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Abstract: In both the industrial and scientific fields, the need for very high-resolution cartographic
data is constantly increasing. With the aging of offshore subsea assets, it is very important to plan and
maintain the longevity of structures, equipment, and systems. Inspection, maintenance, and repair
(IMR) of subsea structures are key components of an overall integrity management system that aims
to reduce the risk of failure and extend the life of installations. The acquisition of very detailed data
during the inspection phase is a technological challenge, especially since offshore installations are
sometimes deployed in extreme conditions (e.g., depth, hydrodynamics, visibility). After a review of
high resolution mapping techniques for underwater environment, this article will focus on optical
sensors that can satisfy the requirements of the offshore industry by assessing their relevance and
degree of maturity. These requirements concern the resolution and accuracy but also cost, ease of
implementation, and qualification. With the evolution of embedded computing resources, in-vehicle
optical survey solutions are becoming increasingly important in the landscape of large-scale mapping
solutions and more and more off-the-shelf systems are now available. The issues raised in this review
are mainly related to the qualification of the results produced by optical systems and their limitations
to cover all the needs expressed by the oil and gas industry field. Interesting qualification works of
these solutions are presented in this paper as well as the use of online processing tools such as
visual odometry or VSLAM to guide the data acquisition and pre-qualified survey. Finally, it seems
interesting to combine acoustic and optical technologies in order to extend the field of application
of these methods to low visibility conditions, which remains one of the main limiting factors in the
generalization of the use of optical sensors in high resolution underwater cartography applications.

Keywords: optical survey; photogrammetry; large-scale survey; qualification; inspection; under-
water; offshore oil and gas industry

1. Introduction

Aerial and submarine cartography; the great gap. While the first map of the world is
Babylonian and dated around 600 B.C. [1], it was only in 1853 that the first true bathy-
metric map, that of the North Atlantic, was presented by Matthew Fontaine Maury,
director of the Naval Observatory in Washington, DC, USA [2]. Although the technolog-
ical means have evolved, this difference between land and underwater cartography still
persists today. While the surface area of our oceans represents 71 percent of the world’s
surface, less than 18 percent of the world’s ocean floor has been mapped with echo-
sounder [3] and, just three years ago, only 6 percent by modern methods and sensors [4]. At
the same time, the use of remote sensing today makes it possible to access an almost com-
plete topographical representation of the earth’s surface with a spatial resolution of only
a few meters [5]. Why is theresuch a gap in the data collection of these two environ-
ments? This is due in particular to their different physical properties which, for air, allow
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good propagation of electromagnetic waves and therefore the use of remote sensing and
optical observation techniques. On the other hand, these waves are very quickly absorbed
by water and only acoustic waves allow long-distance propagation in an underwater envi-
ronment, whereas they have only a short propagation range in air [6].

Bathymetry is indispensable to ensure the safety of navigation by providing
accurate and up-to-date maps. It is an essential tool for the management of coastal zones
and their structures, as well as for environmental monitoring and protection. Topo-
graphic data are basic information for many fields of oceanography, for tidal modelling,
global ocean circulation, and regional or local current modelling. These data are also vital
for geological and geophysical studies and have directapplications to mining and pe-
troleum research. It is the same for hydrological studies, such asupwelling of cold
bottom waters, with particular interest to fisheries area localisation. Mapping may also
concern larger-scale areas, particularly for the installation of structures on the seabed such
ascables, pipelines, platforms, or offshore wind turbines. While a very small portion of the
ocean surfaceis currently mapped, this mapping must be repeated at time intervals con-
sistent with the evolution of the environment, particularly with respect to the climate
change we are observing. In this context, inJune 2016 at the Forum for Future Ocean Floor
Mapping in Monaco, Mr. Yohei Sasakawa, Chairman of The Nippon Foundation (Tokyo,
Japan), Japan’s largest private foundation with a long history of supporting key maritime
issues, used his conference address to announce a plan to map the entire ocean floor by
2030. This will be done in partnership with the General Bathymetric Chart of the Oceans
(GEBCO), which The Nippon Foundation (Tokyo, Japan) has supported for many years.
GEBCO is a joint project of the International Hydrographic Organization (IHO) and the
Intergovernmental Oceanographic Commission (IOC) of [7]. Since this announcement,
and two years after the start of an international effort to produce a complete map by
2030, the data available to produce the definitive map of the world’s ocean floor have more
than doubled. Indeed, thanks to the efforts of the Nippon Foundation-GEBCO Seabed 2030
Project, coverage of the global ocean floor has increased from 6 percent to 18 percent in 2019
[4,8].

Underwater cartography represents thefield of hydrography, defined by theIHO, as fol-
lows: “Hydrography is the branch of applied sciences which deals with the measurement
and description of the physical features of oceans, seas, coastal areas, lakes and rivers,
as well as with the prediction of theirchange over time, for the primary purpose of
safety of navigation and in support of all othermarine activities, including economic
development, security and defense, scientific research, and environmental protection”
[9]. In order to guarantee the quality of hydrographic surveys and a certain homogeneity
between data providers, the IHO published the first edition of S-44 entitled “Accuracy
Standards Recommended for Hydrographic Surveys” as early as 1968. Currently, the sixth
edition of 5S-44 is designed to “provide a set of standards for hydrographic surveys pri-
marily used to compile navigational charts essential for the safety of navigation,
knowledge and the protection of the marine environment” [10]. This publication provides
a set of minimum specifications for five survey orders (detailed in Figure 1), depending
on the type of area and their level of hazard for navigation. This table give minimum re-
quirements in term of depth horizontal and vertical uncertainty (THU and TVU) and the
feature search and detection level requirement for each category of survey. The sixth edi-
tion of the S-44 published in March 2020 completes the previous edition which was the
normative reference for hydrographic surveys for more than 10 years. This new edition
presents two major evolutions. The first is the addition of a new survey category called
Exclusive Order whose use is to be limited to areas with exceptional conditions and specific
requirements. Their useis intended to be restricted to shallow water areas (harbors, berthing
areas, and critical areas of fairways as channels) where there is an exceptional and optimal
use of water column and where specific critical areas with minimum underkeel clearance
and bottom characteristics are potentially hazardous to vessels. Based on this specification,
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in Table 1 the concept of bathymetric coverage rate replaces the previous notion of maxi-
mum line spacing. The second major evolutionis the introduction of the concept of a “Spec-
ification Matrix” which can be considered as a reference for specifying dedicated surveys
in fields of application other than those of the initial use of the S-44 (i.e., the safety of
navigation). This matrix can therefore be used for the specification and classification of
surveys in various fields including geophysics, oil and gas, dredging, and geotechnics. This
concept marks a desire to extend the use of this standard and to provide a common frame-
work for the tasking and evaluation of general hydrographic surveys.

In many different applications, data collection for underwater mapping, monitoring or
inspection is achieved with methods primarily developed for hydrographic purposes.
Given these considerations, this article proposes to set the high-resolution survey in the con-
text of underwater infrastructure inspection and in relation to hydrographic standards.
After a brief definition and classification of the different mapping scales according to
the size of the area to be covered, the resolution and precision required, and the sensors
used, a review of the particular constraints of underwater optical prospection is presented.
In this paper, the focus is on high-resolution survey in oil and gas industrial applications
which arerarely described in the literature compared to other applications, such asunderwa-
ter biology or archaeology [11-15]. In the third section of this article, the survey require-
ments during the life cycle of offshore installations and a review of available optical sur-
vey solutions are detailed. One of the strong motivations for investigating the needs in
this specific field is that tools and methods developed in the offshore oil and gas industry
are generally declined in other sectors where subsea installations are used such as, for
example, offshore wind and tidal turbines or other structures of interest for other scien-
tific and research activities. Given the complexity and cost of the equipment used for the
installation of subsea structures in the oil and gas sector, the inspection requirements are
very high. In addition, the mapping and inspection tools and methods used in this sector
of activity are at least partially adapted to subsea installations in the renewable energy
sectors (offshore wind turbines, tidal turbines) or for the deployment of scientific ob-
servatories (https://www.km3net.org/ (accessed on 9 July 2021)), which reinforces the
interest in focusing on these requirements. A review of the systems available on the mar-
ket and their level of qualification is given, followed by a discussion of the maturity of
these survey solutions with respect to the requirements of industrial applications and the
precautions to be taken in their implementation.

Table 1. Minimum bathymetry standards for safety of navigation hydrographic surveys (Tobe read in conjunction with the
full text). Extracted from the sixth edition of IHO S-44 [10].

e Special .
IHO Reference Criteria Order 2 Order 1b Order 1a gr der Exclusive Order
Areas where un- Areas where un-
derkeel clearance derkeel clearance
Areas wherea . . . . .
. is not considered is considered not Areas where there is
Area general descrip- . .\ Areas whereun- . .
. . to be an issue for to be critical but strict minimum under-
Chapter1  description (Gen-  tion of the sea derkeel clearance

the type of sur-  features of con- keel clearance and ma-

erally) floor is consider . is critical e o
adequate face shipping ex- cern to surface neuverability criteria
quate. pected to transit shipping may ex-
the area. ist
Depth THU = o) 1 410%0f  5m+5%o0f  5m+ 5% of
Chapter2.6 [m] + [% of denth denth deoth 2m 1m
Depth] P P P
gﬁ:g:: ;S Depth TVU a=10m a=05m a=05m a=025m a=0.15m
Chapter 3.2.3 (a)[m] and (b) b=0.023 b=0.013 b=0.013 b =0.0075 b =0.0075
Chapter 3.3 Feature Not specified Not specified Cubic Cubic Cubic features
features features >0.5m
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Detection [m] or

[% of Depth]

>2 m, in depth >l m
down to 40 m;
10% of depth be-

yond 40 m
Feature Recommended butRecommended but o o .
Chapter 3.4 Search [%] not Required Not Required 100% 100% 200%
Bathymetric
Chapter 3.5 Coverage 5% 5% 0% 100% 200%
[%]

2. Survey Categories, Specifications and Tools

2.1. Levels of Survey Scale

In this article, four levels of survey scale are described, albeit without using the term

“scale” in its strict sense (i.e., the ratio between the length measured on a map or a photo
and its equivalent in the field). This definition, in the context of this article, is used for a
synthesis of the cartography needs and the proper tools deployed while referring to the
IHO S-44 standards. The relative notion of scale is simply used to differentiate the type
of survey according to the size of the areas to be covered, their coverage rate, and the
expected level of resolution.

Very small-scale surveys are mainly intended to cover the deep ocean depths, beyond
200 m, for a general knowledge of their topography and coastal areas where an exhaus-
tive survey isnot necessary, for example for reconnaissance surveys. In the case of gen-
eral deep-sea hydrography, order2 IHO may apply. In the coastal zone, it will be order
1b above 200 m depth. Very small-scale surveys can also be used to feed bathymetric
data grids such as GEBCO (https://www.gebco.net/ (accessed on 9 July 2021)) or
EMODnet (https://femodnet.eu/en/ (accessed on 9 July 2021)) [16]. The spatial resolu-
tion for GEBCO 2014 is 30 s arc, for GEBCO 2020 it is 15 s arc and for the European
data portal EMODnet 1/8 min arc.

The medium-scale survey includes coastal and reconnaissance surveys or deep sur-
veys requiring a greater density of probes than the very small-scale survey. These
surveys may require complete coverage and resolution in accordance with the speci-
fications of order 1a IHO. These surveys are carried out either by airborne instru-
ments in shallow water or with acoustic sensors whose characteristics depend on the
requirements and the depth.

Large-scale surveys provide higher resolution maps for areas of interest for naviga-
tion, environmental monitoring, protection of submerged cultural heritage, or installa-
tion of industrial infrastructures. The mapped areas are usually in the order of one
square kilometer to a few dozen square kilometers. These surveys generally meet the
special order specifications of the IHO S-44 [10] or IMCA S003 Guidelines standard
[17]. They are usually carried out with high-frequency acoustic sensors, possibly cou-
pled with underwater visual inspection.

Very large-scale surveys are generally carried out to meet the need for one-off in-
spections of small areas of interestidentified in previous surveys or to monitor the tem-
poral evolution of sites. These surveys cover areas ranging from a few square meters
to a few hundred square meters. The fields of application are varied, ranging from
industrial metrology requiring measurement accuracies of the order of a millimeter
to the cartography of a whole archaeological site for its three-dimensional digitiza-
tion. The interest of these very large-scale methods is to generate full 3D models
(i.e., to reconstruct the scene including areas not visible from above such as over-
hangs). We can thus use preferably the term of cartography, more relevant than
that of mapping according to [18]. Tools such as close-range photogrammetry can be
used to reconstruct complex habitats hosting erect species such as corals.
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2.2. Why Is There Such a Difference between Aerial and Underwater Mapping

Cartography in air is essentially conducted using electromagnetic waves. Due to
their limited propagation underwater, acoustic waves are generally preferred for subsea
mapping.

The visible spectrum is almost not attenuated by the atmosphere, whereas in water
red light (A =650 nm) is absorbed from the first few meters below the surface and blue
light (A =450 nm) can penetrate up to a little more than a hundred meters (https://oceanex-
plorer.noaa.gov/explorations/04deepscope/background/deeplight/deeplight html (accessed on
9 July 2021)). Only 1% of visible light reaches 100 m and less than 0.1% penetrates up to
200 m.

Attenuation of visible light in water is due to two phenomena, absorption, which is
related to the interaction of photons with water molecules, and diffusion, which brings to-
gether all the phenomena includes refraction and reflection caused by particles suspended
in the water column or changes in the water physical properties (e.g., temperature, salinity).

Optical systems equipped with their own light source adopt those wave lengths of
the visible spectrum that are the least attenuated in water. For example, blue-green laser
light is commonly used in Underwater lidar systems since, at this wavelength, both absorp-
tion and scattering are minimized [19,20].

In addition to these absorption phenomena, the sensitivity of optical systems to the
turbidity of water is related to the presence of natural or anthropogenic particles whose
nature and size will have a selective impact on the spectrum of radiation observed. The
measurement capacity of the optical systems used will therefore be highly dependent on
a combination of geographical, temporal, and climatic factors that will require a high de-
gree of flexibility in their deployment.

On the other hand, acoustic waves are absorbed much faster in air than in water at
the same frequency. For example, at 10 kHZ, after 800 m the attenuation is total in air (at 15
°C and 50% humidity), while in water the same wave will propagate beyond 10 km. In
water, the attenuation of acoustic waves is mainly due to:

e  Propagation losses due to geometric divergence. The emitted energy is distributed
over an area that is increasingly larger as one moves away from the source;

e  Absorption losses, mainly due to damping, which is highly dependent on the fre-
quency of the wave and the characteristics of the environment (e.g., temperature, pres-
sure, salinity).

Thus, waves of the order of 10 kHz can travel more than 10 km while waves of 500 kHz
will be limited to a few hundred meters. Furthermore, the variations in velocity over the
water column will cause changes in the trajectory of the acoustic wave by refraction. The
heterogeneity in temperature and salinity of the water column, its stratification espe-
cially close to the surface, changes according to geographical locations, seasons, and both
short-term climatic and hydrodynamic events. It requires, then, a precise measurement of
the velocity profiles before using acoustic measurement tools. The velocity of the acoustic
wave in seawater has a value close to 1500 m.s™! (generally between 1450 m.s™ and 1550
m.s’!, depending on pressure, salinity and temperature). In air, the speed of sound is 340
m.s™ under standard conditions of temperature and pressure. The air bubbles, which
might be caused by near-surface hydrodynamics such as, for example, propeller’s cavita-
tion, represent local barriers to the propagation of acoustic waves. Special attention
should therefore be paid when integrating such acoustic sensor on surface vessels.

The properties described above motivate the use of acoustic systems over long dis-
tances, including deep seabed (up to 10,000 m) from the water surface. However, the res-
olution of this type of sensor is highly dependent on the frequency band used, a param-
eter which also conditions the maximum achievable range. Indeed, the higher the fre-
quency of the signals transmitted or received by the antennas, the more directive these
antennas are (i.e., the angle of the emission or reception beam is narrow) the shorter the
range will be.
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Acoustic systems can thus achieve resolutions ranging from several hundred meters
to a few centimeters, depending on the frequencies used and the distances involved.
Acoustic systems can only be submerged since the change of medium from water to air
acts as a total barrier to the propagation of the acoustic wave.

Optical systems can be used from satellites to underwater vehicles to reach the deep-
est depths. The propagation of electromagnetic waves in the visible spectrum both in
the atmosphere and in the first tens of meters underwater allows for a wide range of
applications. These include underwater mapping applications using satellites for ba-
thymetry in coastal and clear waters [21] and airborne laser measurement applications
combining infrared and green wavelengths to measure both the distance from sensor to
water surface and the distance from sensor to seabed [21]. However, these techniques are
generally limited to 50 m of penetration, which is the maximum range of underwater opti-
cal survey systems [22]. It is therefore not possible to map the entire ocean floor from
the surface with these techniques. In order to map deeper sites it is then necessary to
embark the sensors on underwater vehicles. The conditioning of optical sensors in water-
tight enclosures can be carried out but requires rigorous optical calibration due to the
change of media between the external environment (i.e., water), the separating material,
and the medium in which the sensor is conditioned (usually air). The change of medium
and thus of refractive index will therefore have an impact on the trajectory of light rays,
which is governed by Snell-Descartes’ law. For example, the index of air is close to 1, that
of water is around 1.333, and it is up to 1.343 for sea water. The index of optical glass usually
employed for underwater ports is 1.54.

For example, in the case of cameras enclosed in waterproof housings, depending on
the geometry of the porthole and the type of materials used the consequences of these
changes in index may be reductions in field angle, pincushion or barrel distortions, and
chromatic aberrations (the refractive index of a medium is a function of wavelength). In or-
der to limit these phenomena, the use of spherical portholes (or domes) is generally pre-
ferred for use with wide angle lenses.

While spherical portholes eliminate the need for complex correction systems such
as the Ivanoff-Rebikoff [23], they still introduce other optical aberrations (e.g., field curva-
ture) which degrade, to some extent, the image quality [24,25].

These portholes have the disadvantage of their fragility and their exposure to
scratches as well as the relative complexity of realization, especially for high pressures,
and require a good centering between the optical lens and the dome. It will therefore be
necessary to keep quality lenses with a fixed focal length and internal focusing without
moving the optical center. Some details on the characterization of the hemispherical
dome are given in [25].

In addition to the optical constraints on the propagation of light rays in the aquatic en-
vironment, due to the movements of the water surface (caustic), the distribution of light
underwater is often heterogeneous. There are also a number of operational constraints
that limit the implementation capabilities of optical survey systems in an underwater en-
vironment. Coastal areas, especially in very shallow waters, with a submarine relief some-
times very rugged or of variable nature and subject to significant hydrodynamics, are
often difficult to access and their accurate surveys are a real challenge. While measure-
ments using surface vessels are time-consuming, as the coverage of imaging systems is
directly related to depth, airborne or satellite equipment is often limited by water
turbidity or surface conditions in the case of strong hydrodynamics. Underwater inter-
ventions are generally reserved for surveying of areas of limited extension. Moving away
from the coast, although visibility conditions generally improve, satellite and airborne op-
tical sensors reach their limit with increasing depth. Offshore, robotic underwater vehicles
(or sometimes divers) are employed for high-resolution cartography.

In the case of underwater survey, using embedded sensors the mechanical con-
straints linked to the ambient pressure require the right dimensioning of the enclosures
in which the sensors will be packaged. Different materials can be used like aluminum,
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stainless steel, or titanium depending on the desired intervention pressure. The ratio
between the size of the enclosure, the thickness of the material, and therefore the apparent
weight in the water is of prime importance as the capacity of the underwater vehicle to
carry sensors is often limited by the weight.

Another limitation is the transmission of data over long distances underwater. Some-
times several kilometers of cable separate the sensor from the surface acquisition or control
station. The entire data stream must therefore be transmitted over these long distances
without loss and with limited latency for real-time control. The interface connectors to the
waterproof enclosures are critical points both in terms of waterproofing and in guarantee-
ing the bandwidth of the data links.

Some systems have the ability to process data directly in the waterproof enclosures,
onboard subsea vehicles. These on-board processing stations must be designed with a
constant concern for optimization between computing power, electrical power consump-
tion, size, weight, volume, and heat dissipation.

It can be easily argued that the collection of data at great depths, using underwater
vehicles, requires advanced and expensive technical means.

2.3. Underwater Optical Survey Solutions, a Panel of Technologies

Optical survey solutions can be classified according to several criteria, including their
active or passive nature. In the first case, the measurement is carried out by combining the
emission of a signal in the medium and its analysis at reception. Passive sensors are based
on the analysis of waves received from other sources, external or independent in the cal-
culation of the measurement itself. Due to constraints already detailed in Section 2.2, it is
therefore necessary to use light sources, in continuous or strobe mode, synchronized to
the shooting. Unless the source of light and the camera are not relatively calibrated, such as
in a triangulation-based device, the system is still considered “passive”.

Among the active sensors, we can mention techniques based on the measurement
of time of flight (i.e., the time elapsed between the emission of the signal, its reflection
from the object surface and its reception by the sensor). The other technique commonly
used in underwater active sensors is the triangulation technique where the direction of
the signal reflected by the object is measured by knowing the precise transmitter-receiver
geometry.

More detailed technical descriptions and working principles of active optical sensors
in air can be found in Blais [26] and Luhmann et al. [27].

Previousstudies have already been carried out over thelast 20 years to describe existing
technical solutions for underwater optical imaging and to report on their performance
and developments. In 2001, Jaffe et al. [28] reviewed the development of optical systems,
mainly active, for underwater mapping such as Range gated imaging systems [29] and
synchronous scanning systems (e.g., the Laser Line Scan (LLS)) [30].

Kocak et al., in 2005 [31] and in 2008 [32] described advances in underwater imag-
ing, namely image formation and image processing methods. This included a review of
extended range techniques based on time discrimination/range-gated methods; on spatial
discrimination/laser line scan (LLS) methods; on imaging using structured lighting; on
scattered light rejection using modulation/demodulation techniques; on polarization dis-
crimination; and on multiple perspective image construction.

In 2008, Caimi et al. [33] wrote a complementary study in which they provide a
summary of recently reported research in the area of underwater optics and vision and
briefly covered advances in image formation and image processing methods; extended
range imaging techniques; imaging using spatial coherency (e.g., holography); and mul-
tiple-dimensional image acquisition and image processing.

In 2011, Bonin et al. [34] presented an extensive survey of components, techniques,
and methods used to build underwater vision systems, with a special focus on the use of
polarized light to overcome the undesired scatter present in images.
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In 2013, Bianco et al. [35] compared the performance of sensors based on structured
light and passive stereo for 3D reconstruction for short-range applications.

In 2015, Massot-Campos and Oliver-Codina [36] published a survey on optical
sensors and methods for 3D reconstruction. They proposed a classification according to the
measurement method and included a quantitative comparison of the performance criteria.

Recently, in 2019, Castillon et al. [37] review the performances of several underwater
3D scanners, from both research and commercial domains.

This article presents a simple description of the different technologies or survey meth-
ods without going into detail. Table 2 provides the main characteristics, scale levels, and
standards for each of these methods. A distinction is made between sensors deployed
above the water surface and sensors deployed underwater.

Table 2. Scales and methods for seabed mapping modified from Piel and Populus 2007 [38,39].

Sam Resolu- Distance Ref to
Coverage tion Technol- IHO S-
Method  Descripti li - t le Cat
etho escription g:;g (km2h) Horizon- ro.r:Cf)b ogy Comments Scale Category 44
tal (m) J Standard
Very Me- Very
Small dium Large Large
Depending of
ot el o
sensors tis zctral }II’.hoto to >1000 1000t0 10 Approx  Optic conditions: sea X 2tolb
P 1:30000 200 km '
grammetry surface, water
turbidity
Depending of
Airborne LiDAR Technology
Airborne Bathymetry (ALB) 1:30,000 Alt and environ-
orne ba y ey . to >10 10tol Approx Optic mental condi- X X 2tola
sensors Aerial two media .
:5000 300 m tions: sea sur-
photogrammetry
face, water tur-
bidity
Depending of
Unmanned Aerial ) ;54 zﬁfﬁiﬁfﬁ
Airborne Vehicle (UAV) Alt . .
to <10 <0.1 Optic  mental condi- 2tola
sensors Borne bathyme- 50-150 m .
. 1:1000 tions: sea sur-
try LIDAR
face, water tur-
bidity
Low frequency
H - ech : sin-
z:rﬁ e Oscilér;ij S 1110000 100 m to Large footprint
grap . g to 5to100 100to1 Acoustic  due to large 2tola
acoustic multibeam, low 10,000 m .
. 1:1000 beam width
sensors  frequency side
scan sonar
High resolution
echosounder or
High side scan sonar, Angular .
. deployed from resolution, di- lato
resolution . 1:1000 to . . .
. the sea surface in 1to5 10t00.01 x100m Acoustic rectly function special
acoustic 1:100
shallow water or of the depth or order
sensors
embedded on un- range
derwater vehicle
in deep water
Visual Underwater video 1:100to 1:100to 0.1to  <I10m Optic NA
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inspection camera 1:10 1:10 0.001

video

camera
Undtzwa- Ultra high resolu- 01 to <special

tion 110 <05 ' <5m  Optic x P
laser scan- . 0.005 order
3D modeling
ner

Close

shoto- o h;gol;resom- 10 <05 0P sm Optic x  <special

P ' ’ 0.001 P order

gram 3D modeling
-metry

2.3.1. Remote Sensing —Satellite Mapping and Bathymetry

Satellite-Derived Bathymetry (SDB) has the advantage of covering large areas of shal-
low water that are remote and difficult to access [40]. It provides bathymetric infor-
mation in unmapped or partially mapped areas at a lower cost, assuming that the water
is clear. The concept dates back to the 1970s and research is continuing to gradually
integrate this type of data into the nautical chart production chain. In contrast to other
survey methods, it requires no mobilization of persons or equipment [41,42].

SDB is a technique based on the empirical, semi-analytical, or analytical modeling
of light transmission through the atmosphere and the water column by the Radiative
Transfer Model (RTM). This approach allows one to get better than 1 m vertical accuracy
[40] but needs either known in situ information of the bathymetry for empirical modelling
or precise atmospheric correction for analytical modelling. In [40], a photogrammetric ap-
proach through water is proposed to achieve the same level of accuracy as the two SDB
techniques described in [41,42].

Productshavealreadybeen developed on thesebasessuchas EOMAP (https://www.eo-
map.com/ (accessed on 9 July 2021)) whichis aservice provider in the field of aquatic envi-
ronment mapping using SDB [43].

Multispectral and hyperspectral imaging sensors can be deployed from satellites, air-
planes, and unmanned aerial systems (UAS) to assess the spectral signature of benthic fea-
ture on the seafloor, thus allowing habitat mapping from seagrass to coral reefs [44].

2.3.2. Aerial Survey, Sensors Embedded in a Flying Vehicle: Airplane, Helicopter or UAS

The most widely used method for mapping coastal areas from an aircraft is un-
doubtedly the bathymetric lidar (Light Detection and Ranging) which is called ALB (Air-
borne Lidar Bathymetry).

Lidar systems are active systems based on ToF measurement technique. The 3D map-
ping is based on the measurement of the propagation time of short laser pulses between
emission and reception after interaction with the surface of the measured structures. In
order to map the seabed, in coastal areas, two different wavelengths are emitted, one red
or mostly near infrared (NIR) and the second one in the visible blue-green band (often A =
532 nm). The NIR(A = 1064 nm) laser is reflected from the sea surface, while the green laser
penetrates the water column and is reflected from the sea floor. These systems allow map-
ping coastal areas in a short period of time, with high point-density and decimetric accuracy.
The overflight is generally carried out at an altitude of 300 m. The penetration of the blue-
green laser (A =532 nm)makes it possible to reach a depth of 50 m in good visibility condi-
tions. Along the coastline, the land and sea areas can be mapped simultaneously. The con-
tinuity of mapping between the land and sea areas avoids the gap that is sometimes ob-
served due to the use of different technologies or in referencing data to a common datum.

Currently, most ALB systems used in hydrography can reach the specifications of the
S-44 THO (https://iho.int/ (accessed on 9 July 2021)) standard [10].
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Aerial photogrammetry or two-media photogrammetry, described over 70 years ago
[45] to more expensive solutions such as airborne lidar or acoustic sensors from survey
vessels for very shallow water bathymetry. This technique is applicable up to a depth of
ten meters in clear water, enabling topological, bathymetric and underwater imaging in-
formation to be obtained, which is important for coastal management.

As already describe in Section 2.2, areas along the shoreline are particularly complex
for surveys from naval units. In addition, the coverage of MBES-type sensors (Multibeam
Echosounders) is very limited at shallow depths, at only 4 to 5 times the water depth.

The coastal zone is however subject to the effect of waves and tides and is the scene of
erosion or accretion phenomena. Added to this are anthropic pressures, hence the need
for regular and precise monitoring.

However, underwater surveys based on aerial images are impacted by refraction phe-
nomena at the air-water interface and in the water column. These effects are all the more
difficult to address as the water surface is rarely static.

A purely mathematical approach to photogrammetry through the water surface
has been formulated by many authors [46-51].

However, itisstill difficult to compensate precisely for the effect of refraction at the water
interface, as this interface is constantly changing its orientation in relation to the camera.

An approach using a recent machine learning procedure that can recover depth on
the derived dense point clouds, and then corrects the refraction effect on the original im-
aging dataset, exploiting image transformation and resampling techniques is proposed in
[52].

The results presented on four sites in Greece and Cyprus achieved the IHO specifica-
tions under ideal weather conditions.

2.3.3. Submerged Sensors

Underwater Laser Line Scanner — A Spatial Discrimination Method

As described in [11], generally submersed optical active systems make use of coherent
light (laser) for a better light propagation, suitable for long range acquisition [53], and for
the capability to make beams highly collimated, although triangulation based systems
using fringe projection techniques have been developed such as those presented in Brauer-
Burchardt et al. [54], Bruno et al. [55], and Zhang et al. [56].

These laser scanner systems, whether triangulation or ToF, scan the entire scene to
completely reconstruct its 3D structure. They can be coupled with other sensors such as
video cameras with associated lighting to apply a colorimetric texture to the resulting
model. Scanning can be carried out either in station mode, i.e., the scanner is placed on a
tripod and a 2-axis actuator (Pan and Tilt). This Pan and Tilt system ensures coverage of the
laser beam in all directions. Increasing the number of surveying positions and merging the
point clouds it is possible to cover the entire scene. Spherical targets can be placed on the
seabed to facilitate the merging of point clouds and increase alignment accuracy
(https://www.subseauk.com/documents/presenta-
tions/adam %20lowry%20(3d %20at%20depth)%20-%20taking%20lidar%20subsea.pdf
(accessed on 9 July 2021)). This method is used particularly in industrial metrology appli-
cations. The model is generated in a relative datum which can then be georeferenced using
external data or ground control points.

Site mapping can also be performed by fixing the laser scanner system on a mobile,
ROV, or AUV underwater vehicle. In this case it is the movement of the vehicle that pro-
vides coverage of the scene. The point cloud is then produced by associating the position-
ing information from the vehicle’s positioning system with each single point cloud. It is
therefore necessary to control the accuracy of the positioning system in order to ensure the
accuracy of the resulting 3D model.
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Close Range Photogrammetry

As mentioned in Section 2.2, underwater photogrammetry generally requires images
tobe taken fromunderwater sensors at short distances from the scene. We can thus associate
the term close range photogrammetry, which according to some definitions (KB Atkin-
son) is used for distances less than 100 m or 300 feet [57].

Already in the 1970s we see a growing interest in the use of underwater photogram-
metry. In [57] we find already a description of the main principles governing underwa-
ter photogrammetry (underwater camera and optics, multi-media photogrammetry, un-
derwater lighting).

The proximity of the camera to the scene will require the generation of a large number
of images to complete the survey.

Structure from Motion (SfM) is an image-based technique, which estimates image
orientation (motion) and 3D coordinates of image points (structure) with or without self-
calibration automatically and simultaneously on the principle of triangulation. The rela-
tive positions of the camera and the 3D geometry of the object are then determined auto-
matically without the need for a priori positioning information or the manual setting of
ground control points. To achieve this, processing is based on a highly redundant, iterative
bundle adjustment procedure, based on a database of features automatically extracted from
a set of multiple overlapping images [58,59]. The scene can thus be reconstructed in 3D
within a scale factor, which can be set either by imposing a distance constraint on a known
object (e.g., scale bar, standard object) or by using external navigation sensors providing an
absolute position of the sensor.

Current photogrammetric techniques using stereo camera systems make it possible
to achieve very high levels of accuracy, as presented in Section 3.3.2.

It is important to state that accurate scaling does not mean accurate surveying. For
example, a scaling process using scale bars installed on the site provides constraints that
are precise but scattered throughout the area. With this method, it is difficult to limit the
drift of the 3D model except by multiplying the number of scale bars and, therefore, the
operational work while increasing the impact on the site. Indirect methods, on the other
hand, allow the scale constraints to be multiplied throughout the survey area, following
prior calibration (for example by using a pair of stereo cameras). This calibration can be
carried out on site, and the results can then be accurate in respect of this calibration. How-
ever, this does not solve the drifts that can then be observed due to the uncompensated
systematic errors that we do not take into account in the standard perspective model used,
mechanical instability, the variability of physical parameters such as water pressure, sa-
linity, temperature, etc.

However, it is important to mention that close range photogrammetry in underwater
environments is subject to multiple constraints including particle scattering in the water
column, random refraction of sunlight on the non-uniform water surface, and rapid ab-
sorption of sunlight requiring adapted lighting. Artificial lighting must be uniform over
the images to ensure robust feature detection in the images and matching. The integration
of systems based on this technology for surveys in extreme environments can be more
complex than simply loading a camera onto an underwater vehicle (Section 2.2). Indeed,
remote camera control and data pre-processing require high-tech equipment. In order to
deal with these constraints, industrial solutions have been developed and are presented
in this article (Section 3.3.2).

3. Survey in Oil and Gas Industry
3.1. A Chain of Successive Phases Requiring the Support of Geomatics

As defined in Section 2, the industry uses both medium and large-scale surveys for its
subsea, lake, or river facilities. The offshore oil and gas industry requires many survey
and mapping throughout the life cycle of an oil and gas field (Figure 1).
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Due to the reduction of oil resources in easily accessible areas (onshore or in shallow
waters), deep oil fields have been developing since the 1960s. There are many deep offshore
fields, beyond 200 m depth, mainly in areas such as the Arctic, the North Atlantic Ocean,
North Sea, East and West Africa, the Gulf of Mexico, South America, India, South-East
Asia, and Australia.

Generally, due to the increased complexity of deep-water operations, survey require-
ments and specifications are more stringent the greater the depth.

Geomatics support during the upstream oil and gas life cycle

Access =) Exploration & Appraisal D

Production Retirement

Coordinate
Reference Systems,
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& contextual GIS
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Figure 1. Geomatics support during upstream oil and gas life cycle [60].

As described throughout the life cycle of the assets, the need for mapping and
inspections is significant, recurring with very differentlevels of scale and accuracy require-
ments.

The Table 3 provides an overview of all the survey activities required in the subsea
industry. Survey scale, specifications, and the applicable optical survey solutions are also
provided. Each phase will be detailed in the following sections.

3.1.1. Exploration Phase

During the exploration phase, a general geomorphology map of the area is required
to identify the sites of interest where drilling will be carried out. Large-scale mapping sup-
ports drilling activities including hazard assessment, Environmental Impact Assessment
(EIA), and Environmental Baseline Study (EBS). Ultra-deep fields are mainly located in
the Gulf of Mexico or off the coast of West Africa and have been developing since the
2000s. Today they reach depths between 1500 and 2000 m. These deep zones, which until
now have been little considered and therefore little studied, are now attracting interest
and the concern for the preservation of deep habitats is being felt in exploration and exploi-
tation projects. Although there are no international regulations, deep offshore environ-
mental impact assessments have become more widespread in the last ten years or so. The
rules for mapping and monitoring these environments depend on each country but some
operators are trying to adopt a set of best practices to limit their liability in areas where
there are few rules in place [61].

A description of the technical methods used in three deep-sea environmental studies
off of Angola, Nigeria, and Congo can be found in [62].

EBS is typically performed using a multibeam echo sounder, side-scan sonar, and
video transects coupled with sediment sampling (e.g., box corer (https://en.wikipe-
dia.org/wiki/Box_corer (accessed on 9 July 2021))). 3D reconstruction is not mandatory
but could be used in the future for habitats of special interest requiring increased monitor-
ing.

Optical survey is limited here to video transects from towed sledges or ROVs or now
even AUVs.
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3.1.2. Appraisal Phase

During the evaluation phase and the preparation of the development phase, it is neces-
sary tocarry out a high-resolution “Seabed survey” to determine its topology. This cartog-
raphy allows engineers to identify potential geological constraints to the design of the
field.

It is also necessary to carry out a “Debris survey” and “Route survey”, which consists
of detecting any obstacles, man-made or natural hazards, that could hinder the installation
of the structures on the bottom, their connection, and affect their life span. Please refer to
International Association of Oil and Gas Producers (IOGP) guidelines [60] for more infor-
mation.

On some installations, particularly in shallow water, an unexploded ordnance (UXO)
survey is required to ensure that the area is cleared prior to any installation. This survey
requires a very high level of resolution. Because of the extent of the areas to be covered,
acoustic devices are preferred, coupled with magnetic sensors to discriminate the nature
of the objects. Bathymetric surveys should be carried out with full coverage and sub-metric
resolution. Side scan sonar images give information about morphological features, obsta-
cles, and differences in bottom material. This surveys shall be carried out with a resolution
better than 0.5 m. Magnetometers or gradiometers have to be selected with high sensi-
tivity, better than 0.1 gamma.

3.1.3. Development Phase

During the development phase, survey and mapping are mandatory to assist and
monitor operations. During pipe-laying activities, a pre-lay survey is carried out along the
pipeline or cable route just prior to installation. In shallow water and close to the landing
area the pre-lay survey can be supplemented by a UXO survey.

A high-resolution bathymetry mapping is then required to establish existing seabed
bathymetry and existing pipe/cable positions. An optical survey or visual inspection is
necessary to identify potential hazards or obstructions before the laying/trenching of pipe-
lines or cables. This survey should allow to further investigate previously found debris
[63].

During the installation of pipes and their connections, unexpected events can cause
damage to the structures. In this case, it is necessary to map the consequences of these
events at very high resolution for decision support in the continuation of operations.

Once the assets are deployed on the seabed, there remains one essential step which
is the tie-in operation. This step consists in connecting elements such as well head, man-
ifolds, or Pipeline End Termination (PLET) (http://www.oilfieldwiki.com/wiki/Sub-
sea_Structures_and_Equipment/ (accessed on 15 March 2021)) (Figure 2) using rigid spools
and jumpers that ensure seamless fluid flow from one subsea asset to another and, finally,
to processing and storage facilities.

Figure 2. Typical subsea structures and interconnections [64].

Spool and jumpers must ensure a tight connection and allow, despite their rigidity, the
expansion due to the pressure and temperature of the fluid transported without altering
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the integrity of the connection. More details about spool metrology survey are given in

Section 3.1.6.

Immediately after the complete installation of the various structures and pipelines on
the bottom and their connection, an as-laid survey is carried out to verify compliance with
the specifications and the condition of the structures. An as-built survey is carried out
after flooding, pressure test of the pipelines, and just before commissioning. Typically, an
as-laid survey is mandatory to provide the following information [65]:

e  integrity of the coating;

e  integrity, functioning and Eastings, Northings of all Cathodic Protection (CP) anodes;

e evidence of any anomaly such as damage to coating, anodes, obstructions or obstacles
within the corridor;

e  attitude, orientation, position and depth of any specific feature such as Subsea Distri-
bution Unit;

« (SDU), In-Line Tee (ILT), Flowline End Terminations (FLET), manifold, suction an-
chors, etc. (http://www.oil-gasportal.com/subsea-technology-and-equipments/)
(https://oilstates.com/offshore/ (accessed on 9 July 2021));

e  continuous Eastings, Northings, and depth of the sealine;

e relative position of sealine to seabed, identification of buried sections, free-spans; ac-
curate identification, visual inspection and metrology of free spans (Kilometric Point
(KP), length, max height, profile). This inspection is repeated once remedial work has
been carried out.

As oil fields are developed deeper and deeper and further from the coast, pipelines
are subject to ever-increasing pressures and temperatures. Under these conditions,
pipelines create a high compressing load that can be released by buckling (in the hori-
zontal or vertical plane). The stress exerted on the pipeline retained by the ground on the
seabed can be significant and can affect the life duration of the pipeline. For global lateral
buckling, the failure modes of local buckling, strain capacity, and fatigue damages need to
be checked.

In those conditions, internal or external Out-Of-Straightness (OOS) survey of offshore
pipelines is sometimes required during installation and operation. The purpose of external
OOS is the acquisition of data including positioning and visual data [66]:

e  pipeline configurationi.e., X-, Y-and Z. coordinates of the pipelines, generally referred
to the Top Off Pipe (TOP) or Bottom of Pipe (BOP);

e undisturbed sea bottom coordinates along and transversal to the pipeline route;

e anodes status and anticorrosion and concrete coating status along the pipeline route.

Typical requirements for an out-of-straightness survey are:

e  Tobe able to detect a deviation (X, Y and Z) from initial route of +/-10 cm over 100 m
length;
e  repeatability of absolute position better than +/-2 m.

3.1.4. Production Phase

Integrity management of subsea structures is not only an increasingly important
concern with the development of new fields, but also due to the considerable number of
facilities that are now aging and which must be assessed for their life expectancy and
possibly their extension. Today, integrity management is taken into account from the de-
sign of the offshore field and in the planning of projects. The integrity management and
inspection plan is increasingly based on a risk assessment of a facility to fail, referred to as
Risk Based Inspection (RBI). This can assist by indicating the priority and required frequency
of inspection activities, which balances risk reduction against inspection costs. Subsea
inspection, maintenance, and repair (IMR) are key components within an overall integrity
management system [67]. The periodicity of inspections is then based on the degree of con-
fidence in the stability of the state of these installations (i.e., to find the installation in a
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state similar to the previous inspection). Subsea IMR survey concerns all equipment in-
stalled on the seabed:

e  wellhead and tree;

o flowlines/pipelines;

. risers;

e umbilicals, power cable, flying leads;

e  high-Integrity Pressure Protection System (HIPPS);
e  control and monitoring system;

e  subsea processing equipment;

e  subseamanifolds/structures; foundation.

IMR activities also include anchor line inspections and monitoring. IMR survey will
be more detailed in Section 3.1.7.

3.1.5. Decommissioning Phase

Decommissioning is the process by which options for the physical removal and
disposal of structures at the end of their working life are assessed. A plan of action is for-
mulated by the operator, approved by the government, and then implemented. The over-
all timescale for this is several years, as it needs to take into account many diverse factors
and involves many organizations.

In order to prepare the decommissioning operations, it is first necessary to carry out
a site survey to check the state of the installations and to provide necessary measurements
to establish the tools and procedures required for the disconnection and salvage opera-
tions. These surveys are all the more important as on oil fields there is sometimes a lack of
information and equipment may have evolved, no longer complying with the initial instal-
lation documents.

After salvage operation, once the equipment has been removed from the bottom, fur-
ther mapping will be required to verify the absence of bottom residues and the ecological
status of the area.

All these steps employ the various means seen previously, as dimensional control, de-
bris survey, and environmental study.

Table 3. An overview of optical survey solutions applicable to industry’s seabed mapping needs (Digital Terrain Model
(DTM) and measurements requirements).

Type of

Resolution

1 Meth A . (° ical luti
Survey Usual Methods Spec. ccuracy Spec. (°) Optical Survey Solution
O and G Exploration— A general geomorphology map of the area is required to identify the sites of interest
where drilling will be carried out.
MBES and SSS 3D‘reconstruct10n is not mandatoryb ' ‘
EBS . 1to10m 1to10m but Laser scanning or photogrammetry on specific area of in-
Video transects

terest for habitat monitoring could be useful

Oand G Appraisal — It requires high-resolution “seabed survey” to determine its topology and identify
potential geological constraints to the design of the field. It also includes “Debris” and “Route” surveys to detect any man-made or natural obstacle.

UXO surveys can be also required.

Seabed MBES and SSS and
Video survey

survey

3D reconstructionis not mandatory. Laser
0.50 m 0.1m scanning or photogrammetry for object recognition could be
useful

O and G Development—Itincludes a pre-lay survey along the pipeline or cable route prior to the installation.
The deployment operation is monitored and possible damages are surveyed. The tie-in operation consists in connecting all the elements of the
field. After the installation and before commissioning, an as-laid survey is carried out to verify compliance with the specifications.

Pre-lay MBES and SSS and 0.1to0.5m 0.1m 3D reconstruction is not mandatory but
survey Video survey Laser scanning or photogrammetry or
object recognition could be useful
UXO MBES-SSS- 0.1m 0.01 to 0.1 3Dreconstructionis notmandatory. Laser
survey Gradiometer m scanning or photogrammetry for object

recognition could be useful

Spool and Acoustic LBL- 0.001 to 0.05t00.15 Laser scanning coupled to an accurate
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jumpers Inertial-taut wire 0.01m m/0.5 to Navigation system-Close range
metrology -Photogrammetry 1° photogrammetry using reference or
non-contact markers (suitable calibration
procedure)
As laid/ MBES on a ROV; 0.1m 0.01 to 0.1 Laser scanning-Close range
As built Pipetracker; m photogrammetry
surveys INS-DVL
positioning
system
Out of MBES on a +/-0.1 m Laser scanning coupled to an accurate
Straightness ROV; INS-DVL over 100 m navigation system - Close range
(00S) positioning 0.01m -Precision
better than photogrammetry and fiducial markers
survey system om

O and GProduction—Inspection, maintenance, and repair (IMR) are key components of integrity management
system. IMR surveys concern all the equipment installed on the seabed and are planned on the base of a risk assessment (risk based inspection,
RBI). In-line, i.e., internal, and external verifications are scheduled.
1/1000
relative to meas-
ured distance

IMR-Dimensional
Control

Close range photogrammetry —High

0.001m ; .
resolution laser scanning

Video inspection

O and G Decommissioning —It is prepared with an on-sire survey to check the state of the installations and
establish tools and procedures for the disconnection and salvage operations. After removal of the structures from the bottom, a survey is realised to
verify the absence of residues and assess the ecological status of the area.
1/1000
relative to meas-

IMR-Dimensional
Control

Close range photogrammetry —High

0.001m . .
resolution laser scanning

Video inspection
ured distance

3.1.6. Spool Metrology Is Still a Challenge

Spool metrology is one of the most complex and critical survey operations during the
construction of oil fields. The objective of asubsea metrology survey is to determine accu-
rately the relative horizontal and vertical distance between subsea assets, as well as their
relative heading and attitude [68,69]. Table 4 gives typical tolerances extracted from IMCA
specifications [68]:

e  Horizontal position and depth of the hubs;

e  Hub-to-hub slant and horizontal distances (also called baseline);

e Hub-to-hub relative heading and attitude;

e  Spool azimuth (i.e., the bearing of the spool from the hub) and angle of approach

(difference between the spool azimuth and hub headings); seabed profile along the

structure route.

Table 4. Typical metrology tolerances (IMCA, 2017 [68]).

Relative Distance (mm)
Y
50 to 150

Relative Angle (Degrees)
Pitch
0.5t0 1.0

Roll Heading

The most commonly used techniques for subsea metrology until 10 years ago was
long baseline (LBL) acoustics and diver taut wire. The latter one remains a method
used, but only at shallow depths and over short distances generally less than 30 m,
due to its low accuracy. Metrology by LBL remains the most commonly used allowing
measurements over long distances. However, it requires the installation of additional
sensors directly above the structures to perform attitude measurements (heading, roll,
pitch). Each acoustic metrology typically takes 12 to 18 h of costly and specialized vessel
time. Thus, the survey industry is a driver of innovation to put forward new methods
which can reduce vessel time and the operational costs associated with spool metrology.
Today, several alternative techniques are used such as digital taut wire, photogramme-
try, Inertial Navigation Systems (INSs), Simultaneous Localization and Mapping (SLAM)
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solutions and, laser scanning. More information about those techniques can be found in
[27,68,70-72].

Optical survey and 3D reconstruction coupled with SLAM methods are very prom-
ising approaches which may save significant operational time in good visibility conditions
[69,73].

3.1.7. IMR Surveys in Detail

Inspections may further involve internal inspections referred to as In-line inspection
(ILI) with anintelligent pig, especially for pipelines or external inspections [74] (Figure 3).

ILI's pig travels through the pipeline driven by the flow or fluid or may be towed by a
vehicle or a cable. Different tools can be combined in a pig train:

e  Magneticsensors: Magnetic Flux Leakage (MFL). A MFL-pig measures changes in wall
thickness from the inside of a pipeline made of a ferro-magnetic material;

e  Ultrasound technology: Ultrasound technology (UT) is used as a pigging tool to
measure the absolute thickness of the wall;

e Laser-Optical Inspection Tool: The laser-optical instrument provides an image of the
inside wall of pipelines. Defects are thus identified in relation to their distance from
the end of the pipeline (Kilometric Point) and can be measured in width, length and
depth with an accuracy of 0.5 mm. This equipment can only be used in pipelines
carrying transparent fluids and whose walls are clean of any residues;

e Geopig is a pig that measures the global curvature based upon gyro-technology. A
geopig can measure the global curvature with a high accuracy.

Figure 3. In-line Inspection tool from T.D. Williamson (https://www.tdwilliamson.com/ solu-
tionspipeline-integrity/in-line-inspection (accessed on 9 July 2021)).

External verification of structures is usually carried out with visual inspections
and/or optical surveys. Some of the purposes of external inspection are:

e Toassess the state of the cathodic protection (CP) and corrosion of equipment;

e  Inspection of pipe coating structures for damage or cracks. If there has been an impact
by falling an object, or handling equipment or dragging an anchor, fishing, etc.;

e  Pipeline upheaval or lateral buckling, or other displacements. This type of inspection
falls within the scope of the OOS survey described above;

e Inspection of flanges, hubs, condition of structures to which pipelines are connected
that could indicate overstressing of pipes;

e  Leakdetection.

Most of the time, external surveys are performed at different levels of visual inspection
depending on the level of detail required (Table 5). These surveys are usually carried out
using remotely operated vehicles (ROV), although they may be carried out by divers to
a certain depth depending on local legislation and/or practices (e.g., in northern Europe,
typical limits are around 200 m).
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Table 5. Inspection categories, from DNV [74].

Method Tools Description
General Visual Inspection. External condition threats to the pipe-
GVI ROV or divers. line including coating/insulation damage, anode condition, leaks
etc.

WorkclassROV; 3-view digital video
(left/center/right), digital camera, seabed Extended Visual Pipeline survey giving detailed span profiles and
GVIXTD transverse profiles (such as side scan or  depthofburial. Higher degree of precision with respect to position-
multi-beam sonar), CP (gradient and stab) and ing pertaining to the pipeline KP system.
Pipe Tracker (depth of burial).

Close Visual Inspection. After cleaning step. The Establish a de-

CVI Diver or workclass ROV o . e
tailed inspection of an area of specific interest.

Workclass pipeline ROV, in
HPS conjunction with high accuracy calibrated po-
sitional equipment.

High Precision Survey. Determine the absolute position and rela-
tive year to year lateral movement of the pipeline on the seabed.

In-Line Inspection. Intelligent pigging of the pipeline.
Utilizing various non-destructive testing (NDT) methods to meas-

LI In-Line Inspection tool. ure continuous end to end pipeline wall thickness loss or pipeline
anomalies/defects.
Following up of e.g., corrosion probes, impressed current system,
Monitoring process parameters, fluid composition, chemical injection, and
monitoring of loads/stresses/strains/displacements or vibrations.
Testing System or function testing of equipment or control system.

About the sensors conventionally used for IMR activities, some of which can be
embarked on these vehicles ROVs, AUVs, SHVs, we can refer to the following documents
[75] and DNV-RP-F116 Appendix E [74]. It can simply be noted that the need to obtain
visual information is essential in an IMR external survey and is usually carried out by
a set of cameras that provide full visibility of the structure (e.g., pipelines). Sensors,
which are now mostly acoustic, generate a topological representation of the pipe in
order to measure any anomalies. As described later in this article, the optical surveying
solutions available today allow a three-dimensional representation of the pipelines witha
photo-realistic texture at very high resolution. These solutions are now available to be inte-
grated into IMR inspection vehicles.

In case the visibility conditions are too bad to ensure an optical survey, the alternative
solutions are very high frequency (0.5 to up to 2 MHz) acoustic cameras or scanners which
can be integrated on the same vehicles.

During thelife cycle of oil installations, whether for construction, IMR or field extension
purposes, it is sometimes necessary to perform high-precision dimensional controls in or-
der to design adaptive parts such as clamps, brackets, etc.

These high-precision measurements are a real challenge due to the lack of reliable
tools, which can be used in difficult conditions or in deep water. The expected accuracy is
in the order of 1/1000 or even less.

In that case, laser scanning or close-range photogrammetry are the most relevant tools
to guaranty this level of requirements. Between the different type of IMR inspections,
those concerning chain inspections deserve special mention since they require specificvec-
torstoautomate the survey. Mooring systems are particularly sensitive elements in offshore
installations since they are subject to greatest deteriorating forces, particularly at the sea-
bed touchdown (thrash zone) and at the vessel interface. Permanent mooring systems are
designed for a defined service life, taking into account an estimate of wear and corrosion.
Periodicinspections of the mooring systems are therefore intended to ensure that the instal-
lations are performing as estimated. These inspections are compared with the data from
the initial inspection carried out immediately after installation.
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A set of guidelines are proposed by the American Petroleum Institute (API) including
API RP 2I (API, 2008) “In-Service Inspection of Mooring Hardware for Floating Struc-
tures”  (https://www.api.org/news-policy-and-issues/hurricane-information/gulf-prac-
tices (accessed on 9 July 2021)) which provides useful guidance on inspection and retire-
ment criteria. Class Societies also provide very useful guidance (e.g., American Bureau of
Shipping (ABS), 2009, 2011 (https://ww?2.eagle.org/en/rules-and-resources/rules-and-
guides.html (accessed on 9 July 2021)); BV Note NR 493, 2015 (https://marine-offshore.bu-
reauveritas.com/nr493-classification-mooring-systems-permanent-and-mobile-offshore-
units (accessed on 9 July 2021)); DNV-OS-E301 Position mooring, 2013
(https://rules.dnvgl.com/docs/pdf/dnvgl/os/2015-07/DNVGL-OS-E301.pdf (accessed on 9
July 2021)))[76,77]. Chain inspections consist of a GVI (Table 5) of the entire chain, followed
by a CVIinspection on items requiring more detail or items of major interest or anomalies.
A dimensioning of the links or connecting parts can then be carried out using different tools
according to the needs and conditions.

Chain inspections are generally carried out using ROVs even though stand-alone
systems, deployed along the chain, have been designed and tested. To date, these sys-
tems are complex to implement and their routing near the landing area or interface with
the surface support is limited. Near the surface, in the splash/turret interface area, the
use of mechanical compasses by divers is often preferred, although the dynamics of the
chains in this area make diving operations dangerous. The typical tools used on ROVs are
direct measurement ones such as mechanical calipers. However, they may be distorted
during deployment and therefore need to be recalibrated between successive measure-
ments. There are also simple tools such as the “Go/No-go” tool or the angle fork, which
are indirect measuring devices which require a long and sometimes delicate handling with
ROVs in the case of chain movements [78].

In the last ten years or so, optical measuring systems have appeared such as the optical
caliper system offered by the company Welaptega Marine Ltd., (Halifax, Canada), or
photogrammetric tools like ORUS3D provided by COMEX SA company,(Marseille,
France), which allows for contactless measurement. In all cases, cleaning operations
have to be performed prior to inspection.

3.2. New Technologies to Support Close Range Surveys
3.2.1. Towards Autonomous Underwater Vehicles

In the case of IMR surveys, the proximity of the vehicle to the sea floor and to the
structures to be inspected is necessary to collect high-resolution data and perform visual
inspections. It should be noted that pipeline inspections account for a large proportion
of inspections during “as laid”/”as built” studies or other IMR activities.

ROVs used in inspection operations can range from small light vehicles called Obser-
vation Class, often limited to visual inspections, to Work Class ROVs, which can then carry
amultitude of the larger, heavier sensors [79]. For more information about inspection ROVs
see [80,81].

Always with a view to improving efficiency and optimizing inspection costs, au-
tonomous or semi-autonomous vehicles are attracting more and more interest in the IMR
market.

Although the use of fully autonomous equipment for the inspection of pipelines
is not yet widespread, some systems have already been tested for qualification (Figure 4).
The Hugin and Munin systems from Kongsberg, for example, have been evaluated at sev-
eral sites between 2011 and 2016 [82]. Chevron and Total under their Subsea Technology
Collaboration have been developing technologies to enable pipeline inspection using an
Autonomous Underwater Vehicle (AUV) with Oceaneering company. Some trials have
been performed in 2017, as described in [83].

At the same time, the development of specific ROVs for the optimization of pipeline
inspection is continuing. In particular, the Surveyor Interceptor is an innovative survey
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ROV system developed in close cooperation with MMT Sweden, Kystdesign, and Reach
Subsea [84].

(b)

Figure 4. Pipeline inspection vehicles: (a) MMT-Reach Subsea SROV [84]; (b) Kongsberg HUGIN AUV; and (c) Kongsberg

MUNIN AUV [82].

@

The level of technical maturity and qualification of autonomous vehicles, the regula-
tions in force, and the conservative nature of the offshore industry are all elements that are
currently evolving but do not yet allow the use of fully autonomous devices for IMR in-
spections of subsea assets [75].

However, many developments have made it possible to improve the equipment and
inspection methods in order to increase the safety of operations by reducing the risk of hu-
man error and to reduce operating costs.

In particular, ROVs’ piloting aids nowadays benefit from automatisms such as auto
heading, depth, speed, or even station keeping, and automatic way point tracking [85].

Hybrid vehicles seem to be good alternatives for a gradual move towards autonomy.
They can embark their energy, be used in conventional supervised ROV mode, and also
deployed autonomously for one-off operations. This category includes so-called resident
vehicles or Seabed-Hosted Vehicles (SHVs) (i.e., they are deployed from a base installed
directly on the seabed, close to submarine installations) [86]. It can then operate around
that base to perform a variety of IRM tasks. Many oil companies and operators have
taken a keen interest in these solutions, which reduce the use of expensive surface sup-
port vessels (between 100,000 and 300,000 dollars per day). Among these new machines
are the following (Figure 5):

The Hydrone-R developed by SAIPEM SonSub is a vehicle that can stay 12 months
under water and can perform inspection interventions in autonomous mode within a ra-
dius of 10 km around its base [87]. Freedom ROV is an Oceaneering vehicle that can be
operated for 6 months in water depths up to 6000 m [88]. I-Tech 7 and Subsea 7 have
developed the AIV autonomous inspection system capable of performing unmanned in-
spections of pipelines, umbilicals, risers, and subsea structures [86]. The OneSubsea and
SAAB uROV program on the Sabertooth vehicle is another advanced solution for the IMR
of the future [89].

(b)

(©) (d)

Figure 5. Some examples of Seabed-Hosted Vehicles (SHVs): (a) SAPIEM Hydrone-R [87]; (b) One-Subsea and SAAM
Sabertooth [89]; (c) Subsea-7 AIV [86]; and (d) Oceaneering Freedom ROV [88].
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3.2.2. Moving to Optical Survey Solutions

By looking at all of the mapping needs throughout the life cycle of offshore installa-
tions, it is clear that the need for digital archives and very large-scale, high-precision di-
mensional surveys accompanied by very high-resolution video or photographic render-
ings are part of the standards required by oil companies and field operators.

Faced with these needs, operators acquire asset management systems that gather all
the information that can be collected throughout the life cycle of the field. At the same
time, the oil and gas industry is still a driver of innovation in subsea technologies and
sensors. For more than ten years, multiple underwater optical survey solutions have been
developed and gradually qualified to replace traditional sensors in many mapping and
inspection activities. The most important of these are laser scanning and close-range pho-
togrammetry.

As underwater inspection vehicles are becoming more and more autonomous, the
need for mapping, localization and reconnaissance are also becoming essential develop-
ment areas for future inspections. Optical surveys and Visual Simultaneous Localization
and Mapping (VSLAM) solutions are essential elements in the short and medium term
prospects for equipping new mapping vehicles. For large-scale surveys and structural in-
spections, it is necessary to guarantee 100% coverage.

However, due to the proximity between the vehicle and the scene, the reduced vision
of the operator through the narrow field of view of the cameras (in the case of ROVs),
sometimes reduced visibility conditions, the homogeneity of the scene or the absence of
recognizable points, ensuring an exhaustive survey can become a real challenge.

Obtaining real-time information on the coverage but also the quality of the acquired
data is crucial in offshore activities where the daily cost of operational means is very high.
This is why the challenge is not only to produce 3D models, even in real time, but to be
able to ensure with a set of indicators that these data are of a level of quality in line with
the requirements of the final result. The post-processing of laser scanning and close-range
photogrammetry data is time consuming. Waiting to assess the quality of the obtained
results is not always possible.

Real-time SLAM or VSLAM solutions for ROV guidance or for coupling to the navi-
gation systems of autonomous vehicles are proving to be increasingly useful in the context
of both the search for autonomy in inspection systems and the need for high-precision
digital archives. As described in Section 3.1.4, IMR surveys are the basis for asset moni-
toring and constitute the digital archives of the facilities. The requirements for accuracy
and precision are increasingly high, often up to the order of 1/1000 in dimensional control.

The mapping and inspection requirements, methods, and procedures described here,
in relation to offshore oil and gas installations, can be applied to the offshore, wind or tidal
power generation industry.

Even if the operational means are not of the same order of magnitude as those used
in the oil and gas industry, the civil engineering industry is moving more and more to-
wards digital archiving and digital monitoring of structures, referred to as BIM (Building
Information Model).

The use of digital tools and BIM has revolutionized the planning and construction
phase of structures. It provides architects and construction workers with the information
they need to collaborate more effectively between planning and construction. Beyond the
construction phase, BIM allows for Smart Maintenance of structures and an enrichment
of knowledge on the behavior of structures.
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3.3. A Growing Off-the-Shelf Product Offering
3.3.1. Some Archives from the Late 1970s

Already at the end of the 1970s photogrammetry was being used for underwater in-
spections by saturation divers on oil and gas platforms.

Hunting surveys, a British company specialized in aerial photography, first became
involved in underwater photogrammetry in 1977 to measure the damage to a platform in
the North East of the Shetlands. A hole appeared at a depth of 100 m requiring the instal-
lation of a repair plate, which had to be prefabricated to fit the hole to minimize the diving
time.

Three companies, Hunting surveys (London, England), Underwater Marine Equip-
ment Limited (Alton, England), and Camera Alive Limited (Aberdeen, Scotland) formed
an association in September 1980 to provide a complete underwater measurement pack-
age. They integrated two UMEL cameras based on the Hassenblad 70 mm format to pro-
vide an equipment which could be operated by divers or fixed on a submarine (Figure 6).

Back at those times, the use of photogrammetry was already seen as a way to save
time in underwater inspection operations, to reduce the intervention time of divers and,
thus, to reduce the cost of offshore operations.

Figure 6. Some illustration of Photogrammetric survey equipment proposed by the association of Hunting surveys,
Underwater Marine Equipment Limited, and Camera Alive Limited (a) and (b) operate by a saturation diver in North
Sea and Congo; (c) Integration on a submersible (Courtesy of John Turner, Camera Alive Limited).

3.3.2. Close Range Photogrammetry, Turnkey Solutions

Inthelasttenyears, several companies have launched themselvesinto the realization of
integrated photogrammetry systems, installed on remotely operated vehicles or that can be
used by divers. These 3D reconstruction systems can be either based on the only principle
of photogrammetry or on the fusion of data from several complementary sensors. Among
the development of these solutions, we can cite the French project ROV3D, later called
ORUS3D®, as marking a real turning point in the integrated solutions of underwater pho-
togrammetry.

This project, approved by the competitiveness cluster “Pole Mer PACA”, in 2010, was
partially funded for a three-year period in the scope of the Fond Unique Interministériel
(FUI).

The consortium consists of a university research laboratory, LSIS (Unité Mixte de Re-
cherche CNRS 7296), and two industrial partners, Compagnie Maritime d’Expertise
(COMEX) and SETP. COMEX specializes in high-tech underwater operations, and SETP in
dimensional control using optical systems [90]. The prototype, finalized in 2014, has made
it possible to carry out high-resolution surveys with millimeter accuracy without any
physical markers being installed or deposited on the seabed or structures.

The main ROV 3D/ORUS3D® approach is built on synchronized acquisition of
high- and low-resolution images by video cameras forming a trifocal system.

Another close-range photogrammetry solution is the RECON3D from ZUPT com-
pany [91] ((Figure 7).
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(@)

Figure 7. (a) COMEX SA ORUS3D® system [92]; (b) ROVCO Subslam X2 [93]; and (c) ZUPT 3D Recon Solution [91].

(b)
(©)

The system comprises an Inertial Motion Unit and 3 cameras synchronized. The use
of the three cameras allows one to adjust the stereo baseline according to the proximity
of the object. This principle should limit the triangulation error and increase the image
overlap for closer targets. Particular attentionis paid tolighting with a specially designed
lens for balanced illumination across images and a light intensity live adjustment.

As mentioned in [91], coupling IMU and stereo vision allows one to limit the number
of images to be processed compared to pure image processing, increases performance in
the case of poor visibility [93], and offers real-time processing and better accuracy than
1/1000 or the system from MCS Oil which is also integrated on ROV and can reach an
accuracy of 1 mm on an distance of 1 m [94].

3.3.3. Subsea Laser Scanning Solutions

3D reconstruction systems using laser technology are well described in Massot Cam-
pos and Oliver-Codina [36]. A description of the main suppliers of standard solutions is
presented with an analysis of the advantages and disadvantages of the different technol-
ogies. Whether ToF systems such as the SL3 system from 3D at Depth or triangulation-
based sensors such as 2G Robotics and Savante, line laser scanners can be deployed either
on a fix mode, in multiple stationary locations, or in motion on ROV or AUV vehicles
equipped with an INS navigation system for motion compensation. In addition to these
solutions we can cite the SeaVision® system from Kraken Robotics which uses a Tri-Color
laser system to produce color images and integrates an INS to compensate for platform
movements (http://krakenrobotics.com/wp-content/uploads/2017/11/Kraken-SeaVision-
Brochure-17.11.27.pdf (accessed on 9 July 2021)).

CATHYX also offers a range of imaging solutions that can be integrated on ROV or
AUV. The SCOUT or PATHFINDER systems are fully integrated systems consisting of a
linear laser scanner synchronized with still images and video systems. This allows the 3D
laser information to be coupled with the video images to apply a photorealistic texture.
Photogrammetric processing of the acquired images can also be performed in post-pro-
cessing (https://cathxocean.com/pathfinder/ (accessed on 9 July 2021)).

3.3.4. What about the System Qualification

As more and more photogrammetry solutions and processing tools appear on the
market, it is sometimes difficult to differentiate between systems that are actually de-
signed to provide metrological results (Table 6). It is thus difficult to obtain reliable and
certified data to guarantee accurate restitution. This is the difference between “simple” 3D
reconstruction solutions and metrology systems applicable in the challenging oil and gas
industry, such as in dimensional inspection or coil metrology operations.
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Table 6. A panel of subsea photogrammetry commercial solutions.

Company Range Max Resolution Real Applications, Track
Product Method Depth Accuracy Time Pro- Record & Qualification
Name (m) (mm) .
Rate (m) cessing g
COMEX ORUS3D Photogram- 0.5-3 6000 0.1 1/1000 Yes- IMR, DIMCON, Spool
SA metry embedded metrology, OOS, Pipe
Trifocal inspection, Mooring line
sensor Inspection-BV Marine
certification
ZUPT 3D Photogram- N.A. N.A. N.A. 1/1000 Yes- IMR, DIMCON, Under
RECON metry embedded Hull Positioning,
Stereo Augmented Reality,
and Spool metrology, Pipe
Inertial & inspection, Mooring line
MU inspection
ROVCO SubSLAM Photogram- N.A. 1000 N.A. 0.7/1000 Yes- IMR, DIMCON, Spool
X2 metry embedded metrology, Pipe
Stereo inspection, Mooring
line inspection
Photo Photogram- IMR-Pipeline
Realistic metry Reassessment and
3D Life extension, Spool
Cloud metrology, OOS, Pipe
inspection, Mooring line
MCS Oil N.A. 1000 N.A. 1/1000 No inspection, Umbilical
inspection, Subsea
Stereo decommissioning survey,
(PRC) -

Mathematical volume

Analysis for As-Laid
As-Built and Pre Post
trenching

In order to meet this need for qualification, companies that provide 3D reconstruction
solutions have to design processes to validate the performance of their systems. For ex-
ample, COMEX SA started in 2019 a qualification process for the ORUS3D® solution with
Bureau Veritas Marine (https://group.bureauveritas.com/ (accessed on 9 July 2021)) to cer-
tify two applications, chain link measurement (performed on 55 cm long chain links) and
spool metrology (Figure 8).

In the first case, a comparison between survey performed with COMEX ORUS3D®
system and a calibrated vernier caliper according to BUREAU VERITAS NR-493-DT-R03-
E (http://erules.veristar.com/dy/data/bv/pdf/493-NR_2015-12.pdf (accessed on 9 July
2021)) demonstrated an accuracy of 0.36 mm (http://www.comex.fr/orus-3d (accessed on
9 July 2021)).

However, how one should transfer the results of a qualification process obtained in
controlled conditions to the real operational environment is still an open issue.

For the spool metrology qualification, a high accuracy underwater 3D reference test-
field was set up in a test pool. The test-field consists of 200 optical targets placed over a
length of 30 m and measured with a multi-triangulation technique using a laser tracker
and an industrial total station (estimated accuracy of reference 3D coordinates <1 mm).
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Figure 8. ORUS3D® Spool metrology qualification (http://www.comex.fr/orus-3d/ (accessed 9 July 2021)). (a) A panoramic
view of the pool transect; (b) 3D mesh with superimposed coordinate reference system; and (c) RMSE results.

The optimization of the calibration algorithms, the integration of temperature and pres-
sure values for image rectification, the integration of data from an on-board Attitude
and Heading Reference System (AHRS) in the bundle adjustment have made it possible
to achieve an accuracy of better than 1 cm at 30 m distance with a single path [69,73].

ROVCO, (Briston, England), in their web page and description of the SUBSLAM X2
system, provide comparative results between a dry dock survey with a Leica P40 laser
scanner (in air) and a survey after filling the hold with their photogrammetry system. The
accuracy of the announced point-to-point measurement is sub-millimeter over a distance
of 1 m (0.67 mm/m). The accuracy of the 3D point cloud in real time is announced to be 16
mm [93]. Table 6 provides a summary of the main solutions available on the market and
their key specifications.

4. Discussion: Are Underwater Optical Survey Solutions a Mature Technology for the
Industry?

Optical surveying offers precision and resolution performance unrivaled with acous-
tic systems in very large scale surveying. For these applications, close range photogram-
metry appears to be a simple solution when compared to other acoustic or laser systems.
The latter techniques, for dynamic surveys, require the acquisition of positioning data and
the three-dimensional reconstruction is constructed at least partially on the basis of this
information as detailed in Section 2.3.3.

Even if the overlap between the laser or acoustic signals can be used to improve the
quality of the pose estimation, the accuracy of the surveys made by these methods is gen-
erally linked to the accuracy of the sensor chain required to compute the transducer pose
(i.e., acoustic positioning, attitude unit or inertial motion, pressure sensor, etc.). This in-
cludes both the accuracy of each of the sensors individually and the accuracy of the lever
arm measurements between the sensors and the scanning system. The integration of such
equipment on underwater vehicles is therefore complex and requires mobilization time.
The photogrammetric survey requires only a few sensors, e.g., one or two cameras (in case
of a stereo pair). As detailed in the Section 2.3.3, the 3D model thus obtained is subject to
a global transformation to be representative of reality. First, a scaling factor has to be ap-
plied generally using or ground control points, scale bars, or a stereo camera. Therefore,
the use of a stereoscopic system, which does not require the deployment of targets or
equipment on site, generally saves mobilization time. The resulting 3D model is refer-
enced in a local reference frame and can be georeferenced using navigation data (external
source) or ground control points of known coordinates in the global reference system. It
is then important to specify that the accuracy to which we pay attention in the large scale-
survey is the local accuracy, at the scale of the 3D reconstruction itself and not the accuracy
of the localization in the global reference frame. In the case of photogrammetry, the accu-
racy of the 3D model obtained is mainly related to the quality of the images. This notion
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of quality can be linked to the image properties (exposure, contrast, sharpness), environ-
ment properties (presence of particles, visibility), and scene properties (texture heteroge-
neity, moving objects). All of these properties will condition the automatic feature extrac-
tion efficiency (number and robustness of key points) and the quality of image orientation.
Other parameters will affect the accuracy of the reconstruction as camera calibration or
scaling method. Nevertheless, georeferencing data is used to allow the inspection site to
be found between different survey sessions, and metric accuracy is usually sufficient.
Only vertical, azimuth, and depth references are often relevant and can be solved by using
sensors directly coupled to the cameras. This weak constraint on the absolute positioning
allows an easy integration of photogrammetric survey systems on underwater vehicles
compared to the other techniques. There is no need for numerous electrical connections
and inter-sensor lever arm measurements,

Beneath the apparent simplicity of photogrammetric processing, linked in particular
to the numerous software programs available for an automated process, 3D reconstruc-
tion using this technique requires many precautions for a metrological application (Sec-
tions 2.2 and 2.3).

As noted earlier in the IMR inspection requirements, large-scale surveys of complex
underwater structures present a technological challenge both in terms of the operational
aspects and the very architecture and qualification of the inspection systems themselves.

The areas of intervention can be difficult to access and sometimes very deep, but op-
erationally the most delicate situations in terms of inspection remain the shallow areas
subject to the strong influence of waves and currents. The implementation of remotely
operated vehicles in these conditions to move between jacket legs without damaging
structures or sensors requires efficient, real-time, and reliable feedback for the pilot of the
vehicle. The constraints of daily costs for the implementation of remotely operated equip-
ment and the immobilization of surface vessels requires a guarantee of exhaustiveness of
the surveys carried out, the optimization of the time of occupation of the equipment and,
of course, a quality control in real time (or very slightly delayed, i.e., a few hours). The
typical example of spool metrology on the critical path of the construction of the offshore
site requires the delivery of qualified results in less than 48 h, including the survey. In
order for optical survey solutions to meet these requirements, it is necessary to optimize
the data processing chains to achieve processing times compatible with the need for rapid
on-site rendering.

One of the main challenges of 3D underwater surveys is to guarantee their precision,
accuracy, and resolution. It is therefore essential to define quality indicators on the data
acquired at the same time as the survey in order to guarantee an acquisition that can be
used in accordance with the required specifications. This online quality control is a major
requirement in the industry.

One of the interests of regular digitization of structures is their temporal follow-up.
Thus the variations between two surveys must be discriminated from the potential errors
observable at the end of the processing of these multiple surveys.

The quantification of errors in resolution, accuracy, and precision must therefore be
carried out for the environmental and operational conditions encountered during the sur-
vey. Indeed, these errors may be dependent on visibility, image scale, good mechanical
alignment of the sensors, pressure and temperature, velocity of sensor movements during
measurements, etc.

Finally, the qualification of the data sets and the provision of metadata of quality
estimation will allow one to combine and aggregate several data sets from different
sources either for the constitution of a 3D model of a large area or for a temporal compar-
ison, whose acquisition could be carried out following several campaigns and with differ-
ent equipment and methods.

This approach can be fully compared with that used by hydrographic services, ac-
cording to the S-44 standard [95] for the operation of bathymetric surveys from multiple



Remote Sens. 2021, 13, 2789

27 of 33

sources (organisations, companies, equipment, methods, etc.). We can also cite the bathy-
metric databases such as GEBCO (https://www.gebco.net/ (accessed on 9 July 2021)) or
the European Marine Observation and Data Network (EMODnet) (https://www.emod-
net.eu/en (accessed on 9 July 2021)), which are the result of the aggregation of surveys that
can be very heterogeneous [8].

The oil and gas industry, but also the civil engineering construction and monitor-
ing fields are gradually moving towards optical survey solutions for three-dimensional
cartography and digital archiving. In any case the industry requires high-level stand-
ards in terms of measurement tool qualification, reliability, and robustness of the
equipment used, but also in terms of performance and always with the objective of lim-
iting operating costs. Considering the wide range of solutions available on the market, it is
important to identify the necessary criteria for the selection of the right tool for the surveys
to be carried out.

1.  Acquisition criteria: according to the size of the areas to be covered, the visibility con-
ditions, the complexity and structure of the elements to be surveyed. The right settings
have to be set as field of view, coverage rate and vehicle speed, minimum and maxi-
mum distance from the sensor to the scene, and the tolerance of the variation of this dis-
tance during the survey etc. The systems should be able to adjust these parameters
during the survey according to the environmental conditions. Depending on the
structures or the seabed texture, and particularly its homogeneity, the system has to
extract features in any condition which requires high resolution sensors and an adap-
tation of the survey method (distance to the bottom, speed of displacement). The pres-
ence of moving objects may affect the survey. For example, the presence of algae or ma-
rine growth which can need a cleaning of the structures before scanning.

2. Restitution criteria: Resolution, accuracy, and reliability are critical factors constrain-
ing the choice of sensors. Methods of calibrations as well as the tools for scaling or refer-
encing the 3D reconstruction model in a fixed reference frame. The completeness of
the survey and quality control require real-time indicators. Particular attention must
then be paid to the reliability of these indicators to guarantee the quality of the result
to be produced.

3. Implementation criteria: Maximum depth of intervention, the mass and size of
the system will determine the type of vector and therefore the vehicle to be used to
carry out the survey. Energy consumption may also be a key criterion in the case of
deployment on small remotely operated vehicles with an on-board power source, or
on autonomous vehicles. Ease and speed of mobilization on standards vectors and
mechanical and electrical interface are also constraints to be taken into consideration
when preparing operations.

Finally, it should be noted that it is generally interesting to link the survey of a site
or an object to the knowledge that one has on this site and on the objectives of the survey:
for which need, dedicated to which experts etc. This knowledge will guide the whole pro-
cess of survey (i.e., acquisition, processing, and restitution). It is therefore essential to
maintain the link between this knowledge and the survey data. This process can be han-
dled in a more or less automated way depending on the usual methods of each applica-
tion.

Geographic Information Systems are adapting to new data sources from lidar or pho-
togrammetry technologies, generating large volumes of point clouds or 3D models, such
as the ESRI suite (https://www.esri.com/en-us/home (accessed on 9 July 2021)). Some tools
have been developed specifically for underwater archaeological excavation applications,
e.g., Site Recorder (http://www.3hconsulting.com/ProductsRecorderMain.html (accessed
on 9 July 2021)) [96]. The Oil and Gas sector also employs information systems for asset
management. For example Coabis is a tool that is widely used in IMR (http://www.co-
abis.com/index.html (accessed 9th July 2021)) or Abyssal 3D and Augmented Reality tech-
nology (https://abyssal.eu (accessed on 9 July 2021)).
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5. Conclusions

Optical underwater surveying methods cover many fields of application and can be
used at very different scales, from satellite to very large scale surveys. It is in the last case
that optical systems stand out from other techniques, especially acoustic ones, due to their
level of resolution and accuracy. Passive systems such as photogrammetry can be imple-
mented relatively easily but, behind this high degree of accessibility, the problem of qual-
ification of the results must be taken seriously and requires a certain number of precau-
tions in the choice of sensors, their integration for underwater applications, and their cal-
ibration. Due to the low coverage linked to a narrow field of view, the guarantee of both
exhaustive coverage and usable acquisition to reach the expected specifications inevitably
requires real-time processing algorithms. These tools allow one to guide the survey and
to obtain quality indicators at the level of image capture as well as in their exploitation to
produce a faithful reconstruction of the scene. Visual odometry and Visual Simultaneous
Localization and Mapping (VSLAM) techniques are rapidly expanding fields, especially
due to the increase in on-board computing capacities over the over the past decade. Hy-
bridization with additional sensors such as inertial, pressure, or altitude sensors makes
the result of localization and mapping more reliable and robust during non-contact sur-
veys. Due to diffusion and absorption phenomena in the water column, optical sensors
quickly lose efficiency over distance. It then seems interesting to combine acoustic and
optical technologies in order to extend the field of application of these methods to low
visibility conditions. A review of these methods is proposed in [97] and still leaves good
prospects for future work especially in data fusion and extrinsic calibration of both types
of sensors.
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Abbreviations

The following abbreviations are used in this manuscript:

ABS American Bureau of Shipping

ALB Airborne Lidar Bathymetry

AHRS Attitude and Heading Reference System

ALV Automotive Intelligent Vehicle

API American Petroleum Institute

AUV Autonomous Underwater Vehicle

BIM Building Information Model

BOP Bottom of Pipe

CMOS Complementary Metal-Oxide-Semiconductor
cp Cathodic Protection

CVI Close Visual Inspection

DTM Digital Terrain Model

EBS Environmental Baseline Study

EIA Environmental Impact Assessment
EMODnet European Marine Observation and Data Network
FLET FlowLine End Terminations

GCP Ground Control Points

GEBCO General Bathymetric Chart of the Oceans

GNSS Global Navigation Satellite System
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GVI General Visual Inspection

GVIXTD Extended Visual Pipeline survey

HIPPS high-Integrity Pressure Protection System

HPS High Precision Survey

I0GP International Association of Oil and Gas Producers
IHO International Hydrographic Organization

ILI In-Line Inspection

IMCA International Marine Contractors Association
IMR Inspection, Maintenance and Repair

MU Inertial Measurement Unit

INS Inertial Navigation Systems

10C Intergovernmental Oceanographic Commission
LBL long baseline

LIDAR Light Detection and Ranging

LLS Laser Line Scan

MBES Multibeam Echosounders

MFL Magnetic Flux Leakage

NDT Non-Destructive Testing

00S Out-Of-Straightness

PLET PipeLine End Termination

PRC Photo Realistic 3D Cloud

RBI Risk Based Inspection

ROV Remotely Operated Vehicle

RTM Radiative Transfer Model

SDB Satellite-Derived bathymetry

SHV Seabed-Hosted Vehicles

StM Structure from Motion

SLAM Simultaneous Localization and Mapping
SONAR Sound Navigation and Ranging

ToF Time of Fly

TOP Top Off Pipe

THU Total Horizontal Uncertainty, i.e., the XY value
TVU Total Vertical Uncertainty, i.e., the Z/height value
UAS Unmanned aerial system

UMEL Underwater Marine Equipment Limited
UNESCO United Nations Educational, Scientific and Cultural Organization
USBL Ultra Short Base Line

UT Ultrasound technology

UXO Unexploded Ordnance Surveys

VSLAM Visual Simultaneous Localization and Mapping
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