scale variations
act as scatter centers and the responses of several adjacent centers are
combined to provide a measurement over a pre-determined length, called a
gauge. As a photonic signal propagates along a transparent medium, it will
scatter when encountering an imperfection in the atomic matrix and part of
the energy will be backscattered towards the laser input. Backscattered light
will experience some form of modulation like a shift in wavelength, which
can be detected and attributed to a specific gauge along the fibre [1]. The
key parameter to consider when selecting a DOFS technology is the strain
sampling density- or the length of individual gauges. Shape reconstruction
errors accumulate along the sensor, with accuracy highest at the beginning
and decreasing toward the end. Ignoring instrument error and environmental
noise, numerical experiments show that lower measurement resolution leads
to a higher rate of compounded shape-sensing error, as shown as a unit-less
numerical example in Figure 5.7. Since DFOSs average strain over the gauge
length rather than measuring discrete local strain, high spatial resolution is
essential for reliable shape reconstruction.

Based on available DOFS technologies, Optical Frequency Domain Reflec-
tometry (OFDR) and Pulse-PrePump Brillouin Optical Time Domain Analysis
(PPP-BOTDA) offer relatively long sensing lengths and small gauge lengths.
A more detailed description of DOFS methods and OFDR is provided in
Appendix A.

Based on current market availability, resolution, and sensing-range
requirements, at the time of writing this chapter, we identify the LUNA
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Parametric curve reconstructed using different sampling densities

—— true path
30 samples
—— 10 samples

FIGURE 5.7. - Numerical example showing the effect of reduced sampling
density on the shape reconstruction of a parametric curve.

ODISI™  series as most appropriate for extended-range and dynamic FOSS
applications. Specifically, the 6000 series can simultaneously monitor up to 8
individual channels (which would correspond to individual cores) over 100 m
with stand-off cables up to 50 m. This interrogator detects Rayleigh scattering
and operates using OFDR, which provides an acceptable compromise between
spatial resolutions and sensing range compared to other methods. The
performance of an OFDR interrogator for FOSS in the range of 20 m was
demonstrated by [20] using a LUNA interrogator. In this application, the shape
sensor is a proprietary technology of LUNA and not commercially available.
Another contending interrogator technology for FOSS, which is yet to be
demonstrated in literature, is Pulse-Pre-Pump Brillouin Optical Time Domain
Analysis (PPP-BOTDA), specifically through the Neubroscope instrument series
by Neubrex [21]. This instrument benefits of sensing lengths up to 500 m,
making a compromise on the measurand spatial resolution maxing out at 2
cm and temporal resolution at a few seconds. However, it is currently only
available for single-channel measurements, which implies that either multiple
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interrogators must be used to interrogate a single shape sensor or that the
multiple cores must consist of a single-looped fibre which severely hinders
sensing length.

5.4.2. GEOMETRY

The geometry of a shape-sensing unit does not affect the shape-sensing
ability of the system, as long as the geometric parameters are known.
Specifically, if certain geometries are advantageous due to embedding
requirements, it is possible to create a sensor with a non-circular cross-
section, as shown in Figure 5.8. An example of a recommended geometry
is a triangular cross-section sensor, as it provides additional control over
core locations and twist during deployment. Regardless of the cross-section
geometry and number of sensing cores, certain factors must be investigated
prior to the production of the sensor, including : 1) the inclusion of a central
core for mitigating elongation, compression and external stimuli effects; 2) the
distance of the radial cores from the neutral plane and the expected sensitivity
of the sensor; 3) the inclusion of helically wound cores for detecting twist in
free-floating sensors.

ADVANTAGES OF INCLUDING A CENTRAL CORE

The distribution of the optical cores is important to the performance
and ability of a shape sensor. As motioned above, the minimum number
of cores required to enable shape-sensing is 3. However, increasing the
number of cores improves the accuracy of the shape reconstruction process
as the apparent curvature is derived from the averaged contribution of
each core (equation 5.6), thereby minimizing the effect of instrument noise
or environmental effects. Typically, the shape-sensing cores are distributed
radially symmetrically around the geometrical center of the sensor, which
allows simplified computation of the shape-sensing variables and ensures
even directional sensitivity. An additional core can be added to the center
of the configuration on the neutral axis. This core does not contribute to
shape reconstruction but it is instead able to record any strain which does
not originate from bending. As we have seen in Section 5.4.1, Rayleigh photon
scattering is sensitive to strain as well as temperature. This means that local
temperature variations will be spuriously converted to a strain response by
the interrogator if not accounted for. Similarly, strain caused by effects other
than bending such as point pressure, vibrations, elongation, and compression
of the sensor will be present in the data and may be challenging to identify
and isolate. The central core being insusceptible to strain due to bending
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FIGURE 5.8. — Examples of FO shape sensor geometries with variable numbers
of cores and a central core design.

will instead record all strain due to unwanted stimuli and can be used to
process the strain data to abstract purely strain due to bending. An example
of the strain recorded by all cores in a sensor undergoing elongation and
the resultant shape-sensing after processing the strain data using central core
strains is shown in Figure 5.9.

, Shape reconstruction
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FIGURE 5.9. — On the left, the strain measured for a shape sensor being
elongated while being in a straight position. On the right, the reconstructed
shape of the sensor after negating the strain recorded by the central core from
the radial cores.
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HELICALLY WOUND RADIAL CORES FOR TWIST DETECTION

One variable that cannot be detected by the radial cores or a central
core under the previously discussed configuration is twisting. This aspect
is particularly relevant in highly dynamic environments, as twisting that is
not accounted for will cause the path reconstruction to be built in the
wrong direction. It is possible to mitigate twisting altogether by deploying the
sensor in a manner where twist is prevented (see Section 5.4.3) [7]. However,
free-floating flexible instruments like those used in the medical field cannot be
prevented from twisting while employed. A method that is becoming common
place in these FO shape sensors is to embed the radial cores in a helically
wound manner [8], [22]-[24]. With this implementation, it is possible to detect
twist if all radial cores are experiencing a common strain factor which is not
present in the central core data. We can imagine a spring with a clockwise
winding : if the end of the spring is twisted in the clockwise direction, the
material will experience positive strain (similar to elongation); on the other
hand, if the end of the spring is twisted in the counterclockwise direction, the
material will experience negative strain (similar to compression). According to
the workflow of [24], pure shear strain y due to twist is given by

_ dw
= r%’
where w is the angle of twist and r, again, is the distance of a radial core from
the center of the sensor. Since y is proportional to r, we can again expect the
central core to not experience strain due to twist. It is important to note that
the twist angle w should not be confused with the geometrical torsion of a
path 7 we have seen earlier. The distance between two measurements As can
be described as a circular helix :

As=V h2+r2e?, (5.21)

where £ is the vertical distance between two measurements. We can use this
expression to evaluate the longitudinal strain of a radial core due to twisting,
referring back to Equation 5.1 :

AL As—h Vh2+r?w?-h
L h h '

When dealing with a FOSS sensor recording strain due to bending, twist and
other factors, we can describe the isolated strain component due to twisting
from the overall strain recorded by radial cores as

Y (5.20)

(5.22)

Erwist =

n gmdml

i=1%i
Erwist = T —Ecentral- (5.23)
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Combining Equations 5.22 and 5.23, we can derive an expression which
allows us to evaluate the angle of twist w for a given measurement as

o= \/hzgtwist+2h25twist. (5.24)

r2

This value can then be used as an additional directional input in the
shape-reconstruction methods by adjusting the angle of bending 6.y
such that

Op+rwist = 0p — w. (5.25)

It is important to note that the production of a sensor with helically wound
fibres of a constant period is a non-trivial problem, making this method less
accessible than simply preventing the sensor from mechanically twisting.

CORE DISTANCE FROM THE NEUTRAL PLANE

As described in section 5.2 and specifically in Figure 5.3, the neutral plane
runs through the centre of mass of the sensor and experiences zero strain
due to bending. The distance of a core from the neutral plane dictates the
amplitude of strain it will experience as the sensor deforms as a uniform
unit. As we have seen in Equation 5.1, the strain is positively proportional
to d, implying that we can increase sensitivity to a large radius of bending
by placing the cores further away from the neutral plane. This would be
advantageous to detect small shape variations over large distances. However,
it is important to note the material strength of the fibreglass cores that deform
in the elastic domain at strain levels lower than 0.2%, which is around 2000
pe [25]. High strains over short periods of time are acceptable but prolonged
periods of high strain may cause permanent plastic deformation of the sensor
and even tensile failure and fracture of the cores. Therefore, it is important to
consider the expected magnitude of bending when deciding how to radially
distribute the shape-sensing cores in a sensor.

5.4.3. EMBEDDING INTO OTHER STRUCTURES

Embedding the sensor into a structure or instrument to be monitored
also requires special attention. There are different options available, each
with benefits and draw-backs, which should be considered based on the
application of the FOSS sensor.

1. The sensor is bonded to a structure : This case can only be used
for a structure with large expected radius of bending or short distance
between radial cores. This is because the absolute strain experienced
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by an individual core will be proportional to the distance from the
geometrical center of the entire structure and sensor as they deform as
a combined unit. Moreover, it should be taken into account the amount
of stretching that is expected from the structure as it will contribute to
the total strain experienced by each core.

2. The sensor is inserted through a dedicated channel : It is possible to
create a dedicated channel for the FOSS sensor which itself is bonded to
a structure to be monitored. With correct lubrication, this method can
help mitigate strain due to stretching of the structure, allowing for the
sensor to be partially decoupled from the structure.

3. The sensor is free-floating : It is preferable that a free-floating sensor
be deployed in a liquid or gel-like medium. This allows for slower rates
of deformations and reduced environmental vibrations due to friction.
For increased stability of the sensor, it can be advantageous to select a
cladding material with a relatively high shore-A hardness (above 50A).

Other advantages can arise from a cladding or embedding method. A
flexible, pressure-insensitive casing was demonstrated, allowing the mitigation
of hydrostatic or environmental pressure noise[26]. The selection of an
embedding method is entirely dependent on the condition of deployment and
purpose of the sensor.

5.4.4. ORIENTING A SHAPE IN A GLOBAL 3D FRAME

Even with the best possible shape reconstruction, it is crucial to be able to
correctly orient the path in space and put it in the context of a known local
frame. To this end, three criteria must be satisfied :

1. Sensor geometry : The radial location of the cores used to derive the
path variables like the curvature modulus x or direction of bending 6,
must agree with the orientation of the cores as the sensor is deployed
on the structure to be monitored.

2. Location : The location in 3D space must be known for the origin of the
Sensor.

3. Orientation : The orientation at origin must be known. Thinking back
to the TNB frames discussed in Section 5.2.2, the normal and binormal
vectors of the origin of the sensor are dictated by the geometry of the
cores, given that the orientation of the beginning of the sensor does
not rotate. However, the original tangent vector (Tj) must be used to
align the path to its correct direction. This effect is shown in Figure 5.10
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where the same parametric curve is plotted with two different tangential
orientations, leading to highly varied locations at the end of the sensor.

Depending on the deployment of the sensor, fulfilling these criteria may be
as trivial as setting the origin to 7y =[0,0,0] and the first tangent vector to
To =[1,0,0] or as complex as using a GPS/RTK measurements combined with
INS to track the evolving location and orientation of the sensor. FOSS would
therefore not be a stand-alone method but rather, be a technology that fits
within existing positioning methods deployed in geophysical and geotechnical
applications.

5.5. OUTLOOK TO GEOTECHNICAL AND GEOPHYSICAL
APPLICATIONS OF FOSS

The material costs for manufacturing a multi-core optical fibre are negli-
gible; however, creating a FOSS sensor to the specifications necessary for
geophysical and geotechnical applications increases the costs considerably.
For example, manufacturing an extended-range sensor with short radial core
distance and hellically wound cores will be severely more costly than a similar
range sensor with wider radial core distribution and a design preventing
twist. We estimate that economies of scales would reduce these costs as
they are adopted into the industry standard. The interrogators present the
highest expenditure; however, due to the plug-and-play nature of FOs, a single
interrogator could serve multiple permanently embedded FOSS sensors.

Today, the sensing ranges are limiting the application of FOSS to 100 m.
However, there are strategies that could be employed to help improve shape-
sensing results despite poorly sampled strain measurements over extreme
distances. Notably, these methods are yet to be explicitly demonstrated :

— Mixed positioning systems : Using discrete positioning systems like
satellite coordinate measurements (i.e, GPS/RTK) combined with INS
measurements along the shape sensor can help support and correct
the shape-sensing results over extended distances. These instruments
are common practice in geophysical and geotechnical applications and
regularly used conjointly. Combining multiple positioning methods is
common practice to ensure high measurement accuracy in the field.

— Temporally continuous strain measurements : Rather than taking
instantaneous strain measurements, taking multiple continuous measu-
rements over a realistic and relevant time frame (based on the expected
rate of deformation or shooting rate) can help mitigate instrument
error as well as environmental factors if raw strains are averaged.
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FIGURE 5.10. — Example of a parametric helix plotted using different tangential
orientations at the origin. Blue curve is plotted with Ty =[0,1,0] and green
curve with Ty =[1,1,1].

Considering the continuous nature of deformation in time, multiple
measurements can also be helpful to develop rigorous time-dependent
strain interpolation schemes for noisy data. Finally, if mixed positioning
systems are used, multiple shape reconstructions can be performed
from several continuous strain measurements, and, by comparing the
accuracy of the shape reconstruction against other positioning systems,
a ‘best-fit’ solution can be selected.

— Shape-sensing error envelope : Although the shape-reconstruction
method is prone to spatial accumulation of the error, that is not the case
for the sensitivity and accuracy of the strain measurements throughout
each optical core. It is thus possible to accurately reconstruct the path of
a sensor starting at any gauge and building the shape in any direction.
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However, the shape reconstruction must be contextualized in the
global geographical frame which, again, must be done using additional
instrumental inputs like satellite positioning or INS measurements.
Interestingly, as the shape reconstruction can be applied in both
forwards and backwards directions, it would be possible to create an
envelope of shape-reconstruction error with higher uncertainty near the
center of the reconstructed segment.

— Staggered gauge layout and interpolation schemes : Since the strain
recorded by individual cores is inevitably correlated as the sensor
deforms as a uniform system, we could imagine a staggered gauge layout
accompanied by an interrelated interpolation scheme enabling more
reliable interpolation. This option would be specifically viable to sensors
with more than four shape-sensing cores.

5.6. CONCLUSIONS

In this chapter we outlined the theory and practical requirements for
applying FOSS to extended sensing lengths and dynamic environments. We
demonstrated how distributed strain from multi-core fibres can be converted
into curvature, bending direction and torsion to reconstruct 3D fibre trajecto-
ries using frameworks such as the Frenet-Serret frames or matrix transforms.
We then identified some key practical factors affecting reconstruction accuracy,
including, the interrogator performance, the gauge density, the taring and
conditioning procedures, and the fibre geometry. Design considerations such
as central-core strain referencing, radial core spacing, and twist sensitivity were
discussed to be particularly important in dynamic settings. Although current
interrogator limits constrain practical sensing lengths, several strategies—such
as hybrid positioning, directional averaging, and tailored gauge layouts—can
extend the usable range for geophysical and geotechnical applications.

As the diversity in fibre optic sensing technologies continues to gain traction
and the development of fibre optic extended-range instruments allows for
more accessible and higher performance, we believe that FOSS will become an
attractive solution to shape-sensing problems in geotechnical and geophysical
applications. Linking back to the practical issues during UHR surveys, FOSS
could be an attractive low-profile sensor to include in the small diameter UHR
streamer to continuously (both spatially and temporally) monitor their shape
during acquisition in 3D.
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FOSS FOR STREAMER-SHAPE
TRACKING

PROXY SENSOR MANUFACTURING
AND FLUME EXPERIMENTS

To expand on the concept of using FOSS for UHR streamer-shape tracking, we
develop a sensor and perform proof-of-concept experiments in a controlled
environment.

For the development of the sensor, numerical modelling of core-position
uncertainties and laboratory tests under pressure, temperature, and
mechanical loading establish the sensor’s robustness and key limitations.

In a flume, we demonstrate that the sensor allows to reconstruct streamer
deflection and estimate hydrophone positions with sufficient accuracy to
support receiver-side deghosting.

6.1. INTRODUCTION

In Chapter 5, we presented FOSS methods and proposed to use this
technology to support existing positioning systems for UHR streamers.
Specifically, this low-profile solution that continuously monitors the shape of a
streamer in real-time and in 3D would be a useful addition to the existing UHR
acquistion systems that were discussed in Chapter 4. Based on the research
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on FOSS theory and sensor design presented in Chapter 5.2, we developed
a proxy sensor to deploy in proof-of-concept bench and flume experiments.
Namely, key features that are considered include : a suitable interrogator with
short gauge length and suitable sensing lengths and temporal resolutions;
relatively large distance of the radial cores to the neutral plane to increase
sensitivity to large bending radii and the inclusion of a central core to measure
and suppress environmental strain not due to bending. In this chapter, we
focus on the performance of the sensor as a new method of hydrophone
positioning in UHR streamers through bench and flume experiments and the
outlook of FOSS technology for this application. A conceptual overview of the
FOSS method we propose is given in Figure 6.1
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FIGURE 6.1. — Qverview of the FOSS method we propose. 1) The quasi-
simultaneous measurement of strains (¢) in a sensor containing four optical
cores (red, yellow blue, and green); 2) The derivation of path variables from
strain values using sensor geometry at each measurement point. Path variables
include : curvature vector X with modulus x and direction 6}, also called the
angle of bending, radius of bending R, and angle of rotation ¢. Geometry
variables include distance d; from a neutral plane N, the radial distance of
the core r; to the centre of the sensor, the angular distance of the core to
the arbitrary z-axis 0;, and distance between consecutive measurements ds. 3)
The iterative reconstruction of the sensor path in 3D using path variables and
numerical methods.
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FIGURE 6.2. — Close-up of the end-phase of the sensor cladding showing the
triangular cross-section and the four individual cores including the central core
and three radial cores.

6.2. SSU2000 FEATURES AND DEPLOYMENT

The Shape-Sensing Unit 2000mm (SSU2000) was developed as a proof-of-
concept sensor to test the viability of FOSS in dynamic settings for streamer
shape-sensing. The sensor is designed to perform with the LUNA ODISI 610x
series [1], which is a multichannel, high-sensitivity (+1ue) Optical Frequency
Domain Reflectometry interrogator that handles sensing lengths of up to 100
m with measurement sampling of 2.6 mm.

The SSU2000 is designed with a triangular cross-section containing a central
core and 3 evenly radially distributed outer cores. The triangular design serves
two purposes : firstly, during deployment, there is exact knowledge of the core
orientation at the first gauge; and secondly, the taring measurements can be
easily performed with certainty that the sensor is free of twist. A diagram
of the sensor’s set-up and close-up of the sensor’s end-phase exhibiting this
geometry is shown in Figure 6.2. The distance of the radial cores to the neutral
axis of 2+0.2 mm allows for sensitivity to bending radii up to 2000 m according
to Equation 5.2. Large bending radii are significant in the context of small
curvatures, which can be expected from a streamer being pulled by a vessel.
The raw fibres are coated with a black polyurethane which provides a strong
bond to the triangular cladding, allowing the sensor to deform as a uniform
unit and free of internal friction. Modelling of the SSU2000 was performed
in COMSOL, an example of the pre-production COMSOL modelling of the
sensor geometry under twisting strain is shown in Figure 6.3. A representative
diagram of the complete sensor is shown in Figure 6.4.
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FIGURE 6.3. — COMSOL model of the SSU2000 under twisting strain showing
the stress field (top and middle) and the principle strain field on the cores
(bottom)
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FIGURE 6.4. — Schematic diagram of the SSU2000 and deployment features
where each pigtail is associated with a sensing FO core.

To evaluate the influence of radial core positioning uncertainties on shape-
sensing accuracy, we develop a numerical model, in which, core positions are
perturbed randomly and smoothly by up to 10% along the sensor length. An
example of this modelling approach is illustrated in Figure 6.5, with a total
of 25,000 random drift scenarios simulated. And the modelling algorithm is
given in 1. The distribution of the resulting shape-sensing errors is presented
in Figure 6.6. Due to the manufacture methods of the proxy sensor, it is not
possible to detect the exact core deviations from the intended positions in the
SSU-2000, however, this is something that can be controlled in commercial
manufacturing. Based on the modelling performed, the maximum drift caused
by core placement deviations is approximately 1.5 cm over the 2 m sensor
length; we consider the associated error acceptable for the intended flume
experiments.

We carry out an experimental validation through a series of bench tests
assessing the SSU2000’s performance under different external stimuli. The
hydrostatic pressure tests, are conducted by immersing the sensor vertically
in water to a depth of 1 m and indicate no measurable strain response
attributable to pressure. Strain artifacts induced by point loading or elongation
are effectively mitigated by the presence of a central core, provided that
strain is distributed uniformly across all cores. Temperature experiments
demonstrate that the interrogation method is sensitive to gradients as small as
0.1°C. In contrast, torsional effects can not be compensated due to the straight
fibre arrangement, highlighting the importance of the embedding sleeve for
such corrections. Finally, acoustic wave experiments—designed to replicate
Distributed Acoustic Sensing (DAS) conditions—show that with a 3 Hz inter-
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Algorithm 1 Stochastic 10% core positioning error simulations algorithm

Require: Strain matrix &, gauge spacing dx, core radius r;,
Ensure: Reconstructed sensor paths with randomly generated core-position
error
Nominal Strain-State and Nominal Shape Computation
for i =1 to n; do
Update angular positions of the three cores
Construct core location matrix M
Compute pseudo-inverse M™*
Compute a = M"¢;
Compute bending direction 6;
Compute curvature magnitude K;
end for
Compute torsion 7 = V|6)|
Compute radius of curvature R=1/K
Compute twist increment ¢ = ds/R
Define initial Frenet frame vectors Ty and Ny
Reconstruct curve using Frenet-Serret integration
Reconstruct curve using matrix transformation method
Store nominal paths

Stochastic Error Analysis
for it=0to it=30do
for m=1to ny;—1 do
Generate m random checkpoints for each core
Perturb between 0—-10%
Interpolate checkpoints to create continuous error paths
for i=1 to n; do
Update perturbed core angles and radii
Construct perturbed location matrix M
Compute pseudo-inverse M™*
Compute a = M"¢;
Compute 8; and K;
end for
Compute 7, R, and ¢
Reconstruct shape using Frenet-Serret method
Reconstruct shape using matrix transformation method
Store reconstructed paths
end for
end for
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rogation rate, acoustic wavefields are not detectable in the recorded strain data.

To secure the SSU2000 to a UHR streamer, we design a custom rubber
sleeve to allow the sensor to shift longitudinally while preventing twisting.
The sleeve consists of two separate elements-a base that can be laced around
the streamer and a channel that can house the sensor. The sleeve is made
from rubber and is lubricated using vegetable oil during deployment. Circular
elements are attached to the interior of the sleeve channel to prevent the
sensor from twisting internally during deployment. The sleeve system and fit
of the sensor in the channel are shown in Figure 6.7.

6.3. FLUME EXPERIMENTS DESIGN

The goal of the flume experiments is to show that the shape-sensing result
using the SSU2000 and its embedding sleeve are capable of detecting the
deflection of a streamer in water, in order to improve the quality of the
seismic data by correctly estimating the location of the hydrophones. For this
purpose, UHR seismic data is collected with a streamer in various states of
bending while collecting strain data simultaneously to track the shape of the
streamer. By acquiring seismic data with the streamer deployed in a straight
configuration near the water surface, we establish a reference dataset that can
be used to correct for distortions in the bent-streamer measurements. This
approach enables us to recover reflections from the base of the flume and
to validate the bent-streamer results against the straight-streamer reference.
For additional control and validation, the streamer in only deflected in the
vertical plane, simulating hydrophone depths variations and not feathering.
This allows for additional manual measurements of the streamer depths
along various points. For the SSU-2000 shape reconstruction, no constrains
are placed to limit reconstructed bending in the vertical plane, thus a
true 3D-bending estimation is still created for these controlled 2D streamer
configurations.

The streamer contains 12 hydrophones with a spacing of 30 cm and is
sensitive to frequencies up to 5 kHz. The source is a 3-8 kHz transducer
that is pointed towards the concrete flooring of the flume. The flume
is filled with water to a height of 1.3 m and the streamer is fully
submerged for the measurements. A conceptual diagram of the experiment
design is shown in Figure 6.8. Due to the shape of the flume and the direc-
tionality of the source, we aim to avoid detecting reflections from the side walls.




6. FOSS FOR STREAMER-SHAPE TRACKING :

114
PROXY SENSOR MANUFACTURING AND FLUME EXPERIMENTS

Angle of bending derived

Circular cross-section . from strain
with 10% core —— with core geometry error | 800
geomeot:‘y error ~— with true core positions
+ 700
- 600
500 %
he)
c
90° 270° - 400 o
o
3
- 300 ©
- 200
180° + 100
-0
-1 0 1
angle (rad)
Shape reconstruction with core geometry error
—— Expected path
—— Trans.Mat. + error
—— Frenet-Serret + error
3
2 E
-
N
1
0
3

100
X(CI}U

200 O

FIGURE 6.5. — Example of an iteration of the effect of core position drift up
to 10%. The top figure shows the angular plot of the core positions drift (left)
and the resulting angle of bending values with true core positions and with
drift throughout the sensor (right). The bottom figure shows the shape-sensing
results using core position drift using Frenet-Serret and Transformation Matrix
methods. As the results are near-identical the Transformation Matrix path is
partially hidden under the Frenet-Serret path.
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FIGURE 6.6. — Log-scaled histogram of the maximum Euclidean distance error
in shape reconstruction due to core geometry drift up to 10% per core for 24,000
randomly generated examples.

The LUNA 6104 interrogator [1] is operated at a measurement rate of 3.125
Hz per channel with a gauge pitch of 2.6 mm. The taring measurement of the
sensor is performed by placing the streamer and sensor configuration on a
straight steel rod while in the flume, as shown in Figure 6.9.

6.4. DATA PROCESSING

We process the raw strain data from the LUNA interrogator using basic
signal-processing techniques. We isolate the correct SSU gauges and align
them using information from the splice box (shown in Figure 6.4). The signal
from each core is interpolated where necessary and high-frequency noise
from the interrogator is filtered out. We substract the strain response from
the central core to remove non-bending strains from the radial cores signal
and reconstruct the sensor path for each time step. this removal is done
as a simple subtraction of the strains recorded by the central core from
the strains recorded at the radial cores, accounting for possible tugging and
acoustic artifacts in the signal. The sensor path is aligned using the known
orientation of the beginning of the sensor which is attached to the stationary
arm as well as the known core geometry orientation inside the dedicated sleeve.
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FIGURE 6.7. — Top : a diagram showing the cross-section of the sleeve along the
sensor, consisting of the sleeve base and channel. Bottom : a picture showing
the fit of the sensor in the sleeve, allowing sliding but preventing twisting.

We filter the UHR seismic data to remove frequencies above 5000 Hz that
are assumed to be high-frequency streamer noise and 3 repeated shots of
the streamer with the same configuration are stacked to improve SNR. The
location of the SSU2000 on the streamer is measured to be able to correctly
extrapolate the hydrophone depths from the reconstructed shape.

6.5. RESULTS
6.5.1. SHAPE SENSING

The results of the shape-sensing procedure are presented in Figure 6.10,
demonstrating that the SSU2000 sensor in its embedding sleeve successfully
reconstructed the streamer’s shape. The shape is reconstructed iteratively
using the matrix transform methods. This reconstruction is validated by



6.5.1 SHAPE SENSING 117

1.33m
)
2

6m

FIGURE 6.8. — Conceptual diagram of the seismic acquisition layout with the
streamer (blue line) and embedded SSU2000 (purple line) attached at one end
to a stationary arm. The transducer (yellow box) emits a highly directional
pulse (green line) which is directed towards the bottom of the flume.

FIGURE 6.9. - Method of taring the SSU2000 while deployed on the streamer.
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comparing it to the depth measurements recorded during the experiment.
However, as lateral deflection was not tracked in this example, the accuracy of
the observed lateral deflection at the end of the sensor cannot be assessed.
The true lateral displacement of the streamer was not tracked due to the
limited methods available for validation. The experiment with the strongest
bending (smallest bending radius), shown in Figure 6.11, reveal a case where
the shape-sensing procedure failed, as indicated by the significant deviation
in the XY view. Upon reviewing the strain data, we hypothesize that the
excessive bending caused a circular element within the embedding sleeve to
press against the side of the SSU2000. This likely results in point pressure that
unevenly affects the cores, disrupting the strain ratios between the radial cores.

From valid shape-sensing results, the actual positions of the hydrophones
along the streamer can be derived through careful measurements of the
geometry of the experiment set-up given that the SSU2000 is bound to the
exterior of the streamer. Using the actual hydrophone positions, we can
attempt to improve the frequency response of the data using the ghost
operator.

6.5.2. RECEIVER-SIDE DEGHOSTING

As previously discussed, marine seismic data acquisition is fundamentally
influenced by the presence of the free surface, which acts as a near-perfect
reflector. This boundary condition generates receiver ghost notches that
manifest as periodic amplitude cancellations in the spectrum (Chapter 4). In
the flume experiments, the vertical deviation of the hydrophones is sufficient
to induce receiver ghosts in the data based on the frequency range of the
source of 1000-5000Hz. The theoretical notches for a hydrophone at various
depths are shown in Figure 6.12.

As described in Chapter 4, the deghosted version of the primary P(w) with
receiver depth z, can be retrieved using equation 4.4 where G(w) =1-e~7,
and 7= 2?’ is the estimated ghost time delay; G* (w) is its complex conjugate,
and € is a stabilisation factor [2], [3]. In practice, € = 0.01 * max(power) is
proportional to a small fraction of the maximum spectral power and ¢ = 1500
m/s was assumed for the entire flume. Before deghosting, we precondition
the traces using a tapered Tukey window with a taper ratio of 0.2 to reduce
spectral leakage and minimize edge effects during the Fourier transform.
After deghosting, we apply a bandpass filter again between 1000-5000 Hz to
the obtained signals. The result from the deghosting procedure is shown in

Figure 6.13. The deghosted amplitude spectrum of the stacked traces shows
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FIGURE 6.10. — Reconstructed streamer shape from SSU2000 strain data and
shape-sensing methods (blue line) and depth measurements taken along the
sensor during acquisition (green dots) for verification compared to photographs
of the streamer in the water for each shape.
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FIGURE 6.11. — Example of a shape-sensing reconstruction with unexpected
deviation in the Y-direction. Streamer in the flume showing (top) and the fit of
the SSU2000 in the embedding sleeve allowing sliding but preventing twisting
(middle). Reconstructed shape using Frenet-Serret and transformation matrix

methods from different angles (bottom).
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FIGURE 6.12. — Frequency notching due to variable receiver depths for a signal
in the frequency band of 1000-5000 Hz.

improved amplitudes where the notches around 3500 and 4000 Hz are present
in the original (raw) stacked data.

6.6. DISCUSSION

The flume experiments carried out using the SSU2000 prototype show
promising results for FOSS in a controlled environment to estimate the
location of hydrophones in UHR streamers during acquisition; they also allow
to more easily filter ghosts in the data. Yet, failures of the embedding sleeve
observed underscore the work to be done to reach a prototype that may
be tested in the field. Ideally, the shape sensor should be embedded within
the streamer, in a flexible, frictionless, non-collapsible conduit, allowing it to
deform due to bending and elongation. Some streamer models are produced
in sections that are later assembled, for these systems, one should imaging
that the sensor would be attached to the exterior of the streamer after
assembly if it cannot be integrated within. Additionally, the inclusion of
helically wound fibre cores to monitor sensor twisting, would remove the need
to prevent the sensor from twisting and minimize the occurrence of pinch
points for short bending radii.

Deployment in the field would also require a longer shape sensor. Although
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FIGURE 6.13. — Spectra of stacked traces before and after the deghosting
procedure using hydrophone depths derived from the SSU2000 shape sensor.

the interrogator technologies discussed above can monitor lengths up to 100
m, an obvious vulnerability of FOSS is that errors in the shape reconstruction
will accumulate spatially along the reconstructed path. With the shape sensing
validation method employed in these experiments, quantifying the exact
shape reconstruction error from the true path is limited. More experiments
should be carried out using FOSS on a streamer that contains conventional
positioning equipment to compare the reconstructed hydrophone locations
or validate using another established shape sensing method like visual shape
sensing.

Despite these limitations, an initial attempt was made to assess how
shape-sensing errors might accumulate over 100 m by studying the effect of
increasing gauge length on reconstructed paths. Figures 6.16 and 6.15 illustrate
this by downsampling the measured strains to various effective sampling
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FIGURE 6.14. — Effects of gauge length on reconstructed shape. The true values
are derived from the gauge length of 2.6 mm as used for the bench and flume
experiments. The figure shows the derived curvature values using decreasing
strain sampling frequencies.

distances and re-interpolating them to the original 2.6 mm resolution used
in the flume experiments. For this analysis, the reconstructed path using the
original 2.6 mm gauge length is used as the true path. The top panels in both
figures present the reconstructed shapes, while the bottom panels show the
corresponding maximum Euclidean distance error relative to the true path. As
expected, reducing the strain sampling density removes small-scale curvature
information, inducing a forced shape reconstruction error. Interestingly, the
matrix-transform method, despite outperforming Frenet-Serret in the control-
led flume tests, shows a stronger sensitivity to downsampling. This is notable
given that both methods depend on the same derived strain quantities, such
as curvature. Keeping the gauge subsampling to 5.2 mm and extrapolating the
error reconstruction to 100 m produces a shape reconstruction error of =30
cm for the matrix transform method and =1.7cm for the Frenet-Serret method
due to continuous strain subsampling alone. This analysis shows that for rates
bending radii tested in the experiments, the gauge length of 2.6 mm should
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FIGURE 6.15. - Effects of gauge length on reconstructed shape using the
Matrix-Transform method.
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be sufficient to capture the streamer deformation.

This analysis neglects interrogator-related noise, such as phase noise,
quantization noise, and SNR degradation with distance, all of which can
introduce bias into curvature estimation. It also omits potential environmental
disturbances like the potential pinching effects in the streamer seen in the
flume experiments. Calibration uncertainties, such as errors in gauge-length
definition, imperfect taring, imperfect core positioning and uncertain initial
orientation, are also not modelled. As a result, the modelled drift observed
for gauge lengths above 5 cm should be interpreted as a best-case lower
bound, with real-world errors expected to be substantially larger. Several
strategies could be employed to reduce possible spatially accumulated errors :
1. the shape can be reconstructed forwards (i.e., from the head buoy) and
backwards (i.e., from the tail buoy), thereby creating an envelope of possible
paths for the centre of the sensor; 2. the continuous recording of strains to
obtain the average path over a sub-sampled number of time-steps, as the
deformation of a streamer is expected to be small on a millisecond timescale.
Using the forward-backward reconstruction can also be a useful tool to get
a feel for the error induced by interrogator and sensor bias. Figure 6.17
shows the reconstruction error in terms of euclidean distance between a path
reconstructed forwards and backwards using the Frenet-Serret and matrix
transform methods. A much stronger consistency in forward v. backward shape
reconstruction appears with the matrix transform method, which initially also
provided a more accurate shape reconstruction of the streamer in the flume
and therefore was used for the results in Figure 6.10. We therefore argue that
the maximum error between the shape reconstruction using the Matrix Trans-
form paths is more representative of the error that may be induced by sensor
and interrogator bias. This error of 0.1 cm over the 2 m sensor could scale up
to 5 cm over a 100 m distance. It is nonetheless difficult to generalise this
analysis and extrapolate it to longer distances as it will be highly dependent
on the quality in sensor construction, selection of fibre core materials and se-
lection of the interrogator. Additionally, the optic signal may also degrade over
longer distances in ways that cannot be observed over the 2 m sensing distance.

Another factor to consider for field applications is the taring procedure.
DOFSs detect the differential strain to a base strain state that is recorded
through the taring procedure. For FOSS, it is necessary to record the shape of
the sensor during taring so that the shape computed can be reconstructed
relative to the tare shape. In the flume experiments, this was simplified
by taring the sensor in a straight configuration; however, in the field,
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FIGURE 6.17. — Euclidean distance between paths reconstructed using the FS
and TM methods over a 2 m distance using normal gauge sampling 2.6mm.

this procedure would be carried out while the streamer is wound before
deployment. The orientation at the origin of the SSU2000 was also controlled
in the experiment using a stationary arm. This is necessary to orient the
reconstructed path in a shared global frame. In the field, a FOSS sensor on a
streamer would require a gyroscopic instrument at the origin of reconstruction
and a GPS. These are commonly present on the head and tail buoys of UHR
seismic streamers.

Finally, higher shape-sensing precision is achieved when the radial fibre cores
are placed farther from the central core, as larger core separation produces
greater differential strain and therefore improves curvature resolution.
However, increasing this radial offset also makes the fibre more susceptible
to bending-induced strain. Cores positioned farther from the neutral axis
experience higher tensile and compressive loads, reducing the minimum
allowable bending radius before fibre damage or micro-bending occurs. For
streamer operations, this imposes a practical constraint : the sensor must
withstand the tight coil diameters used during deployment and storage. Thus,
radial spacing must be balanced between sensing sensitivity and mechanical
robustness. Any increase in sensing precision must not compromise the fibre’s
ability to survive repeated coiling during transport and handling.



6. FOSS FOR STREAMER-SHAPE TRACKING :

128
PROXY SENSOR MANUFACTURING AND FLUME EXPERIMENTS

6.6.1. RELATION TO DAS ACQUISITION

It would be advantageous if the FOSS sensor could also function as a DAS
receiver, enabling simultaneous shape sensing and seismic measurements.
Helically wound fibre cores—which improve twist sensitivity can also enhance
DAS signal directional response when the same fibre is used to record
seismic wavefields [4]. Interestingly, it was demonstrated that DAS can
capture very low-frequency ambient seismic energy and extract stable
surface-wave dispersion information for shear-wave velocity estimation [5],
(6], highlighting the strong potential of DAS in the low-frequency regime
rather than the high-frequency domain needed for UHR imaging. Perhaps,
this shifts the perspective : instead of attempting to extend OFDR-based
sensing to high frequencies—where the required long gauge lengths severely
restrict usable bandwidth, the real opportunity may lie in using the same
fibre for low-frequency measurements, such as background velocity updates,
large-scale structural constraints, or low-frequency inputs to FWI. In this view,
a combined FOSS-DAS fibre is not a replacement for UHR hydrophones but
a complementary sensor that provides low-frequency information unavailable
to standard streamer systems.

6.7. CONCLUSION

We demonstrated the feasibility of using FOSS as a complementary
positioning method for UHR seismic streamers. A proof-of-concept FOSS
sensor, the SSU2000, was designed, manufactured, and validated through a
combination of numerical tests, controlled bench experiments, and flume-
scale seismic acquisition. The modelling and laboratory results confirmed
that the sensor geometry, bonding strategy, and central-core configuration
provide sufficient robustness against temperature variations, pressure changes,
and distributed loading for the intended application. The flume experiments
showed that the SSU2000, when deployed in a custom embedding sleeve, can
reliably reconstruct streamer deflection under moderate bending and provide
hydrophone positions with accuracy adequate for receiver-side deghosting.
Although extreme bending exposed limitations in the mechanical sleeve design,
the successful cases demonstrated that shape-based hydrophone repositioning
measurably improves the spectral content of the seismic/acoustic data. Overall,
the results establish FOSS as a promising technology for enhancing receiver
positioning in UHR marine acquisition. The work provides a proof-of-concept
framework—from sensor design to seismic application—that can be extended
toward longer sensors, improved embedding solutions, and integration with
existing navigation systems in future field-scale implementations.
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OUTLOOKS AND VALORISATION

Too often PhD research is stored on a bookshelf, never to be read again. How
can the research presented in this thesis be of societal value beyond mere
scientific curiosity ?

Conclusions on the individual themes tackled in this thesis are included at the
end of each relevant chapter. Specifically, the conclusions on the usefulness
of JMI compared to FWI for offshore UHR data can be found in Chapter
3; the conclusions on implementing Long-Distance FOSS (LD-FOSS) from
an instrumental and practical perspective can be found in Chapter 5; and,
the conclusions on the proof-of-concept experiments using LD-FOSS can be
found in Chapter 6. In this last chapter, we therefore focus on the general
outlooks and valorisation of the methods and technologies discussed for
future adoption in various industries.

7.1. OUTLOOKS ON JMI IN (ULTRA) HIGH-RESOLUTION
MARINE SEISMICS

Despite its longstanding presence in the scientific literature, JMI has
not yet achieved widespread industrial adoption. Several challenges, already
addressed by alternative methodologies, have limited its practical deployment.
Notably, the angle-independent reflectivity approximation and the handling
of AVO effects remain unresolved within current JMI implementations [1].
However, the research presented in this thesis positions JMI as a practical
approach for velocity model building in (U)HR marine seismic surveys.
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Specifically, the primary angle-dependence and AVO pitfalls have a very
limited effect on this type of data. JMI's limited reliance on legacy velocity
information is also advantageous in offshore near-surface regions, where
historical datasets may be sparse, incomplete, or entirely unavailable, as the
near-surface is traditionally treated as a homogeneous layer. Furthermore,
the dual imaging and inversion workflow aligns well with the UHR survey
philosophy, emphasizing smaller, cost-efficient acquisition campaigns and
rapid processing for timely investigation and monitoring. By contrast,
traditional FWI would require substantial changes to acquisition strategies,
including extended offsets to recover refracted and diving waves. In the
constrained environment of a busy North Sea survey, this might necessitate
independent source and streamer towing systems, dramatically increasing
costs and potentially compromising the feasibility of UHR operations.
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FIGURE 7.1. — Figure from [2] showing the ground truth and starting models
used to obtain the results in Figure 7.2

A High-Resolution JMI was also presented by Abolhassani et. al. 2025 [2],
which offers a significant improvement in the tomographic results achievable
with JMI. In their paper, JMI is referred to as One-Way Reflection Waveform
Inversion (ORWI) and HR-ORWI uses gradient pre-conditioning with the
reciprocal of the Hessian matrix to retrieve sharper velocity estimates using
less iterative steps, as shown in Figure 7.2 compared to the ground truth
shown inf Figure 7.1. In the context of the tomographic results presented in
Chapter 3, it is clear that HR-ORWI technology should become an essential
component of J]MI/ORWI for industry adoption of the method.
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FIGURE 7.2. — Figure from [2] where ORWI refers to the standard JMI process
and HR-ORWI is the High-Resolution JMI.

Even with HR-ORWI, successful velocity estimation of field data using JMI
remains highly dependent on the presence of reflective layers within the
entirety of the investigated depth and careful data pre-processing. Despite
these limitations, and given the shortcomings of industry-standard methods
that were demonstrated in this thesis, JMI may just be the best solution
available for this problem.

7.2. OUTLOOKS OF LD-FOSS IN OTHER TECHNICAL
APPLICATIONS

The outlook of the experiments presented in Chapters 5 and 6 goes
further than UHR streamer shape-sensing. A successful implementation of
Long-Distance FOSS (LD-FOSS) could have a significant impact on improving
the performance of multiple sensors and instruments that require positioning
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precision in hard-to-reach environments. The advantage of FOSS would be its
ability to track deformation and shapes in remote, hard-to-reach environments
under dynamic conditions. With the plug-and-play nature of FO sensors, it is
possible to permanently embed FOSS sensor into a structure and periodically
interrogate it for monitoring. As interrogator technologies improve, the sensing
lengths available for FOSS might increase, allowing for extended-range sensing
past 100 m. Careful design choices must be implemented to ensure that a
FOSS solution to a specific application would provide accurate, reliable, and
repeatable measurements, especially as errors propagate with distances.

TOWED SENSOR ARRAYS

More than just UHR streamers, towed sonar and sensor arrays are a broadly
used technology, particularly in naval defense, underwater surveillance, and
ocean exploration. In defense, they are a key component of anti-submarine
warfare, where they enable ships and submarines to detect, classify, and
track quiet underwater targets such as enemy submarines or unmanned
underwater vehicles while maintaining stealth, since passive arrays only
listen rather than transmit. These arrays, often extending hundreds of meters
behind a vessel, help isolate target signals from self-noise and improve
directional resolution and detection range. Other applications also include
environmental monitoring to map soundscapes or track marine mammals,
and oceanographic research to measure temperature, salinity, and current
profiles along long transects. In all these applications, accurate positioning
and shape estimation of the towed array are essential to ensure that measured
data can be correctly interpreted in spatial terms [3]-[5].

For target detection, for example, passive sonar does not emit a signal
and a target is located using Bearing-Only Tracking (BOT). BOT heavily
relies on knowing where the sensor elements are relative to the own-ship
motion; otherwise, the filter updates (e.g., the Kalman or extended Kalman
filter) will use incorrect geometry, degrade observability, introduce bias,
and lead to poor convergence [6]. When a ship maneuvers, the towed
array does not remain fixed behind it but swings, lags, or deforms under
hydrodynamic drag and inertia, so a dynamic model of the cable-array is
required to estimate the array-head position in real-time. Typical solutions
include physics-based dynamic modelling (e.g., Newtonian mechanics of
cable drag and tension), filter-based estimation (Kalman, extended Kalman,
or particle/Bayesian filters), and joint estimation methods that simultaneously
recover array shape or position and target bearings (e.g., sparse Bayesian
learning, maximum-likelihood shape estimation, or data-driven approaches)
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(7], [8]. An example of a physical-modelling approach to the cable deformation
problem is shown in Figure 7.3. LD-FOSS would be a useful technology
for towed-array cable tracking as the cable shape could be estimated using
real-time field measurements to replace post-acquisition processing.
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FIGURE 7.3. — Physical model to estimate towed-array cable shape from Singh
et al, 2025 [7].

Similar to a marine streamer, a land streamer is a towed array of geophones
(or fibre-optic sensors) used for acquiring seismic data efficiently over the
land surface. Instead of deploying individual geophones manually, the sensors
are mounted on a flexible cable or frame that can be dragged behind a
vehicle. Modern land streamers may be equipped with gimbaled geophones
or flexible frames, allowing operation over uneven or mildly hilly terrain. They
have the advantage of being fast to deploy for near-surface reflection surveys,
reducing survey costs and operational time [9], [10]. Introducing a LD-FOSS
sensor in the land-streamer would support the application of this technology
for rapid and flexible acquisition, where the topographical variations of the
terrain could be measured for each shot for precise statics corrections without
the need of multiple GPS measurements.

PIPELINES AND UTILITY MAPPING

An LD-FOSS sensor could also be of use to monitor the shape of pipelines,
duct system and conduits to create 3D models of the infrastructure networks
for maintenance purposes. In many refineries, for example, operators use
outdated analog maps that do not reflect the 3D configuration of the
pipelines to identify a pipe of interest for maintenance purposes. This is
a time-consuming task that must be repeated every time maintenance is
performed. With an LD-FOSS sensor, the refinery could create a 3D digital
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twin of its shape in relation to the surrounding pipes. With the inherent
resilience of FO sensing methods, the pipes would not necessarily need to
be drained and the refinery could stay operational during the mapping. This
type of documentation update and 3D model creation is already being carried
out at facilities using scanning methods, as shown in Figure 7.4. However, the
scanning method does not differentiate between the pipes and the structural
elements of the site. It can be imagined how adding an LD-FOSS survey
to the scanning survey would quickly enable the integration of the pipeline
architecture into the visual 3D survey.

FIGURE 7.4. — Example of 3D model for an oil refinery created using scanning
methods. [11]

This application could also be extended to mapping existing utilities and
pipelines in cities and urban areas to enable target digging for maintenance
projects. The underground utilities include communication cables, gas lines,
sewer lines, water pipes and electrical lines, these may be existing but utility
mapping is also carried out on new development to ensure a future-proof
infrastructure development [12]. Utility mapping is generally carried out
using variety of techniques including GPR, EM, acoustics, potholing and
aerial inspection [13]. The current issue is that each of these methods has
severe limitations, which prevents them from being carried out individually
when 3D precision is required. An example of this is shown in Figure 7.5
where the ambiguity of GPR measurement for utility mapping can be clearly
seen, as the infrastructure approaches the resolution limit of the wavelength.
Moreover, the aforementioned measurement methods are limited to areas with
exposed ground (limiting their resolution in built-up urban environments)
and resolution deteriorates severely with depth. All of these factors can make
locating and tracking the utility a time consuming process [14]. In this case,
LD-FOSS might become an enabling technology to support endeavours for
utility mapping, providing precise utility path reconstruction where other
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methods may fall short.

Time (ns) Time (ns) Time (ns)

Time (ns)

FIGURE 7.5. — From [15] : "Example of the GPR data acquired along the
asphalt road and the successive processing steps applied for the data. (@) Raw
data, (b) after time shift, (c) after background removal, (d) after band-pass
filter, Automatic Gain Control and depth estimation. Numbers indicate; (1)
pipes, (2) deeper pipes, (3) interface, (4) shallow filling sediments, (5) asphaltic
zone and (6) moisture filling sediments."

HORIZONTAL DIRECTIONAL DRILLING AND OTHER WELL OPERATIONS

Horizontal Directional Drilling (HDD) is the process of drilling at shallow
depths in the subsurface, first at an angle, then horizontally to reach a specific
location in urban environments. This method is used to connect or replace
underground utilities in urban areas or to circumvent natural features like
rivers or lakes in more remote areas. The typical boring distances range
from 10 m to about 2 km. In order to reach the target end-location, the
drill head must be steered during operation to adjust its course. Currently,
the drill head location is estimated through a series of surveys that measure
inclination, azimuth, and tool face at appropriate intervals. These intervals
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may be small or large depending on the soil conditions and complexity of
the target boring path. These surveys provide only discrete measurements of
path variables and thus may lead to lower accuracy, specifically if a path
deflection occurs between survey points due to a small inclusion in the
soil like a rock or boulder. The technologies used for the surveys include
gyroscopic measurements and magnetic surveys from the surface. In HDD for
underground utilities, a "walkover" tracking system from the surface may be
used but is quickly interrupted by the presence of infrastructure or lakes etc.,
which make standing over the drill impossible [16]. According to conference
proceedings from the GEOconvention, 2021 [17] :

"Directional survey error and uncertainty can be reduced with mitigation
methods. Still, it is entirely possible to be faced with errors in the range of 2-5
meters TVD [True Vertical Depth] and 10-20 meters azimuth when drilling a

horizontal well of 1500 m length."

LD-FOSS could be used to measure the deformation of the drill cable to
correctly model the precise location of the drill head in the subsurface.

FIGURE 7.6. — Example of drill head positioning uncertainty from [17].

Additionally, specific drilling operations require accurate real-time drill
head positioning. For example, well intersection technology used for deep
wells are costly operations with specialized equipment where a higher
trajectory accuracy could reduce operational costs and lead time in the
field. Contrastingly, radial drilling is a low-cost technology to increase well
productivity that require a fast and cheap way to define the drilling path
trajectory whereby the accuracy is not key but the ability to locate the drill
is. Using LD-FOSS during a “quiet” period, like when the casing is being
introduced or the drill head path is being adjusted, a quasi-instantaneous
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shape measurement can be made without pulling the drill head out, saving in
operational costs.

TETHERED UNMANNED VEHICLES

LD-FOSS could also be applied to the tracking and monitoring of tethered
unmanned vehicles operating in hard-to-reach or otherwise constrained
environments. Three illustrative examples highlight this potential :

1. Tethered space rovers represent a promising application. Ongoing
research by NASA and ESA investigates the use of FOSS to monitor
the position and configuration of rover tethers in real-time [18], as
shown in Figure 7.7. This approach enables precise awareness of the
tether geometry during planetary exploration missions—an essential
capability for safe navigation on uneven terrain, especially when rovers
are deployed cooperatively or explore caves and lava tubes.

2. Unmanned Underwater Vehicles (UUVs) could significantly benefit
from the integration of LD-FOSS sensors within their communication
tethers. These vehicles typically rely on a combination of sonar, optical
cameras, and inertial navigation systems to estimate their position
relative to the guide vessel or a mother submarine. However, these
methods can be limited by water turbidity, acoustic interference, and
drift errors. Embedding an LD-FOSS sensor along the tether would
enable continuous, “quiet,” and high-precision tracking of the UUV’s
position and orientation with minimal hardware overhead. This would
complement existing navigation systems and support the integrated
positioning strategies toward which the subsea industry is currently
progressing [19], [20].

3. Entanglement prevention represents another promising area of appli-
cation. Recent literature explores strategies to prevent the tangling of
tethers in systems involving multiple unmanned vehicles—both aerial
and underwater—operating in close proximity [21]. LD-FOSS offers a
natural extension to these approaches by providing direct, real-time
shape information about each tether, allowing for the reconstruction of
their relative paths and potential points of intersection. This capability
could form the basis for proactive entanglement-avoidance algorithms
or real-time control feedback for multi-robot coordination.

SOFT ROBOTICS

The final application that might benefit from LD-FOSS is also the most
obvious as it already benefits from FOSS over short distances : soft robotics.
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Distance along flber 0]

FIGURE 7.7. - Project image from [18] : Fiber Optic Shape Sensing for Tethered
Marsupial Rovers

As mentioned in Chapter 5, LD-FOSS is an extension of the established FOSS
technology, which itself is deployed most prominently in medical instruments
and robotic limb tracking. Soft robotics specifically are being applied over
longer distances in space exploration for surface and subsurface exploration
of lava tunnels and ice caves [22]. Another emerging area is search and rescue
robotics, where soft robots are designed to navigate through debris, confined
spaces, or collapsed structures [23].

CONCLUDING REMARKS

The breadth of applications illustrate the use-case of LD-FOSS using
distributed FO sensing to push the limits of the length of paths that can be
reconstructed. Although the research presented in Chapter 6 only presents
a proof-of-concept implementation of the technology, research should be
continued following the principles discussed in Chapter 5 to fully investigate
the possibilities and limitations presented by LD-FOSS.
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FIBRE OPTIC STRAIN SENSING
USING OFDR

When a fibreglass core is directly connected to a laser source and a pulse is
emitted, the light will travel through the core. As light travels through a transpa-
rent medium, its speed is given by ¢ = cy/n where ¢y = 3 x 108 m/s is the speed
of light in a vacuum and n is the refractive index [1]. When the core is wrap-
ped in highly reflective cladding, with a lower refractive index than the core, light
that would otherwise leak can travel long distances along the core. The angle of
incidence of the light hitting the core/cladding interface should be higher than
the critical angle of reflectance angle as dictated by Snell’s Law to ensure that
all the light is reflected back into the core. For this reason, if the fibre is bent at
a sharp angle, energy leakage may occur. The core itself is extremely thin so a
coating is added around the cladding to protect it from environmental damage.
The light travelling along the fibre and back towards the source can be used to
measure continuous parameters along the fibre. Although there are different me-
thods used to measure a variable along an optical fibre, in this thesis we have fo-
cused on Distributed Optical fibre Sensors (DOFSs), which determine the spatial
distribution of a measurand along the fibre contrary to discrete measurements,
which require interpolation like fibre Bragg Gratings (FBGs).

As the light travels along the transparent medium, it will scatter when encoun-
tering an imperfection in the atomic matrix and part of the energy will be backs-
cattered towards the laser input where a sensor lays. Backscattered light will present
with a shift in wavelength, which can be detected and attributed to a specific
gauge along the fibre. A gauge can refer to a fixed location of increased refractive
index (like in FBGs) or to a section of the sensor where backscattering occurs in
DOFSs.
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Figure A.1 shows the three types of spontaneous or stimulated photon scat-
tering events that can be measured at different frequencies : Raman, Brillouin,
and Rayleigh. For FOSS only Brillouin and Rayleigh back-scattering are relevant
as they are sensitive to strain changes of the transmission medium. These non-
overlapping back-scattering effects also allow for mixed interrogating of the same
sensors (i.e., cycling between strain and temperature sensing). Table A.1 shows
the criteria, that differentiate types of distributed strain sensing. It is important to
note that these criteria are interconnected and trade-offs between accuracy and
sensing lengths are intrinsic [2]. For the application of (U)HR streamer shape re-
construction, we propose that Optical Frequency Domain Reflectometry (OFDR)
is the optimum option.

Backscatter Incident photon energy
intensity

Stokes anti-Stokes

Rayleigh

Strain & temperature
-—
Raman

Temperature

~ 300 MHz

ﬂ f (Hz)

(illustrative and not to scale)

13 THz 11 GHz

FIGURE A.1. — Three types of photon scattering in optical fibre and their intensity
at different frequencies and measurand state. Sourced from [3].

OFDR technology uses a Tunable Laser Source (TLS), which produces a set of
light pulses in a "chirp" linearly sweeping in frequency. The distance z along the
Fibre Under Test (FUT) can be mapped to the frequency sweep as

z=—fp, (A.1)

where vy is the group velocity of the light pulses, y is the sweep rate of the TLS
and f} is the particular frequency at z [5], [6]. The sweep rate itself is a function
of the sweep duration T, and the frequency range A f. We can therefore rewrite



147

Sensing Spatial
Th M 1
eory easurable Range Resolution
Rayleigh
OTDR Tand e 1-2km 0.5m
Rayleigh
OFDR Tande 70-100m <5 mm
Brillouin
BOTDA Tande 10 km 1.5m
Brillouin
BOTDR Tande 45 km 5m
Brillouin T and 2km /0.5km | 10 cm/ 2
PPP-BOTDA and ¢ m / 0.5 km cm/ 2 cm
Brillouin
BOEDA Tand e 9m/11km |3cm/14m
Raman T 20 km 1-2m

TABLE A.1. - Comparison between different kinds of distributed fibre optic sensing
systems as reported by [4] and corresponding to criteria reported by [2]. Acronyms
used can be found in the Acronyms section of this thesis (C).

Equation A.1 as
Ug Tr
==—fn A2
z=- Affb (A.2)

and spatial resolution is then given by the range of the frequency sweep

dz=—8 (A.3)
Z—ZAf. .

Finally the maximum sampled frequency as a function of FUT length L is given
by
Af 2

fmax =

L veT,’

(A.4)

As we can see, the high spatial-resolution of OFDR for the relatively long sensing-
lengths, compared to other methods shown in Figure A.1 and Table A.1, is the re-
sult of its dependency on the frequency sweep range rather than the speed of the
sweep. Methods like Optical Time Domain Reflectometry (OTDR) rely on short
laser pulse duration to travel through the FUT and back leading to a higher maxi-
mum frequency f4x to be sampled which is technologically more challenging;
hence the trade-off between resolution and sensing length in traditional time-
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domain Rayleigh based reflectometry.
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FIGURE A.2. - Schematic representation of Mach-Zehnder interferometer used for
OFDR with the beating signal (yellow dotted line) between reference and backscat-
tering signals.

Figure A.2 shows the schematic configuration of an OFDR system using a Mach-
Zehnder interferometer. The light is channeled from the tunable laser source to
the beam splitter where the energy is split into two paths. Before entering the
beam splitter, the energy field can be described as a function of the instanta-
neous angular frequency w(?) of the sweep [6] :

Ein=Eoe ™", (A.5)

where Ej is the amplitude of the signal and the frequency sweep in time ¢ is a
function of the frequency sweep v, the initial frequency fj, and the phase noise
e(t).

() =2nfot +myt? +e(t). (A.6)

At the beam splitter, the energy field is split into two identical fields. Each field
travels through a different path; the first will typically travel through the FUT
while the second travels an inert path of short length [7]. Part of the signal is
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backscattered as it travels along the FUT. The energy is the backscattered signal
at a time delay 7 is given by :

Eryr(t) = VR(T)Epe® ™™, A7)

where R is the reflectivity attenuation of FUT related to the time delay 7. Both
fields are reflected at the end of their individual paths back toward the beam
splitter. The energy from the reference path can also be described in terms of its
own (shorter) time delay. For simplicity, the common time delay between both
paths is subtracted such that the reference path appears to have no time delay as
shown in Equation A.5. At the beam splitter, both fields are recombined.

Eour = Eo(t +11)e U R (14 7y) e 0TI (A.8)

where 77 and 7, are the time delays of the signal traveling through the reference
path and the FUT respectively. The electrical output detected at the photodetec-
tor is derived from the square magnitude of the electrical field :

I(t) = 2\/R(T) B3 cos@m(foT +yTt + %yrz +e(t)—e(t—1%)) (A.9)

where e(f) — e(t — 72) is the phase noise and y7 is proportional to the frequency
of the beating signal fj,.
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4D FOSS EXAMPLE

During the shape-sensing experiments, the temporally continuous recording
from the OFDR interrogator permitted 4D FOSS tests using the streamer and
sensor sey-up presented in Chapter 6. Despite the lack of a 4D shape-validation
method, the streamer was filmed and can be roughly visually compared with the
reconstructed shape. Some comparison plots are shown below; frames where the
hydrophones can be seen on the streamer (white modules) display strong twis-
ting of the streamer. The full recording can be found using the following link :

4D-FOSS video.
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ACRONYMS

BOFDA - Brillouin Optical Frequency Domain Analysis
BOTDA - Brillouin Optical Time Domain Analysis
BOTDR - Brillouin Optical Time Domain Reflectometry
BOT - Bearing-Only Tracking

CCS - Carbon Capture and Storage

CL-SRME - Closed-Loop Surface Related Multiples Elimination
CPT - Cone Penetration Test

CSEM - Controlled Source ElectroMagnetic

DAS - Distributed Acoustic Sensing

DOFS - Distributed Optical Fiber Sensors

FUT - Fiber Under Test

FBG - Fiber Braggs Gratings

FO - Fiber Optic

FOSS - Fiber Optic Shape Sensing

FWI - Full Waveform Inversion

FWM - Full Wavefield Migration

FWMod - Full Wavefield Modelling

JMI - Joint Migration Inversion

GN - Gauss-Newton

GPR - Ground Penetrating Radar

GPS - Global Positioning System

INS - Inertial Navigation Systems

JMI - Joint Migration Inversion

LD-FOSS - Long-Distance FOSS

OBC/N - Ocean Bottom Cable/Node

OFDR - Optical Frequency Domain Reflectometry
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C. ACRONYMS

(HR)-ORWI
OTDR
P/S-wave
PPP-BOTDA
RTK

SBP

TLS

(U)HR

UXO

(High-Resolution) One-way Reflection Waveform Inversion
Optical Time Domain Reflectometry

Pressure/Shear wave

Pulse Pre-Pump BOTDA

Real-Time Kinematic

Sub-Bottom Profiler

Tunable Laser Source

(Ultra)-High-Resolution

UneXploded Ordnance
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