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Abstract

In this thesis a novel approach to the management of multiple payload sonar systems is
described. The objective of this study is the design, development, and experimental
verification of an automated system that facilitates the close-proximity integration and
concurrent operation of multiple similar high-frequency acoustic sensors. The increasing
emphasis in the collection and fusing of multiple datasets of a region of the seafloor is
highlighted, providing evidence that the provision, and combined analysis, of complementary
datasets, affords a more accurate representation of the seafloor, the removal of possible dataset
ambiguities and improved data analysis and interpretation. A literature review of current state-
of-the-art in payload sensor management and UUV payload integration identifies a number of
performance and design shortfalls. By current techniques, UUV-based payload sensor control
management is still very much operator-dependent, employing fixed or pre-deployment
programmed routines. Recent advances in computational technology and real-time
programming techniques afford the ability to process bathymetric data in-situ. The novel
approach of this thesis interrogates real-time bathymetric data to predict the transmission-
reception timing of payload sensor acoustic pulses, thus permitting the ability to synchronise
the trigger of the instruments such that neighbouring return signals of other sonar are not
saturated. The new approach to the automated control of payload sonar is experimentally
tested and results show it to offer enhanced sensor deployment and increased survey efficiency
through the control of sounding density and provides for platform velocity optimisation,
throughout an entire survey. Most importantly, it is shown that the automated system permits
the deployment of multiple high-frequency acoustic sensors concurrently operating in close-
proximity to the seafloor, without the necessity of separating the operational frequencies

compromising the resolution of the acquired datasets.
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Chapter 1

Introduction

1.1 Motivation

The subsea environment represents the last major frontier of discovery on Earth. It is envisioned
that exploration of the seabed, in both our deep-ocean and inshore waters, will continue to present a
multitude of potential opportunities. Recent interest in the ever-expanding exploration for valuable
economic resources [Desa et al 2006], the growing importance of environmental strategies [Diaz et
al 2004] and the mounting pressure to stake territorial claims [Fowler and Treml 2001], have been
the main motivations behind the increasing importance of detailed seabed mapping. Industry,
academia and government are all motivated by the drive to conduct effective, comprehensive and

economical surveys.

Due to the high attenuation of electromagnetic waves underwater, video and radar are unsuitable for
wide-area mapping of the subsea environment. However, the favourable properties of sound
propagation through water make acoustic range sensing possible over scales from centimetres to
full ocean depth. Acoustic applications are the only practical way to chart wide areas of the seafloor

[Hovem 2007].

Sonar technology is an essential part of a modern marine survey system and has been successfully
employed to record the composition, physical attributes, and habitat and community patterns of our
ocean seabed [Kenny et al 2003; Smith and Rumohr 2005]. Today, there are numerous acoustic

devices available for charting the seafloor including multibeam echosounders (MBES), sidescan



sonar (SSS), synthetic aperture sonar (SAS) and sub-bottom profilers. These systems differ in their
acoustic mapping techniques and capabilities, and provide diverse, yet complementary,
interpretations of the seabed. MBES and SSS are considered by the marine community to be the
most commonly used, highly developed and versatile seabed mapping systems available [Kenny et
al 2003]. The advantages of using these two systems individually for seabed mapping are well
documented [Basu 1996; McRea 1999; Prior 1999; Dentzman 2002; Hellequin et al 2003; Kenny et
al 2003].

The fusion of multiple datasets exploits the synergy in the information acquired from multiple
sources, such that the resulting decisions or actions are improved upon what would be possible if
any of these sources are used individually without such synergy utilisation. The fusion of
complementary multibeam and sidescan sonar datasets combines the advantages of each sensor’s
strength and the interpretation of the data they present; the geologic interpretation of multibeam
bathymetry data is enhanced by sidescan imagery, which provides an acoustic characterisation of
the seafloor from which geologic composition can be inferred, while the bathymetric information
improves the representation of the seafloor relief in sidescan imagery by providing the geometric

configuration of the seabed [de Moustier et al 1990; Gueriot 2000].

Investigations into modern seabed mapping techniques have shown that there is an increasing
emphasis on the integration of multiple sonar devices into a seabed survey suite [Evans et al 1999;
Pappalardi et al 2000; Duxfield et al 2004; Lurton and Le Gac 2004; Desa et al 2006]. Therefore,
the provision, and combined analysis, of complementary and comparative datasets affords a more
accurate representation of the seafloor [Gueriot 2000; Fanlin et al 2003], the removal of possible
dataset ambiguities [Wright et al 1996; Hughes Clarke et al 1999; Lurton and Le Gac 2004] and
improved data analysis and interpretation [Pouliquen et al 1999; Duxfield et al 2004; Nitsche et al
2004]. Conventionally, the collection of these datasets occurrs individually [Parrott et al 1999;
Lurton and Le Gac 2004; McMullen et al 2007], but more recently there has been a growing
demand for their simultaneous collection, resulting from the prime consideration of modern
oceanographic surveys to minimise the cost per survey mile while ensuring that the survey products

meet the required standards [Pappalardi et al 2000].

While low-frequency (<200kHz) sonar has a long range imaging capability, the generated datasets
are inherently of low-resolution, a consequence of beam spreading as the area of the projected beam
footprint on the seafloor increases with range [Lurton 2002]. These low-resolution datasets reduce
the ability to discriminate between small-scale features. Conversely, high-frequency (>200kHz)

sonar generates high-resolution datasets, providing greater detail and improving hydrographic
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analysis. However, acoustic wave propagation is restricted by seawater, reducing the range of high-
resolution sonar in particular. Consequently, there exists a trade-off between the frequency of a
sonar system and its achievable range and resolution. Ship-mounted seabed mapping suites, coupled
to attitude and positional sensors, can generate accurately geo-referenced datasets. As a
consequence of the attenuation of the acoustic pulse as it propagates through the water column, the
application of ship-mounted high-frequency acoustic mapping systems is only feasible in
reasonably shallow-water. Remotely Operated Vehicle (ROV) / Autonomous Underwater Vehicle
(AUV) deployed survey solutions can generate high-resolution datasets, due to their closer
proximity to the seafloor, but the underwater environment restricts the use of Global Positioning
System (GPS) due to the high attenuation of the GPS satellite signals. Consequently, deep-ocean
Unmanned Underwater Vehicle (UUV) operations require alternative state-of-the-art navigation and

positioning equipment, if accurately geo-referenced high-resolution datasets are required.

UUVs are ideal platforms for providing the near-seabed capability required, and often demanded,
by marine survey operations [McPhail 2002]. Furthermore, recent technological advancements have
allowed UUVs to provide high-resolution survey capabilities for the largely unexplored deep-water

environments, previously considered uneconomical or technically infeasible [Whitcomb 2000].

In recent years, extensive research has been performed on the development of UUVs [Pouliot and
Smith 1992; Whitcomb 2000; Bildberg 2001; Hagen 2001; Rigaud 2007; Yoerger et al 2007]. There
is a common desire that the survey UUV be capable of carrying a multitude of sensors, of which
MBES, SSS and sub-bottom profilers are considered to be principal [Ferguson and Pope 2000]. The
integration of multiple sensors onto a single platform minimises the relative positional error
between features evident in the various datasets, as the target region is ensonified by the sensors
under the same environmental conditions and geo-referenced by the same navigational data. The
extensive payload capacity and operational versatility of these vehicles can offer a cost-effective

alternative to traditional ship-based oceanographic measurements [McGann et al 2008].

The deployment of UUVs has, by their very nature, necessitated the development of payload sensor
control routines, which manage all sensors onboard during a mission. UUV control is still very
much operator-in-the-loop, employing fixed or pre-deployment programming routines [Hagen et al
2007]. The ability to analyse acquired data autonomously such that a UUV can utilise this data for
navigation and control decisions was previously considered beyond our technological capabilities
[Bildberg 2001]. Recent developments in intelligent sensors have pushed this boundary and have

the potential to provide some very exciting opportunities in the marine world. Indeed, the ability to



simultaneously search a wide area and then autonomously focus sensor attention through sensor

management and vehicle guidance leads to more efficient and effective surveys [Camilli et al 2004].

1.1.1 Problem Statement

It is evident from the preceding discussion that the synergies offered by integrating and
concurrently operating multiple acoustic mapping sonar on an UUV underpin the desire for such an
operational configuration; facilitating the acquisition of multiple datasets of the same seafloor
region, while improving the hydrographical analysis of the data and minimising the survey time and
cost. Additionally, acoustic positioning systems are a necessity for underwater vehicles and of

paramount importance in the accurate geo-referencing of these UUV acquired datasets.

A significant consequence of the integration and simultaneous operation of multiple acoustic
sensors in close-proximity is that of cross-sensor acoustic interference. The contamination caused
by sensor crosstalk severely degrades the resulting datasets, and hence, the data examination and
understanding, leading to inaccuracies and erroneous dataset conclusions. In addition, the operating
frequencies of navigational aiding sensors also add to the signal saturation experienced by parallel

operating sonar sensors.

A review of the state-of-the-art payload sensor control management for UUVs reveals that mission
control strategies are still very much operator-in-the-loop, employing fixed or pre-deployment
programmed routines. This inflexibility prevents in-situ adaption of mission structure essential to
improving operation in a dynamic and unpredictable ocean environment. Furthermore, the literature
review emphasises that the design rationale employed by commercial UUV designers and peer
academics rely on the use of sonar systems operating at distant frequencies, with the result that the

full potential of UUV deployments of multiple high-resolution sensors is unfulfilled.

To allow the fullest operation flexibility and enhanced sensor payload control payload sensor
management must have the ability to adapt to real-time environmental data, allowing for the
adjustments of sensor controls in accordance with the varying seafloor terrain. Moreover, a velocity
loop-back can provide the added potential of optimising the survey speed for a desired dataset
resolution, without the intervention of an operator. The full potential of UUV deployments must

also be satisfied with the deployment of multiple high-frequency sonar systems.

This thesis focuses on the integration and concurrent operation of multiple high-frequency sonar
sensors and offers a novel solution designed to minimise the issues of acoustic interference by

utilising in-situ processing of real-time environmental data. The end result is an automated survey
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approach that eliminates sensor crosstalk, while improving survey productivity and providing

enhanced data acquisition.

1.2 Contributions

The research of this thesis has resulted in contributions to the area of autonomous acoustic payload
sensor control. The main contributions are listed below and further presented and detailed in the

following chapters.

e  An automated multi-sonar controller employing in-situ processing of
real-time bathymetric data to adapt to a dynamically changing imaging

geometry

e  The avoidance of acoustic interference in imaging sonar using a novel
predictive approach to synchronise the transmission-reception of

payload instruments’ acoustic pulses for mapping and navigation sonar

e  The avoidance of acoustic interference in navigation sonar using a novel
predictive approach to synchronise the transmission-reception of
payload instruments’ acoustic pulses resulting in improved navigation

and thereby better quality multibeam and sidescan datasets

e  Simultaneous operation and data acquisition of similar high-frequency

sonar integrated onto a single survey platform

e  Improved sensor deployment and increased survey efficiency through
the control of sounding density and platform velocity, throughout an

entire survey

1.3 Dissertation Overview

This thesis is organised with a structure suitable to present acoustic payload sensor management

within an adaptive real-time framework as an effective approach to optimising the deployment of
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multiple, single survey platform based sonar instruments. The following chapters are organised to
provide a review of the background work applicable to the main research themes, to implement the
proposed centralised acoustic controller and to conduct the experiments required to verify the

claims of this thesis. Short detail on each chapter follows.

In Chapter 2, the fundamental notions associated with the physical nature of underwater sound, and
the effects upon it, are investigated. The propagation of acoustic waves in the ocean is explored, and
their computer modelling and travel time predictions are examined. Sub-sea vehicles and payload
configurations are examined, allowing for a discussion and eventual selection of the candidate
sensors pertinent to this research. A comprehensive investigation into the configuration, seafloor

ensonification, echo construction and data outputs of the sensors is presented.

Chapter 3 addresses the current seafloor mapping techniques employed around the World.
Motivations behind the increasing emphasis in the integration of multiple sonar sensors into a single
marine survey suite are discussed, including the detailing of payload configurations for state-of-the-
art survey platforms. Issues and employed solutions relating to the simultaneous operation of
multiple, close-proximity sonar systems are discussed. Investigations into the emerging important
role intelligent sensors play in today’s modern seabed mapping suites are presented, leading to an
examination of payload sensor management and adaptive control. Subsequently, the rationale

behind the development of the proposed system is discussed.

Chapter 4 presents the Integrated Marine Acoustic Controller System (IMACS). The developed
system is introduced and an assessment of candidate design algorithms is presented. Payload sensor
system integration and data connectivity are outlined. Subsequent design and implementation of the

algorithms and processes are discussed in detail.

Chapter 5 describes the experimental testing and validation of the developed system. The
experimental equipment and deployments are detailed and experimental test results presented. This
includes the initial system substantiation through simulation testing, evidence of cross-sensor
acoustic interference and resulting consequences to sonar data outputs. Real-World deployment and
demonstration of the system’s ability to autonomously adapt to varying seafloor terrain and
simultaneously operate multiple, similar high-frequency sonar instruments in close-proximity while

still producing required survey dataset requirements is presented.

The work and contributions presented in this thesis are summarized in Chapter 6. Discussion,

conclusions, and suggestions for future work are given.



Chapter 2

Underwater Acoustics and

Applications

2.1 Introduction

This chapter investigates the fundamental notions associated with the physical nature of underwater
sound. The propagation of acoustic waves in the ocean is explored, and their computer modelling
and travel time predictions are examined. Survey specifications and data requirements are detailed.
Sub-sea vehicles and their payload configurations are examined for their suitability to wide-area
high-resolution mapping of the seabed, establishing the motive behind the choosing of the acoustic

sensors. The scope and structure of the contained review is as follows.

An introduction to the fundamentals of underwater acoustics is contained in Section 2.2, detailing
the physical nature of underwater sound and the propagation of acoustic waves in the ocean and the
effects upon it, allowing for the definition of these waves by the wave equation. The computer
modelling and travel time predictions of underwater acoustic waves are then examined to ascertain
the most appropriate method relevant to the proposed algorithm. Section 2.3 discusses survey
standards, detailing data requirements and survey specifications. Section 2.4 presents an overview
of sub-sea vehicles and payload configurations, allowing for a comprehensive investigation into the
configuration, seafloor ensonification, echo construction and data outputs of the sensors pertinent to
this research in Section 2.5. The chapter concludes with a discussion on the body of research

reviewed.



2.2 Fundamentals of Underwater Acoustics

The science of acoustics involves the study and practical application of sound transmission in solid
and fluid media. The interest of this research lies in the applications involving the transmission of
sound in the sea. Neither radio wave nor optical propagation is effective for this purpose, since the
former, in all but the lowest usable frequencies, attenuates rapidly in salt water and the latter is
subject to scattering by both suspended material and absorption in the water column. However, the
favourable properties of sound propagation through water make acoustic range sensing possible
over scales from centimetres to full ocean depth. Accordingly, acoustic applications are the only

practical way to chart wide areas of the seafloor [Coates 1990; Lurton 2002; Hovem 2007]

2.2.1 Historical Highlights of Underwater Acoustics

Leonardo Da Vinci can be credited with launching the science of underwater acoustics in 1490

when he wrote [Urick 1983],

“If you cause your ship to stop and place the head of a long tube in the water and
place the outer extremity to your ear, you will hear ships at a great distance from

ER]

you.

In 1687, Sir Isaac Newton wrote his Mathematical Principles of Natural Philosophy in which he
stated the first mathematical treatment of sound [Burdic 1984]. The next major development in
underwater acoustics came in 1826 when Daniel Collodan and Charles Strum measured the elapsed
time between a flash of light and the sound of a submerged ship’s bell heard using an underwater
listening horn in fresh water [Clay and Medwin 1977]. They measured a sound speed of 1,435m/sec
over a 17km distance, providing the first quantitative measurement of sound speed in water. Their
measurement is surprisingly accurate and is within 2% of the currently accepted values. In 1877
Lord Rayleigh wrote the Theory of Sound [Rayleigh 1877] and formally established modern
acoustic theory [Burdic 1984].

The sinking of the Titanic in 1912 and the outbreak of World War I spurred on the research efforts
in underwater acoustics. The first underwater acoustic devices used efficiently were the passive
detection systems developed during the Great War by the Allies to counter the threat from the
German U-Boats [Raichel 2000]. By 1919 the first scientific paper on underwater acoustics was
published by the German scientist H. Lichte, where he theoretically described the refraction of

sound rays produced by temperature and salinity gradients in the ocean [Lichte 1919].



By the 1930s sonar systems incorporating piezoelectric transducers, made from synthetic materials,
were being used for passive listening and active echo-ranging systems. These systems were used
with good effect by both submarines and anti-submarine vessels during World War II. A large
portion of our basic sonar knowledge still used today was summarised in the series, Physics of
Sound in the Sea, published in 1945 by the US National Defense Research Committee (NDRC)
[NDRC 1945].

After World War II, the development of sonar systems was driven largely by the Cold War,
resulting in advances in the theoretical and practical understanding of underwater acoustics, aided
by computer-based techniques [Lurton 2002]. With the development of digital signal processing,
towards the end of the 1960s, a dramatic increase in the capabilities and versatility of sonar systems
came about. The 60s and 70s saw the introduction of sidescan sonar systems and multibeam swath
bathymetric devices, which greatly increased the efficiency of seabed acoustic mapping. The
offshore oil and gas and underwater industries are also heavily concerned with acoustic techniques
for seabed mapping, as well as for the positioning of ships or underwater vehicles and equipment,

and data transmission. Their efforts continue to help stimulate underwater acoustic research efforts.

2.2.2 Acoustic Waves

Acoustic waves are defined as longitudinal (or compressional) waves which can exist in any elastic
medium, such as a gas, liquid or solid. The molecules of the medium move back and forth in the
direction of the wave’s propagation, producing adjacent regions of compression and rarefaction
[Kinsler et al 1982]. The sine wave of Figure 2-1 is a graphical representation of a simple

longitudinal wave.

Acoustic Pressure

Longitudinal waves are waves of alternating pressure deviations from the equilibrium pressure,

depicted by the sine wave's oscillations, causing local regions of compression and rarefaction.

The maximum amplitude, P, of the sine wave, (Figure 2-1) is the maximum pressure deviation

above and below the medium’s static, or hydrostatic, pressure.



Figure 2-1 A simple longitudinal wave illustrating properties found in acoustic waves, where P
is the peak pressure value.

Velocity and Density

The propagation velocity of an acoustic wave is imposed by the characteristics of the propagation

medium [Bergmann and Spitzer 1949]:

(2.1)

ﬁ
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where p is the density and K is the bulk modulus of the medium, which quantifies the relative
variation of volume or density due to pressure variations. In seawater, the velocity of the acoustic

wave is close to 1,500m/sec. The density of seawater is approximately 1,030kg m™.

As shown in Equation (2.1), sound speed is related to density and compressibility. In the ocean,
density is related to static pressure, salinity and temperature [Jensen et al 2000]. The ocean is not a
homogeneous medium, and consequently the speed of sound in the ocean varies. The sound velocity
determination in water is one of the important issues in hydrographic surveying and should be
determined precisely to obtain correct depth [Alkan et al 2006]. The speed of sound in the ocean is

a function of temperature (7), salinity (S) and pressure, the latter being a function of depth (z). The



speed of sound, c, is typically expressed as an empirical function of these three independent

variables. A simplified expression for this dependence is:

¢ =1449.2 + 4.6T — 0.055T2 + 0.00029T3
2.2)
+ 1.34-0.01T S—-35 + 0.016z
For most cases, the above equation, commonly known as Medwin’s Equation, is sufficiently
accurate [Jensen et al 2000]. The relationship of sound speed to pressure, salinity and temperature,

for increasing water depths is illustrated in Figure 2-2.

Figure 2-2 Relationship of sound speed to pressure, salinity and temperature for increasing
water depths.

Frequency and Wavelength
Acoustic waves are characterised by their frequency, f, which corresponds to the number of

vibrations per second, or by the period of an elementary vibration, 7, linked by:

1
T = 3 (2.3)

The frequencies used in underwater acoustics range from 10 Hz to 1 MHz, depending on the
application [Lurton 2002]. The wavelength, 4, is the spatial interval between two points in the
medium undergoing the same vibration with a phase shift of 2z. That is, it is the distance travelled

by the wave during one period of the signal with velocity, c. It varies therefore:



Cc
f (2.4)

The range of frequency and wavelength vary considerably depending on different physical
properties, both for the propagation of waves in the medium and for the characteristics of the
acoustic system itself. The main constraints on the frequencies usable by a particular application

arc:

o The dampening of sound waves in water, limiting the maximum usable

range, whose effect increases rapidly with frequency.

° The dimension of the transducer, which increases with lower

frequencies, for a given transmission power.

o The spatial selectivity (resolution) related to the directivity of the
acoustic sources and receivers, improving (for a given transducer size)

as frequency increases.

o The acoustic response of the target, depending on frequency — a target
will reflect less energy because its dimensions are small relative to the

acoustic wavelength.

All of these points must be taken into account when choosing the frequency for a particular

application [Lurton 2002].

Intensity and Power

A propagating sound wave carries mechanical energy with it in the form of kinetic energy of the
particles in motion, plus the potential energy of the stresses set up in the elastic medium [Payne
2006]. Because the wave is propagating, a certain amount of energy per second, or power, is
crossing a unit area and this power per unit area, or power density, is called the intensity, /, of the

wave. The intensity for a plane wave of amplitude p, is [Bergmann and Spitzer 1949]:

2
[ = Po

= 2pc (2.5)



where the product pc is known as the characteristic impedance, and p is the medium density and c is

the propagation speed of the wave.

The acoustic power, P, received by a surface, S, is the intensity, corrected for the surface

considered. For a plane wave, this would be:

pozs

P=IXxS§=
2pc

(2.6)

Like acoustic pressure, intensity and power can vary significantly [Lurton 2002].

2.2.3 Attenuation

Attenuation is the loss in energy of a propagating wave due to absorption, spherical spreading and
scattering by particles in the water column [Raichel 2000]. As the distance from the source
increases, the amplitude of an acoustic waves declines. This weakening of the acoustic signal is

frequency dependent, with higher frequencies attenuating more rapidly.

Absorption

Absorption, expressed in dB/km, is the result of the conversion of acoustic energy into heat through
molecule excitement. The rate of absorption is dependent on the physical and chemical properties of

water and on the acoustic frequency being transmitted [Brekhovskikh and Lysanov 2003].

The work of Francois and Garrison [Francois and Garrison 1982a; Francois and Garrison 1982b]
drew together a wide range of previous measurements including the earlier publication of Fisher &
Simmons [Fisher and Simmons 1977]. Further analysis was made by Ainslie and McColm [Ainslie
and McColm 1998], but is based on the same data set. They showed that their simpler formula
retained a similar accuracy of fit, and therefore invoked "Occam's razor" to suggest that their
equations are preferable, at least in so far as they provide a simpler physical understanding. Using

the simpler formula from [Ainslie and McColm 1998], the absorption coefficient, a, is expressed as:
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where pH = 8, f'is the frequency in kHz, z is the depth in meters, T the temperature in °C and S the

salinity in p.s.u. (practical salinity units). f; and f, represent the boric acid and magnesium sulphate

relaxation frequencies, respectively:
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From Figure 2-3 it can be seen that above a frequency of 100kHz the absorption coefficient
increases with the increase of temperature; thus, it can be expected that sonar range will vary with

the water temperature.

Figure 2-3 The image displays the relationship between the frequency of a sonar system and
the absorption coefficient at different temperatures [IHO 2005].



Geometrical Spreading

From a point source, the sound waves will propagate as spherical waves. There is no true loss of
energy, but as the wave spreads over a larger area its intensity will decay, at a rate proportional with

the inverse of distance squared.

The decrease in local acoustic intensity, /; and /,, between points a and b, in Figure 2-4, is inversely

proportional to the ratio of the surfaces S; and S, of the spheres:

I, S,  4mR,* R, 2
=== —s = — 2.10
L S, 47TR22 R, (210

where R; and R; are the respective radial distances from the source.

Source R

*—
b

Figure 2-4 Geometrical spreading. Acoustic intensity decreases with
distance from the source, in inverse proportion to the sphere’s surface.

Scattering

Reflection, refraction and diffraction from inhomogeneities in the propagating medium cause an
apparent transmission loss [OPG 2008]. Since the inhomogeneities in water are very small
compared to the wavelength of the signal, this attenuation-effect will mostly contribute when the
signals propagate through the seafloor and the subsurface. In the water column, losses from

scattering depend upon particles or bodies present; scattering is chiefly due to marine organisms, a



major source of which is the deep scattering layer (DSL) which consists of a layer of plankton

whose depth varies from 100m to 600m throughout the day [Brekhovskikh and Lysanov 2003].

2.2.4 Transmission Loss

Transmission Loss, 7L, is a quantitative measure of the reduction in sound pressure between two

points, normally the sound source and a distant receiver. The 7L, corrected from attenuation, a, for

a spherical spreading wave is defined as [Hovem 2007]:

r

(2.11)

— +ar—r

To

TL = 201log

where r 1s the distance between the transmitter and receiver and 7, is a reference distance which is

usually selected to be 1m.

This simple formula is often sufficient to evaluate the performance of underwater acoustic systems

[Lurton 2002]. Figure 2-5 illustrates the variations of 7L with range and frequency.
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and 100kHz, respectively [Lurton 2002]. The range of higher frequency systems is restricted

Figure 2-5 Transmission Loss, as a function of range, for frequencies of 0.1, 1, 2, 5, 10, 20, 50
due to the effects of Transmission Loss.
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2.2.5 Refraction

Refraction is the process in which the direction of propagation of the acoustic wave is altered due to
a change in sound velocity within the propagating medium or as the energy passes through an
interface, representing a sound velocity discontinuity between two media (Figure 2-6). Refraction is

described by Snell's law, which states that the angle of incidence is related to the angle of refraction

by:

sinf; ¢

sinf, ¢, (2.12)
where 4 is the angle between the normal plane and the incident wave and c is the sound velocity of

the medium.

Figure 2-6 Refraction of an acoustic wave passing through two layers of different sound speed.
C; has a higher sound speed that C,.

2.2.6 The Doppler Effect

The Doppler Effect is the frequency shift which occurs in perceived sound for an observer moving
relative to the source of the sound. When an observer is at rest, the number of waves it receives
each second is f, the true frequency of the sound. When the observer is in motion toward the
source, more sound waves are received each second than when it was at rest (Figure 2-7). This

apparent frequency, f, received by the observer is [Lurton 2002]:

vT
f=h 1+ (2.13)



where v, is the relative speed between the observer and source. v, is positive when moving closer,

negative when moving away. The change in frequency, Af, created by the Doppler Effect is thus:

Af = fo% (2.14)

Figure 2-7 Doppler Effect: As the sound source moves at a velocity, v,, the perceived
frequency at the receiver changes as a result of changes in the wavelength, 4, between
successive waves.

2.2.7 The Wave Equation and Travel Time

Sound propagation in the ocean is mathematically described by the wave equation. There are
essentially four types of models that describe the propagation of sound in the ocean: ray theory, the
spectral method or fast field program (FFP), the normal mode (NM) and the parabolic equation
(PE).

The wave equation is generally solved in terms of pressure, displacement or velocity potentials. For
a velocity potential, ¢, the wave equation in cylindrical coordinates, with range coordinates and

depth represented by » = (x, y) and z, respectively, is:

10%p 1,2t
T

2 —
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where I7 is the Laplacian Operator T 97 t oz and c is the speed of sound and ¢ is the time.

With respect to the velocity potential, the velocity, v, and pressure, P, of the wave are given by:

v= Vo (2.16)
5o

pP= —p-t (2.17)
Pt

where p is the density of the medium. Subsequent simplifications incorporate a harmonic (single
frequency, continuous wave) solution in order to obtain, in cylindrical coordinates, the time-

independent Helmholtz equation:

Vipr,z +K2@r,z =0 (2.18)

where a harmonic solution is assumed for the potential function, ¢ = et @ is the angular
frequency (2zf) and f the acoustic frequency. K is the wave number and is described by the

dispersion relation:

ale

(2.19)

Stemming from the diversity of applications, there are a number of acoustic models used today
[Porter 1993]. For high frequencies (a few kilohertz or above) ray theory is the most practical. The
other models are more applicable and usable at lower frequencies (below a kilohertz) [Kuperman
1997]. The two main theoretical approaches to the solution of the wave equation are ray theory and
normal mode theory [Payne 2006]. In normal mode theory, propagation is described in terms of
characteristic functions called normal modes, each of which is a solution of the equation. The
normal modes are combined to satisfy the boundary and source conditions of interest. The result is a
complicated mathematical function that gives little insight on the distribution of energy of the

source in space and time.

The essence of ray theory is based on wave fronts, along which the phase or time function of the
solution is constant and the existence of rays that describe where in space the sound emanating from
the source is being sent [Payne 2006]. If a sound source emanates omni-directionally from the
surface of the sea, a wave front expands in all directions transferring energy from one particle to

another, and by this means the wave is propagated. A ray can be described by selecting a point on
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the wave front and drawing a line from it in the direction of energy propagation, as illustrated in

Figure 2-8. Ray theory thus attempts to model the acoustic propagation as a set of paths, or rays.

’ Wave Front

Figure 2-8 Ray theory: The propagation of an acoustic wave described as a ray.

Fermat’s Principle, or the principle of least time, states that the travel time along a ray path from a

to b is at a local extremum with respect to any small change, o, in the path s:

6 — =0 (2.20)

When a ray passes through a medium of constant sound speed, c, its propagation will take place in a
straight line. Experiments have shown that by assuming the medium to be homogeneous, isotropic
and perfectly elastic, that is, no dissipative effects are present, we can adequately describe most

common acoustical phenomena [Kinsler et al 1982].

Thus, general expressions for the travel-time, ¢, by any ray can easily be derived. Figure 2-9 shows

a differential element ray. From the geometry it follows that:

6x =tan 0 &z (2.21)
and
5t = s _ 0z
"~ ¢ ccosf (2.22)
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Figure 2-9 A differential ray element Js, at depth z, and travelling at an angle 8 with
respect to the vertical.

The complexity of specular ray tracing and full numerical solutions of the acoustic wave-field,
which inherently incorporates all pertinent aspects of the sonar process used in wave modelling, is
computationally heavy and unnecessary for use in this thesis. Moreover, it is the multibeam
echosounder that interprets the propagation of the acoustic wave through the water body, and it can
be assumed that the propagation of acoustic waves from simultaneously operating sonar systems
will propagate identically through the same water body. Geometrical ray tracing is seen as sufficient
and computationally efficient to solve the acoustic wave travel time of simultaneously operating

sonar systems in real time.

2.3 Survey Standards

The International Hydrographic Office (IHO) Standards for Hydrographic Surveys are described in
Special Publication 44, otherwise known as S-44. The first edition of these standards was published
in 1968, with subsequent editions in 1982, 1987 and 1998. The most recent fifth edition was
published in 2008. According to the IHO, this publication is designed to provide a set of standards
for the execution of hydrographic surveys for the collection of data which will primarily be used to
compile navigational charts to be used for the safety of surface navigation and the protection of the

marine environment [IHO 2008].
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2.3.1 Survey Orders

S-44 provides a classification scheme for hydrographic surveys based on an area’s importance for
the safety of surface navigation. Because the requirements vary with water depth and expected
shipping types, four different orders of survey are defined; each designed to cater for a range of
needs. A combination of maximum line spacing, sonar system detection capability and the concept
of 100% bottom search determine a survey order’s seabed feature detection specification. In
planning the density of soundings, both the nature of the seabed and the requirements of safe
navigation have to be taken into account to ensure an adequate seafloor search. Each survey order

and its specifications are detailed below.

Special Order surveys cover areas where ships may need to navigate with minimum under-keel
clearance and where bottom characteristics, such as boulders and rock outcrops, are potentially
hazardous to vessels. Consequently, it is the most rigorous of orders. A full seafloor search (a
systematic method of exploring the seafloor providing for the detection of all critical features) is
required and the size of the features to be detected by this search is deliberately kept small at less
than 1m’. Because a full seafloor search is required, the maximum recommended line spacing is not

defined.

Order 1a surveys are intended for those areas where the sea is sufficiently shallow to allow natural
or man-made features on the seabed to be a concern to the type of surface shipping expected to
transit the area, but where the under-keel clearance is less critical than for the Special Order.
Because man-made or natural features may exist that are of concern to surface shipping, a full
seafloor search is required. However, the size of the feature to be detected is larger than for Special
Order. In depths of up to 40m, a feature greater than 2m’ must be detectable. Under-keel clearance
becomes less critical as depth increases. Subsequently, the size of the feature to be detected by the
full seafloor search is increased to 10% of the water depth in areas where the water depth is greater
than 40m. Because a full seafloor search is required, the maximum recommended line spacing is not

defined. Order 1a surveys may be limited to water shallower than 100m.

Order 1b surveys are intended for areas shallower than 100m where a general depiction of the
seabed is considered adequate for the type of surface shipping expected to transit the area. A full
seafloor search is not required which means some features may be missed, although the maximum
permissible line spacing of three times the average water depth or 25m, whichever is greater, will

limit the size of the features that are likely to remain undetected.
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Order 2 surveys are the least stringent order and are applicable for those areas where the depth of
water is such that a general depiction of the seabed is considered adequate, therefore a full seafloor
search is not required. The recommended maximum line spacing is set at four times the average
water depth. It is recommended that Order 2 surveys are limited to areas deeper than 100m, as once
this water depth is exceeded the existence of man-made or natural features that are large enough to
impact on surface navigation, and yet still remain undetected by an Order 2 survey, is considered to

be unlikely.

2.3.2 Positioning Standards

The Fifth Edition of the IHO Standards specifies varying horizontal accuracy, in metres at the 95%
confidence level, for the four survey orders. The uncertainty of a position is the uncertainty at the
position of the sounding or feature within the geodetic reference frame. The depth factor takes into
account the added uncertainty of the positions of soundings from multibeam sonar systems as depth

increases. The total horizontal uncertainty (THU) values for the survey orders are as below:

J Special Order: 2m

. Order 1la: Sm + 5% of depth

J Order 1b: S5m + 5% of depth

J Order 2: 20m + 10% of depth

2.3.3 Depth Standards

The below listed values for a¢ and & are used in the following equation to calculate, at the 95%
confidence level, error limits for depth accuracy, otherwise known as the total vertical uncertainty

(TVU):
+ a2+ bxd? (2.23)
where a is the depth independent error, that is, the sum of all constant errors, b is the factor of depth

dependent error, d is the depth and the product (b X d) is the depth dependent error, that is, the sum

of all depth dependent error. The total TVU values for the survey orders are as below:

o Special Order: a=0.25m b =0.0075
J Order la: a=0.5m b=10.013
. Order 1b: a=0.5m b=0.013
. Order 2: a=1.0m b=0.023
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2.4 Unmanned Underwater Vehicles

Special Order surveys demand full seabed searches and the detection of small scale features (1m?*),
thus necessitating the deployment of high-resolution sonar sensors. The application of ship-mounted
high-frequency acoustic sensors is only feasible in reasonably shallow water due to the attenuation
of the acoustic pulse in the water column. For applications requiring similar resolution and
sounding density at greater depths, for example, ship-wreck surveying or habitat mapping, high-
frequency sonar is required to be deployed in close proximity to the seabed. More recently, UUVs
(Unmanned Underwater Vehicles) have been shown to provide ideal platforms for providing the
near-seabed capability required, and often demanded, by marine deep-water survey operations [S.
McPhail, 2002]. In fact, Whitcomb [L.L. Whitcomb, 2000] reports recent technological advances
have allowed UUVs to provide high-resolution survey capabilities for the largely unexplored deep-
water environments, previously considered uneconomical or technically infeasible. As a result of
the scientific needs and advantages for underwater acoustic surveys in close-proximity to the
seabed, extensive research, in recent years, has been performed on the development of UUVs.
UUVs are used today in a wide range of operational and research applications: Hydrographic
surveying; ocean engineering; exploration for natural resources; fisheries research; habitat

classification; heritage and archaeology studies [Fish and Carr 2001; Spinrad 2004].

UUVs are generally categorised into two classes depending on their mode of operation; Remotely
Operated Vehicles (ROV), which are those controlled directly by a remote operator, and
Autonomous Underwater Vehicles (AUV), which are autonomous in nature featuring self-guiding
capabilities. While both class of vehicle share the same sensing principles and underlying structural
infrastructure, the fundamental distinction lies in the operational requirement for an umbilical tether
linking the vehicle back to a surface vessel. Whereas ROV’s demand a physical link to a surface
ship for power transmission, control, tele-operation and data transfer, AUVs are specified to operate

independently of an umbilical tether and support vessel.

Payload sensors refer to those sensors that are not directly involved in the functioning of the
submersible vehicle but are used in the collection of data from various external sources, such as the
environment. As a result of the wide range of UUV applications, the payload sensors that can
potentially be carried are extensive, of which multibeam echosounders (MBES), sidescan sonar
(SSS) and sub-bottom profilers are considered to be the principal sensors for hydrographic

surveying [Ferguson and Pope 2000]. Other sensors successfully integrated onto UUVs include
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synthetic aperture sonar (SAS) [Hagen et al 2004], interferometric sonar [Hagen et al 2001],
magnetometers [Singh et al 2007], cameras [Singh et al 2004], CTD sensors [Matos et al 2003] and

pressure sensors [Kinsey et al 2006] among others.

The focus area of this thesis is high-resolution, wide-area mapping of the seabed. The candidate
acoustic payload systems — SSS, SBES, MBES, SAS, interferometric sonar and sub-bottom profiler,
can be evaluated for their application relevance to the research: SAS technology is not widely
employed outside of military applications for reasons of cost, generated data volumes and
processing complexity. Their sheer size also restricts UUV integration; interferometric sonar
systems are expensive and present new technology yet to gain wide spread acceptance in the UUV
community; sub-bottom profilers employ low-frequency acoustics to map below the seabed surface;
SBES are not typically integrated onto UUV platforms, having been made redundant and inefficient
with the availability MBES. This thesis will therefore concentrate on MBES and SSS, considered
by the marine community to be the most reliable, versatile and established seabed mapping
instruments available. Their success and consistency in providing detailed, highly accurate
information about the seabed is proven throughout numerous research papers and marine survey
missions [de Moustier and Matsumoto 1993; Pratson and Edwards 1996; McRea 1999; Hellequin et
al 2003; Brown et al 2004; Parnum et al 2004]. This research will therefore take advantage of their
proven abilities. The choice of these sensors is further reinforced by access to them within the

Mobile and Marine Robotics Research Centre (MMRRC).

Ship-mounted seabed mapping suites, coupled to attitude and positional sensors, generate
accurately geo-referenced datasets. As a consequence of the attenuation of the acoustic pulse as it
propagates through the water column, the application of ship-mounted high-frequency acoustic
mapping systems is only feasible in reasonably shallow-water. ROV/AUV deployed survey
solutions can generate high-resolution datasets, due to their closer proximity to the seafloor, but the
underwater environment restricts the use of GPS due to the high attenuation of the GPS satellite
signals. Consequently, deep-ocean UUV operations require alternative state-of-the-art navigation
and positioning equipment, if accurately geo-referenced high-resolution datasets are required. The
challenges inherent in seafloor mapping and the relationship between survey technique, area

coverage and survey resolution are documented in Table 2-1 and illustrated in Figure 2-10.
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Water Operatln_g DataSt_at Positional| Swath Applications
Depth Frequencies| Resolution | Accuracy Coverage
Shallow . Continental shelf, in-
Medium — . Low — ’
Water < 100m > 200kHz High High Medium shore water seabed
Systems surveying
Deep Water | - 500m | <200kHz Low High High | Vv de-area, deep-ocean
Systems seabed surveying
ROV/AUV _ 200kHz — : Low — Detailed, high-resolution|
Systems Sm — 4000m 500kHz High Medium Low seabed surveying

Table 2-1 Comparison of typical operating specifications for sonar systems operating at different depths.

Figure 2-10 Accuracy vs. resolution trade-off for deep ocean seafloor mapping.

The success of most sub-sea vehicle applications depends on accurate navigation and positioning
[NationalResearchCouncil 1996]. The current state-of-the-art in underwater localisation is Inertial
Navigation Systems (INS), with support from Doppler Velocity Logs (DVL) and acoustic Short and
Long Baseline positioning systems through Kalman filter fusion [von Alt et al 2001; Kinsey et al
2006]. The integrated approach to absolute positioning enables the determination of vehicle position
and orientation with only a 2.5m growth in position error/hour [Grewal et al 2001]. An INS is a self
contained device including an embedded computer and a module containing three accelerometers
and three gyroscopes. Accelerometers measure the linear acceleration of the system in the inertial

reference frame (surge (x), sway (v) and heave (z)) while gyroscopes measure the angular velocity
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of the system (roll (¢), pitch (8) and yaw (y)). Performing integration on the inertial accelerations

yields the inertial velocities of the system, and integration again yields the inertial position.

To provide an opportunity to illustrate the issues to be investigated in this research, the high-
frequency acoustic sensors considered being of importance are the MBES, SSS and DVL. Detailed
examinations of these systems are described in the next section, followed by a description of a

transducer’s bandwidth and quality factor.

2.5 Payload Acoustic Sensors

2.5.1 Sidescan Sonar

Sidescan sonar (SSS) is an acoustic imaging device used to produce wide-area, high-resolution
backscatter maps of the seabed (Figure 2-11). This acoustic method is used for charting seabed
features and revealing special sediment structures of both biogenic and anthropogenic origin
[McRea 1999; Brown et al 2004; Smith and Rumohr 2005]. When flown close to the seabed, the
low grazing angle of the SSS beam makes it ideal for use as a specialised sonar system for

searching and detecting distinct objects on the seafloor [Hughes Clarke et al 1999].

Figure 2-11 An example of a sidescan imagery. The dataset was collected during MMRRC trials in
Galway Bay using a Tritech SeaKing 325kHz sidescan sonar set at a range of 50m.
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Instead of measuring the range to the ocean bottom, a SSS reveals information about seafloor
composition by recording the backscattered energy at the transducer face, from which sound
absorbing and reflecting characteristics of different materials can be inferred. Strong reflectors
create strong echoes, while weak reflectors create weaker echoes. Knowing these characteristics,
the strength of the acoustic return can be used to examine the composition of the seafloor.
Information encoded in the SSS data provides details on sediment texture, topography and bedforms

[Kenny et al 2003].

A major advantage of SSS is that under optimal conditions it can generate an almost photo-realistic,
two and a half dimensional picture of the seabed — acrosstrack, slant range and intensity (Figure
2-11). Mosaicing of the dataset allows an overall resulting image of the surveyed area to be built up,

where geological and sedimentological features can be examined and interpreted.

The first SSS patent was granted in 1958, but remained classified by the US Navy until it was
finally issued in 1980 (US Patent No. 4197591). Experimental SSS systems were made during the
1950s in laboratories including Massachusetts Institute of Technology (MIT), Scripps Institution of
Oceanography and Hudson Laboratories. The first commercial SSS was the Kelvin-Hughes "Transit
Sonar", a converted echo-sounder with a single-channel, pole-mounted transducer introduced
around 1960. In 1968 Martin Klein founded Klein Associates, Inc. and developed the first
commercial high frequency (500kHz) systems and the first dual-frequency SSS [Parker 2008]. In
1985, Charles Mazel, of Klein Associates, produced the first commercial SSS training videos and

the first Sidescan Sonar Training Manual.

A trade-off between frequency and resolution is found in SSS systems. High frequency systems,
500kHz — 1MHz, provide high-resolution images, but are restricted in the range the acoustic energy
can travel, due to the high attenuation of the signal. Lower frequency systems, 50kHz — 100kHz,
provide lower resolution datasets, but the distance the acoustic energy travels is much improved,
greatly increasing the swath coverage and allowing for operations in deeper water and greater
ranges on either side of the boat [Dentzman 2002]. Many modern SSS systems offer dual-frequency
capability and can simultaneously display and record both high- and low-frequency data [Kenny et
al 2003]. Because of the large spatial area covered by each survey line, SSS is an effective

technique for quickly providing a comprehensive qualitative picture of a large area of the seafloor.
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Transducer

As its name suggests, the system uses two transducers to send out energy to each side of the
hydrographic platform (Figure 2-12). The transducers are mounted on either side of the
hydrographic platform and the data is recorded on two separate channels (port and starboard). The

transducers are used to both transmit and receive the sonar signal.

The transducers are normally shaped to produce a beam that is large in the vertical plane (several
tens of degrees), while slightly downward inclined, in order to ensonify at far ranges, to avoid the
sea surface and to limit downward vertical ensonification, and is very narrow in the horizontal plane

(0.5° — 1°) to achieve the best possible spatial resolution of the ensonified area.

Transducer Acoustic Wave

Port & Starboard
— \

Ensonified Seafloor

Figure 2-12 The image illustrates the propagation of a SSS acoustic wave, port and starboard,
and seafloor ensonification.

Echo Construction

A continuous image of the seafloor is achieved by recording sequential bursts, or pings, of energy
from each side of the instrument along a line track. The strength of the return echo is continuously
recorded producing an acoustic image or sonograph of the seabed. Backscattered energy of high
intensity will appear as lighter areas, while low intensities, related to weaker echoes, appear as

darker areas on the sidescan image.
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The spatio-temporal structure of the signals received by a SSS is shown in Figure 2-13. The
transmitted signal first propagates through the water column. Background noise and echoes from
targets suspended in the water column, for example, fish or bubbles, form the received signal. The
pulse then strikes the seabed creating a first, very intense echo (as the backscatter strength is
maximal and the transmission loss is minimal). This first echo cannot be used for imaging, but is
very useful to estimate the altitude of the sonar above the bottom. As the pulse propagates with
time, it explores the angular zone close to the vertical. This first part is generally of bad quality, due
to the high reflectivity and poor horizontal spatial resolution of the signal at this time.
Progressively, the signal reaches oblique and grazing incidence and becomes useful for seabed

imaging.

Figure 2-13 Amplitude-time series generation for a sidescan sonar pulse: (A) noise and
reverberation in the water column; (B) first seafloor echo; (C) propagation through angular zone
close to the vertical; (D) seafloor relief with positive aspect; (E) shadow zone [Lurton 2002].

A characteristic feature of sidescan imagery is the formation of a shadow when an object interrupts
a sector of the propagating signal, preventing backscattering at times normally associated with that
range of angles. The shadow is formed with a duration and shape proportional with the incident
grazing angle of the acoustic pulse, and the height and shape of the obstructing object. Analysis of
the size and shape of the shadow can permit the identification of objects on the seafloor, for

example mines, ship wrecks, rocks, etc.
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2.5.2 Multibeam Echosounders

Bathymetry is the measurement of depths of water in oceans, seas, rivers and lakes [Yang and Taxt
1997]. Multibeam echosounders (MBES) are capable of collecting vast amounts of highly accurate
seafloor depth information, with the resulting data typically geo-referenced and displayed as maps
(Figure 2-14). Over the last number of decades, these systems have been successfully used for
gathering high-resolution seafloor bathymetric data in shallow- and deep-water regions

[Hammerstad et al 1991; Laban 1998; Kloser 2000; Yoerger et al 2000; Parnum et al 2004].

Since the introduction in 1977 of the first commercially available MBES for deepsea research,
General Instruments’ SeaBeam [Farr 1980], the use of multibeam sonar has rapidly grown and,
today, is a proven and reliable marine survey instrument. Advancements in sonar technology and
computer processing performance have made possible the implementation of multibeam technology
in the more demanding shallow-water environment. The main differences between long and short-
range multibeam sonar are that the latter utilises higher frequencies, shorter pulse lengths, and faster

ping rates.

Figure 2-14 An example of MBES data acquired and geo-referenced to produce a bathymetric map.
The dataset was collected during a survey on Lough Derg by the MMRRC at the University of Limerick
using the Seabat 7125 multibeam echosounder (400kHz).

A major advantage of multibeam sonar over sidescan sonar is that it generates quantitative

bathymetric data. The beam width makes them less useful for object detection, as they do not
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provide the spatial resolution of a SSS, and they require very accurate information on navigation
and platform motion, as well as the calibration of sound velocity [Smith and Rumohr 2005]. The
strength of the echo return can also provide information on sediment types and can be used for
seabed backscatter maps, similar to those of sidescan data, but of lower quality and resolution, due

to higher grazing angles [Parrott et al 1999].

Multibeam sonar frequencies can range from 12kHz — 500kHz. Higher frequency systems are used
for short-range, while lower frequency systems are used for long-range missions. Multibeam sonar

has varied uses, which can be grouped into three main categories [Lurton 2002]:

o Deep-water systems. Hull-mounted systems with frequencies typically
of 12kHz for the deep-ocean and 30kHz for continental shelves. These

systems are designed for regional mapping.

o Shallow-water systems, typically 100 — 200kHz. These systems are

designed for mapping continental shelves.

o High-resolution systems, frequency ranges of 300 — 500kHz. These
systems are used for local studies: Shipwreck location, inspection of

underwater features and ROV/AUV work.

The accuracy of the bathymetry is highly sensitive to the movements of the vessel it is attached to,
and therefore must be accurately compensated. Motion reference units and GPS and/or inertial
navigation systems (INS) are used to simultaneously record data to know the position and attitude
of the vessel and to perform angle corrections, due to pitch, roll and yaw, and transform corrections,
due to heave, sway and surge, during the gathering of acoustical data. Sensor relationship

alignments must also be accurately determined to calculate offsets.

Transducer

The multibeam transducer is typically made of ferroelectric polycrystalline ceramics. These
materials, also known as electro-acoustic transducers, possess piezoelectric properties, allowing

them to convert electric energy into acoustic energy and vice-versa [Coates 1990].

A typical MBES comprises of a projector and a receiver array, arranged in a T-shaped

configuration, commonly known as the Mills Cross arrangement. This produces a "cross fan" beam
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pattern to obtain full coverage of the bottom. The projector array is arranged alongship, generating a
beam pattern that is narrow in the alongship direction (a few degrees) and wide in the acrosstrack
direction (120°-150°) (Figure 2-15). The receive array is positioned athwartship, orthogonally to the
projector array, creating a beam pattern that is narrow in the athwartship direction and wide in the
alongship direction. The resulting product of these two beam patterns is a set of narrow receive

beams that relate to multiple areas of the seafloor at specific angles and coverage (Figure 2-16).

Projector Array
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Figure 2-15 The image illustrates a multibeam projector array, and its acoustic wave
propagation and seafloor ensonification.
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Figure 2-16 Multibeam sonar beam geometry. Beam pattern is wide across track and narrow along
track, created as a product of the projector and receiver beams.
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Beamwidth

Transducers generally work around the mechanical resonance frequency of its constituting
material, to yield the best output power level achievable. The beamwidth describes the size,
or strength, of the main lobe of the beam pattern. The beamwidth of the generated beams is
defined as twice the angular distance from beam centre to the point where the expanding
wave front has been reduced to half the power (-3dB) with respect to the axial power level
(Figure 2-17). The beamwidth is inversely proportional to the aperture length of the array and

of the wavelength used.

Figure 2-17 A beam radiation pattern displaying the beam’s main and side lobes and
the -3dB beamwidth.

Element Spacing

Element spacing, being the distance between each element in the array, is another important
variable for the design of transducer arrays. The sidelobes, defined as the minor lobes of the
radiation pattern that are not the main beam, have a power density that is generally much less
than that in the main beam and can cause interference with the main beam. The element
spacing must be chosen in such a way that the effects from side lobes are reduced. In fact, it
can be shown that the optimal element spacing is lower than one half of the wavelength

[Kammerer 2000].
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Beamforming

Beamforming is a signal processing technique used with arrays of transmitting or receiving
transducers that takes advantage of interference to control the directionality of, or sensitivity to, a
radiation pattern. It enables a full swath ensonification to be delivered without any mechanical

movement of the array [Lurton 2002].

Beamsteering is the process of changing the direction of the main lobe of a radiation pattern (Figure
2-18). The principal consideration for transmit beam patterns is to maximise the energy transmitted
in the target direction. When receiving, information from different sensor elements is combined in
such a way that the expected pattern of radiation is preferentially observed. The principal
consideration for receive beam pattern is to minimise sensitivity in directions away from the target

direction [Barger 1997].

Figure 2-18 Steered beam pattern.

A narrow beam is created by the product of the transmit and receive beam patterns of the MBES
arrays. In order to create a fan of narrow beams in the acrosstrack direction, the receive beam must
be directed through the swath of ensonification by phase shifting or time delaying the received
signal of each transducer element [Sherman and Butler 2007]. Depending on the resolution of the
multibeam, 100 — 500 electronically steered reception beams are simultaneously formed during
each transmission-reception cycle to interrogate both the relief and reflectivity of sample points

along the ensonifed strip.
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Bottom Detection

Bottom detection depends, in most multibeam systems, on the position of the beam signal in the
swath. The two main techniques employed by multibeam systems to detect the instant at which the
acoustic beam hits the seabed are the amplitude detection method and the phase detection method

[de Moustier 1988; Lurton 2002; Yufit et al 2007].

Amplitude Detection Method

The amplitude detection method is used for the beams with high grazing angles, where the
backscattered signals are short and the time envelope is well defined. These beams create
narrow footprints on the bottom and send back sharp echoes. The seabed backscatter
response can adequately be assumed invariant across the width of the footprint. This peak
extraction method looks for the time of maximum intensity within the time series [Kammerer
2000]. The amplitude and phase time series for a beam close to the nadir is illustrated in
Figure 2-19. The narrow amplitude peak, corresponding to the time the beam strikes the

seabed, is clearly visible. It is at this time that bottom detection for that beam is assumed.

Figure 2-19 For inner beams of high grazing angles in the vicinity of the nadir amplitude bottom
detection methods, rather than phase detection methods, are more suited. The highlighted beam’s
amplitude and phase time series are shown. The narrow amplitude peak used for bottom detection is
clearly visible (in part modified from [Reson 2008]).
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In the outer beam regions, amplitude detection becomes less reliable as it is difficult to find
the centre of energy due to spreading over larger footprints and weaker returns. Most energy
is reflected away on the reciprocal angle with regard to which it struck the seafloor. In this

case, the phase information provides a better estimation of the seabed location.

Phase Detection Method

This technique artificially divides the receiver array into two smaller sub-arrays. This is
achieved by two sets of elements constituting sub-arrays, whose acoustic axes are separated
by the distance of several wavelengths. Each of these two sub-arrays generates an equivalent
beam pattern in the nominal direction of observation. The phase differences between the two
received time series are computed at each instant. By finding the time of null phase
difference, the arrival of a signal on the axis of the beam is determined. This technique is
efficient while the time signals last long enough, and thus correspond to signals that are
sufficiently inclined away from the vertical. The Figure 2-20 illustrates an amplitude and
phase time series for an outer beam. The main lobe response becomes longer, with the result
being the amplitude measurements are unable to discriminate the seafloor bottom and

determine accurate arrival times. Therefore, the phase bottom detection is used.

Figure 2-20 For outer beams, where amplitude distribution occupies a large portion of range, the
phase bottom detection method is applied. The highlighted beam’s amplitude and phase time series
are shown. The long main lobe amplitude response restricts the discrimination of bottom detection.
Consequently, the phase detection method is utilised which searches for the time of null phase (in
part modified from [Reson 2008]).
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Backscatter Maps

Many multibeam sonar systems available today provide acoustic backscatter imagery as well as
traditional bathymetric data [DeKeyzer et al 2002]. These multibeam systems record the intensity of
the signal backscattered by the seabed as a function of time, with its intensity representing

variations in the reflected signal strength in the seabed as it is swept by the signal.

By knowing precisely the position and orientation of the sonar and the angle of arrival, ray tracing
is performed allowing the positioning of features evident in backscattered images obtained by
multibeam systems to be far more accurate than features found in sidescan sonar imagery [Lingsch
et al 1996]. However, the imagery is of lower resolution than that found in sidescan sonar imagery,
due to the higher grazing angles [Parrott et al 1999; DeKeyzer et al 2002; Waddington and Berman
2007]. This geometry limitation affects the image quality because of a larger foot print size, a
higher percentage of near-specular returns and a less pronounced shadowing effect, severely

degrading the quality of the acquired image.

2.5.3 Doppler-Based Navigation

The Doppler velocity log (DVL) is a device for measuring vehicle velocity with respect to the sea
bottom. It is based on the Doppler Effect which is the change in frequency of a wave as perceived
by an observer moving relative to the source of the waves [Lurton 2002]. A DVL typically has four
transducers, evenly spaced and orientated at a 30° offset from the instrument’s vertical axis. The
configuration in Figure 2-21 is known as the Janus configuration, providing two pairs of beams (A
and B, C and D), which allow the forward speed and sideways drift of the vehicle to be determined
and the cancelation of the Doppler Effect due to vertical motion [Coates 1990]. A pulse is emitted at
a discreet frequency along each beam and by measuring the frequency of the returned signal the

motion of the vehicle, which is proportional to the change in frequency, can be determined.

38



port

Figure 2-21 The Janus configuration used by the DVL device. Beams are split into pairs, one
pair alongtrack and one pair acrosstrack.

In reality, the only fixed reflector is the seabed. Consequently, the Doppler shift, £, represents only
a component of the horizontal motion (Figure 2-22) given by [Appleyard et al 1988]:

_ 2V fycos8 (2.24)

d c

where f, is the transmitted frequency, V is the platform velocity, € is the beam angle from the

horizontal and c is the sound velocity.

Vcost
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Figure 2-22 The observed Doppler shift is proportional to the component of velocity along the
sonar beam.
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Any vertical motion, V,, will have a component of velocity in the direction of the sonar beam

resulting in a Doppler shift error component of:

2V, fosinf (2.25)
c

A means of overcoming this problem is to utilise the Janus configuration, in which a second
transducer is inclined at the same angle 8, but such that the beam is directed in the opposite
direction. This second sonar beam will still produce the vertical error component. However, since

the horizontal motion relative to this beam is now —V, the Doppler shift due to this motion is:

—2V fycosO (2.26)
c

The difference of the two Doppler shifted signals is computed; the components of vertical motion

will cancel and the components of the horizontal motion will be additive:

2V fycosO N 2V, fosinf —2VfycosO 4 2V, fosin@ (2.27)
c c c c

Resulting in:

4V fycos6
A= (2.28)
Velocity is thus given by:
V= fac
4f,cosb (2.29)

Velocity is measured relative to the instrument. The DVL itself can be oriented arbitrarily and
moving relative to the Earth. Therefore, it is usually necessary to correct the data for DVL attitude
and motion. Rotations are typically measured in self-contained devices using a flux-gate campus
and motion sensors for heading, pitch and roll angles. Linear transformations are employed to
convert the instrument-frame velocity to World-frame velocity [Whitcomb et al 1999; Kinsey and

Whitcomb 2007].
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2.5.4 Bandwidth

Taking f; as the frequency of maximum power transmission (resonance frequency) of a transducer
and f; and f; as the frequencies corresponding to one half of the power, the bandwidth, ¥, is the

frequency interval between these frequencies (Figure 2-23), that is,
W=£f-f (2.30)

The transducer’s quality factor, O, characterises its bandwidth relative to its resonance frequency

and is given by:

Q= (2.31)

For optimal power transmission, the transducer should transmit close to the resonance frequency,
with a small bandwidth and a high quality factor. Although, it must be well defined in the frequency
range, the transducer bandwidth should satisfy W > 1/z, where 7 is the pulse length.

Figure 2-23 Transducer bandwidth, defined as the interval between f; and f,, the
frequencies corresponding to one half of the power (-3db). £, is the resonant frequency.

2.6 Conclusions

The fundamental notions associated with the physical nature of sound underwater have been
examined, allowing for the definition of these waves by the wave equation. The modelling of
acoustic propagation ranges from specular ray tracing through to full numerical solution of the
acoustic wave-field which inherently incorporates all pertinent aspects of the sonar process. The

MBES interprets the propagation of the acoustic wave through the water body, and it can be
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assumed that the propagation of acoustic waves from simultaneously operating sonar systems will
propagate identically through the same water body. Geometrical straight line ray construction
solutions are seen as sufficient and computationally efficient to solve the acoustic wave travel time

of simultaneously operating sonar systems of the research in real-time.

A classification scheme for hydrographic surveys based on an area’s importance for the safety of
surface navigation has been presented. It has also been established that UUVs provide the near-
seabed capability required to provide high-resolution datasets of an area of interest. As a result of
the wide range of UUV applications, the payload sensors that can potentially be carried are
extensive, including SSS, SBES, MBES, SAS, interferometric sonar, sub-bottom profilers,
magnetometers, cameras, CTD sensors and pressure sensors. These sensors were evaluated for their
candidacy to wide-area high-resolution mapping of the seafloor and relevance to the research.
MBES, SSS and sub-bottom profilers are considered to be the principal mapping sensors for a
UUYV, of which the sub-bottom profiler can be disregarded in terms of cross-sonar interference for
its employment of low-frequency signals. MBES and SSS systems are considered by the marine
community to be the most reliable, versatile and established seabed mapping instruments available.
Their success and consistency in providing detailed, highly accurate information about the seabed
has been proven throughout numerous research papers and marine survey missions. In addition to
payload mapping sensors, UUVs typically employ acoustic navigational aiding sensors, coupled to
an INS. One such navigational aid being the DVL. The DVL employs high-frequency acoustic
pulses, of which will be used to illustrate the issues related to this research. This research will
therefore take advantage of the proven abilities of the MBES and SSS and will concentrate on their
combined use in providing greater detail and analysis of the seabed. The necessary sub-sea vehicle
application of a DVL will also be utilised. The choice of these sensors is further reinforced by
access to them within the research centre. The integration of these sensors, related issues and

employed solutions are evaluated in Chapter 3.
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Chapter 3

Multi-Sonar Integration and

Management

3.1 Introduction

The current state-of-the-art seafloor mapping techniques employed around the World are explored
in this chapter. In particular it examines the increasing emphasis on the integration of multiple sonar
systems into a marine survey suite, and the benefits of data fusion. The issues and employed
solutions related to the simultaneous operation of multiple, close-proximity sonar systems are
discussed. Investigations into the emerging important role intelligent sensors play in today’s
modern seabed mapping suites are presented, leading to an examination of the state-of-the-art in
UUYV payload sensor management and adaptive control. The scope and structure of the review is as

follows.

In Section 3.2, benefits ensuing from the fusion of complementary datasets of the same seafloor
region are first examined. Motivations behind the increasing emphasis in the integration of multiple
sonar sensors into a single marine survey suite are discussed, including the detailing of payload
configurations for current survey platforms. In Section 3.3, issues, namely that of cross-sensor
acoustic interference, relating to the integration and simultaneous operation of close-proximity
sonar sensors is outlined, with traditional and modern approaches employed to avoid such issues
being presented in Section 3.4. The emerging role that intelligent sensors and control systems play

in today’s modern seabed mapping systems are explored, leading to an examination of the state-of-
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the-art in UUV payload sensor management in Section 3.5 and an introduction to the active area of
adaptive control for UUV platforms in Section 3.6. The chapter finishes with conclusions and
discussions of the body of research reviewed, and sets the rationale behind the development of a
novel payload sensor control system — the implementation and design of which will be addressed in

Chapter 4.

3.2 Multi-Sensor Integration

Data fusion techniques combine data from multiple sensors to achieve improved accuracies and
more specific inferences than could be achieved by the use of a single sensor alone [Llinas and
Waltz 1990; Hall 1992]. Recently, there has been an increasing emphasis on the collection of
individual datasets of the same seafloor region [Wright et al 1996; Pouliquen et al 1999; Shono et al
2004; Yoerger et al 2007], allowing for the fusion of multiple datasets.

Although different sonar systems provide different interpretations of the seabed, the information
they present is complementary. The provision, and combined analysis, of complementary and
comparative datasets, affords a more accurate representation of the seafloor [Gueriot 2000; Fanlin et
al 2003], the removal of possible dataset ambiguities [Hughes Clarke et al 1999; Lurton and Le Gac
2004] and improved data analysis and interpretation [Duxfield et al 2004; Nitsche et al 2004].

An improved level of analysis and the removal of possible dataset ambiguities are two appreciable
benefits of the fusing of data from complementary sensors. Exemplifying this, is the paper by
Hughes Clarke et al. [Hughes Clarke et al 1999]. The paper details the search and salvage operation
of the SwissAir Flight 111 crash off Nova Scotia, Canada in 1998. The acoustic search was carried
out on four separate platforms, in all carrying three sidescan sonar (SSS) and one multibeam
echosounder (MBES). As a result of the glacial history of the region, many natural targets, similar
in gross nature to aircraft debris, were present. Because of the severely broken-up nature of the
remaining aircraft debris, sidescan imaging alone was insufficient to unambiguously identify
targets. The paper argues that the complementary attributes of higher resolution, but poorly located,
SSS together with slightly lower resolution, but excellently located MBES proved to be one of the
critical factors in the success of the mission. It continues to state that it proved necessary to rely
heavily on the regional context of the seabed, provided by the multibeam bathymetry, to separate

natural geomorphic targets from anomalous anthropogenic debris.
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Traditionally, the collection of these datasets occurred individually [Parrott et al 1999; Lurton and
Le Gac 2004; McMullen et al 2007], but more recently there has been a growing demand for their
simultaneous collection, resulting from the prime consideration of modern oceanographic surveys to
minimise the cost per survey mile while ensuring that the survey products meet the required

standards [Pappalardi et al 2000].

A single or dual vessel solution to conducting MBES and SSS surveys were investigated by the
Science Applications International Corporation (SAIC) while conducting a hydrographic survey of
the approach to Galveston, Texas [Evans et al 1999]. Separate MBES and SSS vessels were
mobilised to conduct individual surveys of the first survey area, employing a 240kHz MBES and a
300kHz SSS respectively. A third survey, of an area adjacent to the first survey area, was
subsequently conducted, in which a 240kHz MBES and a 100kHz SSS were concurrently operated.
The paper concludes that although the dual vessel solution allowed the gathering of the multibeam
data at higher survey speeds, the single vessel solution to conducting MBES and SSS surveys
proved more economical, as the survey duration, and consequently the survey costs, were reduced,
and improved the hydrographic analysis and understanding of the data as the simultaneously

acquired datasets exhibited complementary information about seafloor features.

Simultaneous multi-sonar acquisition eliminates the need to conduct separate surveys for each
instrument, as well as the collection of supporting data required to fully understand the operating
environment during each individual survey [Evans et al 2000], thereby significantly reducing the
survey duration and consequently the survey costs. The integration of multiple sensors into a single
marine survey suite also minimises the relative positional error between features evident in both
datasets, as the target region is ensonifed by multiple instruments under the same environmental
conditions and geo-referenced by the same navigational data. This promotes the straightforward co-
registration of the acoustic signature of features across multiple datasets aiding the hydrographer’s

ability to analyse and compare the data [Evans et al 1999; Gueriot 2000].

Duxfield et al. [Duxfield et al 2004] explore the integration and operational demands of different
sensors in a marine survey suite. The paper presents results of a collaborative experiment conducted
in Shippagan Bay, New Brunswick, between the Ocean Mapping Group at the University of New
Brunswick and the Gulf Fisheries Centre. The survey employed a single survey vessel, the CSL
Heron, and equipped it with a suite of instrumentation, including a 300kHz MBES, a keel-mounted
200kHz SSS, 28kHz and 3.5kHz sub-bottom profilers, a 600kHz acoustic Doppler current profiler
(ADCP) and a towed undulating oceanographic profiler. This project was successful in integrating

the multiple sensors, facilitating a hydrographic, oceanographic and geophysical survey of the
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region. The collaborative approach proved to achieve significant cost savings for both parties, as the
cost of survey was shared, while the integrated instruments provided the individual institutions’

required datasets.

More recently, UUVs have been shown to provide ideal platforms for providing the near-seabed
capability required, and often demanded, by marine deep-water survey operations [McPhail 2002].
As a result of the scientific needs and advantages for multi-sensor underwater surveys in close-
proximity to the seabed, extensive research, in recent years, has been performed on the development
of UUVs. Reports of successful UUV survey missions suggest that bathymetric mapping, sidescan
imaging, magnetometer survey and sub-bottom profiling are the principal missions of the new
survey-class AUVs [Whitcomb 2000]. There is a common desire that the survey UUV be capable of
carrying a multitude of sensors [Bildberg 2001; Griffiths et al 2001; Bingham et al 2002], of which
MBES, SSS and sub-bottom profilers are considered to be the principal sensors [Ferguson and Pope
2000]. As has been previously reported, the synergies offered by integrating and concurrently
operating multiple acoustic mapping devices on a single survey platform, such as a UUV, underpin
the desire for such an operational configuration; facilitating high-resolution surveys of the deep-
ocean environment, while the simultaneous collection of multiple datasets improves the relative
positional accuracy between features across datasets and aids the data analysis and interpretation.
Table 3-1 details integrated payload sensors and the typical applications of a selection of well

proven survey class AUVs.

SeaOtter HUGIN 3000 DORADO AutoSub
[Ishoy 2000] [Hagen and [Kirkwood et al [Griffiths et al
Kristensen 2002] 2004] 2001]
Developer Atlas Maridan Kongsberg Simrad | Monterey Bay Southampton
Aquarium Research Oceanography
Institute Centre
Payload Klein 2000 SSS, EdgeTech 120/410 | EdgeTech 120/410 CTD,
Sensors Reson 8125 MBES, SSS, SSS, Oxygen Sensor,
Geochrip Subbottom | Simrad EM2000 Reson 7100 MBES, Fluorometer
Profiler (200kHz) MBES, EdgeTech Chirp
EdgeTech Chirp Subbottom Profiler
Subbottom Profiler
Applications | Hydrographic Seabed Mapping, Seabed Mapping, General purpose
Surveys, Hydrographic Search & Recovery, science missions,
Minehunting, Surveys, Rapid Environmental | Bottom Following,
Rapid Environmental | Rapid Environmental| Assessment Profiling
Assessment Assessment

Table 3-1 Integrated payload sensors and typical applications of proven survey class AUVs.
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However, a significant consequence of the integration and simultaneous operation of multiple sonar
sensors in close-proximity is that of cross-sensor acoustic interference. The distortion caused by
sensor crosstalk severely degrades the resulting datasets, and hence, the data examination and
understanding. An examination of cross-sensor acoustic interference and the resultant effects upon

acoustic datasets is detailed in the next section.

3.3 Cross-Sensor Acoustic Interference

Interference is the addition (superposition) of two or more waves that result in a new wave pattern.
The principle of superposition of waves states that the resultant displacement at a point is equal to
the vector sum of the displacements of different waves at that point [Coulson 1955]. If a crest of a
wave meets a crest of another wave at the same point then the crests interfere constructively and the
resultant wave amplitude is greater, similarly for when two troughs meet. If a crest of a wave meets
a trough of another wave then they interfere destructively, and the overall amplitude is decreased.

At all other meeting points, the resultant amplitude is between these maximum and minimum values
(Figure 3-1).

Figure 3-1 Interference pattern created by two waves from two acoustic sources acting upon
each other.
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Cross-sensor acoustic interference can significantly distort the signals received by neighbouring
sonar sensors and is an important issue that must be taken into consideration during survey planning
and survey platform design [Ishoy 2000; Bingham et al 2002]. The reception circuitries of sonar
transducers are typically frequency band-limited to prevent cross-sensor interference from
simultaneously operating acoustic instruments of different frequencies [Lurton 2002]. However, the
high-resolution versions of most imaging sonar operate within a similar frequency band. Typical
working frequencies for MBES being 12kHz-400kHz, and SSS ranging from 100kHz to 500kHz
[Lurton and Le Gac 2004], with high resolution devices being, in both cases, at the top end of these
ranges. In addition, altimeter sensors, acoustic baseline positioning systems, Doppler velocity logs
(DVL) and forward looking sonar for pilot display, commonly used on subsea deployed survey
platforms, can operate within the frequency range as, or have harmonics within, the frequency
bandwidth of payload imaging/mapping sonar, thereby adding additional sources of interference in

the data acquisition process.

Acoustic interference from simultaneously operating sonar can be likened to jamming, in that the
return signal is saturated by an acoustic signal from another source. Sensor crosstalk manifests itself
in the various sonar datasets in different ways. In a MBES, erroneous depth points and false
seafloor bottoms are created as a result of sensor crosstalk, and can saturate and invalidate an entire
ping’s swath, leading to data gaps in the generated bathymetric maps. In SSS records, distorted
intensity values generate disturbances in its imagery, providing false artefacts. Interference
introduced to a DVL warps the returned signal, producing false bottom leading to errors in its

velocity calculations, which in turn create navigational errors.

Because of the desire to publish valid data, there remain few published examples of the interference
experienced by concurrently operating sonar systems. Figure 3-2 provides an example of the effects
of sensor crosstalk to sidescan imagery as detailed in de Moustier et al [de Moustier et al 1990]. A
MBES, operating at the same frequency as the SSS, produces false intensities of the returned signal
at the transducer. These disturbances, which manifest themselves as artefacts in the sidescan
imagery, can be seen within the dashed lines. In Kirwood [Kirkwood 2007], the author provides a
sample of the interference found in MBES data introduced by a simultaneously operating DVL
(Figure 3-3). The MBES receiver interprets the DVL returned signal as erroneous depth points,
fabricating a false seafloor bottom. Reports of interference between neighbouring acoustic sensors
and DVL devices can be found in Chance et al [Chance and Northcutt 2001]. The author reports
interference from the simultaneously operating sonar giving errors in the DVL’s velocity data
output, causing the AUV to ‘porpoise’, that is, jumps were created in the vehicle’s navigational

data, leading to gaps in the survey data.
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Figure 3-2 Sidescan sonar imagery showing interference from a simultaneously operating
multibeam sonar. de Moustier argues that the interference can be see within the dashed lines
and are strongest near the centre of the swath [de Moustier et al 1990].
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Figure 3-3 MBES swath profile acquired during the simultaneous operation of a co-located
DVL. Sensor crosstalk is plainly evident in the image, creating a semicircular pattern within
the DTM produced from the geo-referenced bathymetric data [Kirkwood 2007].
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3.4 Sensor Crosstalk Avoidance

As a consequence of the cross-senor acoustic interference, seabed mapping surveys, in which
multiple datasets of the region are sought, typically require a compromise. Traditionally,
compromises were sought to avoid sensor crosstalk by mobilising separate surveys for each of the
interfering sensors or by separating the operating frequency of the sonar sufficiently far that they
were undetectable from one another. The synchronised management of similar frequency sonar
provides a more advanced method of crosstalk avoidance. The following sections detail the various
attempts made by the marine community to overcome the constraints brought about by the cross-
sensor acoustic interference, with the objective of developing an innovative, economical seabed

mapping strategy.

3.4.1 Individual Surveys

The mobilisation of separate surveys for the interfering sensors was the method employed by
Parrott et al [Parrott et al 1999], in which multibeam bathymetric, sidescan imagery, and high-
resolution sub-bottom profiler data were collected during a geophysical survey off Liverpool, Nova
Scotia, Canada. A 300kHz MBES and a dual frequency SSS, 120kHz and 330kHz, were deployed.
Because of their similar frequencies it was necessary to conduct separate surveys for the multibeam
and sidescan sonar data acquisition processes. Consequently, the multibeam bathymetry data was
first collected with the processed terrain model used to provide a priori information, which helped
identify features for further investigation, for the subsequent sidescan and sub-bottom profiler data

collection survey.

In McMullen et al [McMullen et al 2007] high-resolution bathymetric, SSS, and textural data were
collected to assist in the mapping of sediment distribution and sedimentary environments in central
Narragansett Bay, Rhode Island. Separate surveys were conducted for the same frequency MBES,
455kHz, and the SSS, 455kHz, systems. The multibeam system provided high-resolution
bathymetric data, depicting channels, troughs and other seabed features, while the sidescan imagery
provided evidence of pockmarks and other fine scale features undetectable in the bathymetric data.
The tonal changes, seen in the mosaiced SSS imagery, also helped to determine the sediment

distribution of the study areas.

The authors reported that the complementary datasets considerably enhanced the data interpretation
for both surveys and provided a much clearer representation of the seabed — bathymetric data
provided information about the morphology and origins of the seabed, while the sidescan imagery

helped determine the general distribution of coarse and fine-grained sediments as well as presenting
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information about small scale seafloor features not present in the multibeam data. Nevertheless,
mobilising separate vessels and surveying the same area more than once is inefficient, if it can be

avoided, and leads potentially to positional errors or registration problems in the various datasets.

3.4.2 Distant Acoustic Frequencies

Avoiding acoustic interference by operating multiple, co-located sensors at distant frequencies is
documented in [Lurton and Le Gac 2004], in which results from the SHOM and Ifremer co-
operated CALIMERO project are presented. This project aimed at inter-calibrating current tools
used in seafloor mapping surveys and developing new methodologies in multi-sensor data
exploitation. Surveys were conducted in which multibeam and sidescan sonar were used
concurrently, but with both systems operating at distant frequencies. During the survey in the Gulf
of Lions, the RV Beautemps-Beaupré was equipped with two MBES of 12kHz and 95kHz, and a
high-resolution SSS at 450kHz. The project was successful in simultaneously acquiring both
multibeam bathymetric data and sidescan images. However, simultaneous operation was only

possible by using a low-resolution MBES.

Duxfield et al [Duxfield et al 2004] present successful results from an experiment in which a
300kHz MBES and a keel-mounted 200kHz SSS were simultaneously operated. The distant
frequencies of the sonar systems allowed for their concurrent operation. An integrated survey
system has been developed by the SACLANT Undersea Research Centre [Pouliquen et al 1999].
The system operates three different acoustic sensors, a ship mounted 300kHz MBES and two
vertical echosounders, operating at S0kHz and 200kHz, and a towed 100kHz SSS. Once again, the
three individual sensors are able to operate simultaneously due to the fact that their operating

frequencies are sufficiently separated in order to avoid cross-sensor acoustic interference.

This single survey configuration provides significant cost savings and improved survey
productivity. The co-registration of features across the various datasets is also improved as the
datasets are collected concurrently with identical navigational data. However, the low-frequency
systems, employed during these survey missions to avoid sensor crosstalk with the high-frequency
sensors, significantly degrade the quality of the generated datasets, with the result that small-scale
features may not be evident, thereby compromising the data interpretation process. For surveys
requiring high-resolution datasets, a solution must be developed that will enable the simultaneous

operation of high-frequency acoustic sensors.
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3.4.3 Trigger Synchronisation

By managing the triggering routines of the sensors a more advanced method to avoid sensor
crosstalk can be achieved. Temporally separating the transmission-reception cycles is attempted in
de Moustier et al [de Moustier et al 1990]. The paper reports the concurrent acquisition of
multibeam and sidescan sonar data using co-frequency 12kHz systems by interleaving their pings.
The MBES, Sea Beam, is ship mounted, while the SSS, the SeaMARC II is towed 450m behind
(Figure 3-4).

Figure 3-4 System configuration, the multibeam echosounder, the Sea Beam is hull mounted,
while the sidescan sonar, the SeaMARC II is towed 450m behind [de Moustier et al 1990].

The described algorithm takes into account the timing requirements of both systems and schedules
the multibeam transmit cycles around the fixed sidescan timing events using a sound
synchronisation unit. The trigger scheduling is calculated in accordance with time of flight
information of the payload sonar’s sound wave. The sound synchronisation unit pings each sensor
in series to avoid acoustic interference. The sidescan transmission rate is held constant and its
trigger pulse is used as a reference to ping the MBES. The algorithms used in the scheduling of the

sensors are described below.

According to de Moustier, the MBES Sea Beam’s minimum time interval between transmissions,

Ry, 1s a function of the time of the first echo arrival after transmit, #;, and of the width of the echo
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reception window delimited by the angular sector (0 + a) encompassing the first and last echo

arrivals (Figure 3-5):

tra (3.1)

Ry=——
b7 tos O +a

where a is the absolute value of the bottom slope in the cross-track direction, and € is half the width

of the reception angular sector plus the ship’s roll angle.

\ SHIP'S
T~ VERTICAL
' AXIS

Figure 3-5 Athwartships geometry. a is the bottom slope; 0 is the half width of the overall
receiving angular sector; F' is the point corresponding to the first echo arrival; and L is that of
the last echo arrival [de Moustier et al 1990].

The minimum repetition rate, R, for SeaMARC II sidescan system, is a function of the time of the
first echo arrival, or bottom detection time, #,;, and the swath width to one side, W (horizontal

range):

_ tra (3.2)
cos atan(ZW cty4)

Rsm

where ¢ is the nominal sound speed in seawater. Thus, the SeaMARC II bottom detection time is

then:
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2F, (3.3)
tha = ti—index — ——

Ct
where index is equal to the approximate number of pings (=10) required to account for the
horizontal separation between the ship and the tow vehicle and F,; = 100m, the nominal tow depth.

The repetition rates for Sea Beam are hence:

1 (3.4)
cos(atan(B tpg4))

TSB:Ati-l_At_tbd 1-—

where

B 1 (3.5)
T cos O+ a

2W 3.6

g2t (36)

This algorithm is illustrated in Figure 3-6:

Figure 3-6 Timing diagram for a joint Sea Beam — SeaMARC II operation. Tgy is the
SeaMARC II ping rate, held constant. Tgg is the ping rate of the Sea Beam system as
determined by the scheduling algorithm. ¢ is the time of the first echo arrival received by Sea
Beam, and ¢, is the bottom detect time for SeaMARC II, estimated from the corresponding Sea
Beam time a number of pings before. Striped box represents the receiving windows of each

system [de Moustier et al 1990].

However, the algorithm does not take into account both the varying altitude of the survey platform
and the varying geometry of the seafloor terrain, and because of the fixed transmission rates, the

system is best suited for long-range, deep-water applications with the use of low-frequency sensors.
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Triggering modules have been developed by a number of marine technology companies, such as
GeoAcoustics’ Timer2 module [GeoAcoustics 2008], to allow asynchronous triggering of multiple
sonar systems while avoiding the effects of sensor crosstalk. Operator specified timing schedules
are used to trigger the individual systems at fixed intervals. The interleaving of the otherwise
interfering pulses avoids dataset contamination, enabling the simultaneous use of multiple high-

frequency sonar S€nsors.

In the case of autonomous vehicles, the synchronised triggering of payload sensors is essential.

Section 3.5 details the state-of-the-art in UUV payload sensor control.

3.5 UUV Payload Sensor Control

The deployment of UUVs has, by their very nature, necessitated the development of intelligent
sensors and payload sensor control routines. UUV control literature is typically concerned with
navigation and guidance control [McPhail and Pebody 1998; Marco and Healey 2001; Loebis et al
2004]. However, there are several recent examples detailing the synchronised management of UUV

payload sensors.

The successful integration of a range of instruments, including a 625kHz SSS, a 2kHz to 12kHz
sub-bottom profiler and a 455kHz MBES, onto the Atlas Maridan’s SeaOtter AUV is described by
Ishoy in [Ishoy 2000]. The author stresses the importance of synchronising the operation of the
payload sensors to minimise the effects of acoustic interference. The synchronised operation of
multiple payload sensors is achieved by specifying the repetition rate, delay and duty cycle for each
sensor during survey planning. The values are sent over the vehicle network to the Local Trigger

Manager, which generates the signals required for each instrument during deployment.

Payload control management of the HUGIN AUV is described in Hagen and Kristensen [Hagen and
Kristensen 2002]. The HUGIN Payload Processor provides the interface to the payload sensors.
Payload configurations are initialised prior to each dive providing a fixed ping arrangement for the
integrated sensors. Sensors integrated on the HUGIN AUV are synchronised to trigger at the same
time to avoid cross-sensor acoustic interference from one sensor as it pings while another sensor is
listening for its return signal [Hagen et al 2008]. However, as a consequence of this
synchronisation, the authors report that the sensors are deployed at sub-optimal ping rates, as the

sensor triggering must be scheduled to allow for the expected maximum transmission-reception
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times of the acoustic waves for a dynamic and unpredictable seabed. The HUGIN AUV is also
capable of receiving commands from an operator through an acoustic link while a survey is
underway [Chance and Northcutt 2001], providing for the possibility of the adjustment of survey

lines or sensor configurations.

The Monterey Bay Aquarium Research Institute has developed the DORADO AUV, capable of
conducting simultaneous MBES, SSS and sub-bottom surveys of an area of interest. The AUV is
integrated with Reson’s 7100 MBES (200kHz), Edgetech’s 110/410kHz SSS and an Edgetech 2 —
16kHz Chrip sub-bottom profiler. Simultaneous operation of the multiple sensors is managed by a
fixed timing algorithm in which the integrated sensors are synchronised to a pre-deployed trigger
schedule [Kirkwood 2007]. The trigger schedule works by firing the payload sensors at the exact
same time at a pre-survey programmed ping rate. By avoiding the triggering of a sensor while a
neighbouring sensor is still listening for its corresponding return signal, the contamination caused to
the listening device, due to the high intensities of a close-proximity trigger, is avoided, and as a
result of the separation of the operating frequencies of the payload sensors the received signals can

be band filtered to prevent acoustic interference in the received signal [Kirkwood 2009].

Survey results have shown that the described systems have successfully completed surveys of an
area of interest in which simultaneously operating sonar are deployed [George et al 2002; Wernli
2002; Kirkwood et al 2004; Desa et al 2006; Hagen et al 2008]. However, the integrated systems do
not allow for efficient surveys; the acoustic sensors used are not all of high-frequency,
synchronisation constraints require the payload sensors to operate at sub-optimal ping rates and the

payload control is pre-programmed and non-adaptable.

Existing UUV mission control strategies are still very much operator-in-the-loop, employing fixed
or pre-deployment programmed routines generally represented as a collection of sequential tasks
[Camilli et al 2004; Hagen et al 2007; McGann et al 2008]. The ability to analyse acquired data
autonomously such that a UUV can utilise this data for navigation and control decisions was
previously considered beyond current technological capabilities [Bildberg 2001]. This inflexibility
prevents in-situ adaptation of mission structure essential to improving operation in a dynamic and

unpredictable ocean environment.
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3.6 UUV-Based Adaptive Control

In-situ processing of environmental data affords the ability to autonomously respond to sensor
measurements, leading to optimal survey strategies and improvements in mission productivity. The
traditional practice in UUV-based surveying is primarily oriented toward track-line surveys of static
phenomena such as seafloor bathymetry [Yoerger et al 1998], magnetism [Yoerger et al 1996] and
sonar and video imaging [Willcox et al 2001b]. However, there has recently been a growing interest
in the development of smart sensors and UUV-based adaptive surveying to accomplish fully
autonomous scientific surveys in the deep-ocean [Willcox et al 2001a], because the ability to
simultaneously search a wide area and then focus sensor attention through sensor management and

vehicle guidance leads to more efficient and effective deep-ocean surveys [Camilli et al 2004].

As new information about the environment becomes available, truly autonomous vehicles should
react accordingly and not be constrained by plans designed a priori. Data-dependent [Tiwari 1996;
Bourgeois et al 1999] navigational algorithms that adapt the trajectory of the vehicle to ensure
complete sonar swath coverage have been developed and implemented for AUVs. Bottom-
following algorithms that allow the AUV to maintain a constant height above the seafloor was
proposed and developed in simulation control experiments for a UUV by Toal [Toal 2004]. Such
systems have been demonstrated in Yoerger et al [Yoerger et al 2007]. Adaptive feature tracking in
[Burian et al 1996; Bennett and Leonard 2000] address the problem of how to locate and track
features of an unknown extent in an environment where a priori data is unavailable. Adaptive
sampling strategies attempt to increase the survey efficiency by concentrating measurements in
regions of interest. For example, modern, in-situ sensor technologies allow chemical analysis to be
carried out in real-time aboard UUVs in an area that can provide optimal results [Bellingham and

Willcox 1996; Camilli et al 2004].

In the case of coordinated multiple AUVs, the vehicles should be controlled to appropriately
explore the region and avoid approaching one another. Adaptive formation control attempts to avoid
such issues in which an AUV might be made redundant and optimises the strategy of each AUV in
a coordinated group mission [Ogren et al 2004; Fiorelli et al 2006]. This area of adaptive swarm or
multiple vehicle control is a very active area of research in recent years but somewhat beyond the

scope of this thesis.
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3.7 Conclusions

Although different sonar systems provide different interpretations of the seabed, the information
they present is complementary. A review of the literature has shown that the provision, and
combined analysis, of complementary and comparative datasets, affords a more accurate
representation of the seafloor, the removal of possible dataset ambiguities and improved data

analysis and interpretation.

It is recognised that the integration of multiple payload sensors and the acquisition of these datasets
in a single survey platform has potential benefits in survey time, cost and efficiency. However, the
simultaneous operation of multiple sonar systems is limited by issues associated with sensor
crosstalk. To overcome this constraint, various techniques are employed to successfully complete a
survey of an area of interest with multiple acoustic sensors; conducting separate surveys for each
instrument, separating the sensor’s operating frequency and trigger synchronisation. However, an
assessment of these techniques highlights their inadequacies; the mobilisation of separate surveys of
the same seabed region for each individual sensor is inefficient and leads potentially to positional
errors or registration problems in the various datasets. The separation of the operating frequency of
the payload sonar allows for the concurrent operation of multiple sensors in a single survey
platform. However, the low-frequency systems, employed during these survey missions to avoid
sensor crosstalk with higher frequency sensors, significantly degrade the quality of the generated
datasets, with the result that small-scale features may not be evident, thereby compromising the data
interpretation process. The management of payload sensor triggering routines provides a more
advanced method for the avoidance of sensor crosstalk. Synchronising the fixed triggering of the
sensors, in a pre-deployment programmed routine, such that they do not interfere with each other,
affords the ability to integrate and concurrently operate multiple sonar systems in a single survey
platform. de Moustier successfully operated similar-frequency sonar by synchronising their
triggering in accordance with the time of flight information of the Sea Beam sound wave. However,
the algorithm does not take into account both the varying altitude of the survey platform and the
varying geometry of the seafloor terrain, and because of the fixed transmission rates, the system is

best suited for long-range, deep-water applications with the use of low-frequency sensors.

Developments to allow the operation of multiple sensors on a single platform (such as those
detailed in the following system design, implementation and results chapters of this thesis) holds the
potential to reduce or eliminate the relative positional error between features evident in multiple
datasets, promoting the straightforward co-registration of the acoustic signature of features.

Simultaneous multi-sonar acquisition also eliminates the need to conduct separate surveys for each
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instrument, as well as the collection of supporting data (such as sound velocity profiles or tide

gauge data) required to fully understand the operating environment during each individual survey.

A review of the state-of-the-art payload sensor control management for UUVs reveals that mission
control strategies are still very much operator-dependent, employing fixed or pre-deployment
programmed routines. This inflexibility prevents in-situ adaption of the mission structure essential
to improving operations in a dynamic and unpredictable ocean environment. Furthermore, this
literature review emphasises that the design rationale employed by commercial UUV designers and
peer academics relies on the use of sonar systems operating at distant frequencies, with the result

that the full potential of UUV deployments of multiple high-resolution sensors is unfulfilled.

To allow the fullest operation flexibility and enhanced sensor payload control, payload sensor
management must have the ability to adapt to real-time environmental data, allowing for the
adjustments of sensor controls in accordance with the varying seafloor terrain. Moreover, a velocity
loop-back can provide the added potential of optimising the survey speed for a desired dataset
resolution, without the intervention of an operator. The full potential of UUV deployments must
also be satisfied with the deployment of multiple high-frequency sonar systems. The following
chapters establish a solution to provide optimal survey efficiency, in which concurrently operating,
high-frequency sensors are co-located on the same platform, functioning in such a way that their
triggering is synchronised for the avoidance of sensor crosstalk, at an optimal ping rate with respect

to the platform velocity.
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Chapter 4

The Integrated Marine Acoustic

Controller System

4.1 Introduction

In the preceding chapters the rationale behind sensor integration was presented and the prohibiting
challenges were indentified. To address the problems associated with multi-sonar integration, the
employed solutions by industry and peer academia were reviewed, highlighting the inadequacies of
current techniques. Based on the key findings and a desire to provide improved survey productivity,
a framework for the automated control of multiple, co-located similar-frequency sonar sensors was
proposed. This chapter presents the Integrated Marine Acoustic Controller System (IMACS), a

novel contribution to the field of autonomous payload sensor control.

The contents of this chapter are as follows. Section 4.2 introduces the developed system. An
assessment of candidate data fitting algorithms is also discussed. System integration and data
connectivity of the payload sensors on the test platform is provided in Section 4.3. System design is
presented in Section 4.4, detailing the multi-threaded framework employed. Section 4.5 describes
the runtime processes, their functionality and data inputs/outputs. Implementation of the developed
system is provided in Section 4.6, detailing the methods and algorithms employed by the centralised
controller. An enhanced payload mounting configuration is introduced in Section 4.7. A velocity
loop-back function is introduced and detailed in Section 4.8. Finally, conclusions of the proposed

system are presented in Section 4.9.
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4.2 System Description

A contribution of this body of research is the real-time determination of payload sonar trigger
timing by interrogation of the incoming multibeam echosounder (MBES) swath data. The
developed system predicts the transmission-reception time of the payload sensors’ acoustic pulses,
affording enhanced sensor deployment and increased survey efficiency through the control of

sounding density and platform velocity, throughout an entire survey.

With an appropriate payload mounting configuration, it can be arranged that the seabed to be
ensonifed by the auxiliary sensors, such as the sidescan sonar (SSS) and Doppler velocity log
(DVL), has already been completely or partially mapped by the MBES (Figure 4-1). The acquired
bathymetric data can be exploited to predict the transmission-reception cycle of auxiliary sonar
sensors with beam footprints within the MBES swath. For beam footprints exceeding the swath, the
acquired bathymetric data can be employed to determine the seafloor trend, permitting the inference
of the unknown seafloor and prediction of the instrument’s transmission-reception cycle.
Additionally, a confidence of the resulting assumption’s strength can be computed, allowing for a

tolerance determination.

This approach also affords the ability to simultaneously operate multiple, co-located similar-
frequency sonar systems by synchronising their triggering such that the acoustic waves are
temporally separated, thus avoiding the saturation of any one sonar’s returned pulse by another
concurrently operating sonar system. Furthermore, a velocity loop-back provides an optimal
platform velocity guide for operational ping rates, reducing data redundancy while providing survey
resolution requirements. Accordingly, survey time and costs are reduced and survey productivity is

improved.

In the analysis of the acquired MBES swath depth points, a mathematical model must be fitted to
the data. The description of the data as a mathematical function, affords the ability to solve
computational algorithms on it. In the following section, data fitting algorithms are assessed for
their candidacy to best approximate the decimated MBES swath, and to infer the seafloor outside of
the dataset, to allow for the prediction of the two-way travel time of payload sonar acoustic pulses

in real-time.
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Figure 4-1 Mounting configuration of payload sonar and ensonified seafloor swaths.

4.2.1 Candidate data fitting algorithms

Numerous data fitting algorithms exist in the literature: Linear least squares [Golub 1965], non-
linear least squares [Dennis 1977] and piecewise functions [Johansson 2003]. A summary of the
algorithms are presented below. In addition, a method which generates and populates a digital
terrain model (DTM) of the surveyed seafloor is also described providing a theoretical approach to

the problem.
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Linear Least Squares

Least squares is a mathematical procedure for finding the best fit for a given set of points. The best
fit, between modelled and observed data, is that instance of the model for which the sum of squared
residuals has its least value, a residual being the difference between an observed value and the value
given by the model (Figure 4-2). The approach is also often used to predict unobserved values from
the same system [Baron 2007].
For a set of n data points

X,y i=1,..,n (4.1)
the residual, r;, of the approximation function, LS, is defined as:

=Y — LS X (42)

The sum, S, of squared residuals, #, is a minimum:

n (4.3)

Figure 4-2 Plotted data points (blue) and the best fit least squares line (red). The
residual, difference between the plotted data and the fit, is in green.
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Linear least squares, in the first order, is the most commonly applied form of linear regression and
provides a solution to the problem of finding the best fitting straight line through a set of points

[Weisstein 2003]. The approximation function is in the form:

y=ay,+ax (4.4)

where the unknown coefficients, a, (the intercept) and a; (the slope) are estimated from the set of
data points. Because the least squares fitting process minimises the summed square of the residuals,
the coefficients are determined by differentiating S with respect to each parameter, and setting the

result equal to zero:

aS n (4.5)
a—aO:—Z yi— agt+ax; =0
i=—1
as " (4.6)
6_(11:_2 1Xl Yi— aptax; =0
i=—

Solving the simultaneous equations for a, and a;:

. CC Y xAD) = x)C xy) (4.7)
o nox?—( x)?
_noxyi— Cx)C wi) (4.8)
a, =

n ox?—( x)?

Similarly, it can be extended to polynomials of higher degrees. A polynomial of m degree has the

least squares approximation function in the form:

y=ag+ax+ -+ ax™ (4.9)

Differentiating S with respect to each unknown coefficient (ay, a;, ..., a,) solves for each

parameter.

In the image below (Figure 4-3), the seafloor is represented by a scatter plot of depth points. A least
squares function (in red), using different degree order values from 1 to 18, is applied to fit the

known depth points of the ensonified seafloor (within the sonar beam swath, #) and to infer the

64



likely distribution of depth points outside of the known dataset. It is evident from the plots that the
polynomial least squares (a degree order of two or more) requires a priori knowledge of the dataset
before fitting the curve with a suitable degree order. Without such an order value, the polynomial
least squares curve potentially diverges significantly away from the scatter plot, in particular in the
unknown region where the seafloor depth points are to be inferred. Another problem associated
with polynomial fitting is Runge’s phenomenon. This occurs for polynomials of high degree orders
and causes wild oscillations of the polynomial function towards the end of the interval [Monahan
2001]. For the linear least squares attempt (degree order of 1) the straight line does not fit as well to
the dataset, nevertheless it does provide an improved hypothesis of the unknown seafloor as the
algorithm essentially determines the slope of the seafloor for which the unknown seafloor region is

likely to follow.
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Figure 4-3 A seafloor is represented by depth points (y, z). Within the sonar beam swath, 0, the seafloor is
ensonified, outside of the swath the depth points are unknown. A least squares attempt (red line), with
different degree orders, is applied to the known depth points to fit the dataset and to infer the likely
distribution of depth points outside the known dataset. Except for a degree order of one, all attempts are
unsuccessful in sufficiently extrapolating the known dataset.
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Non-Linear Least Squares

The basis of the non-linear least squares method is to approximate the model by a linear one and to
refine the coefficients by successive iterations [Constable and Agnew 2008]. In the same way for
linear least squares, the function that best fits the given data is when the sum of squares of the

residuals, S, is minimised (Equation (4.3)).
For a set of n data points
X,y il=1,..,n (4.10)

Consider the fitting function, y = f(x, §), which has m coefficients, f = (8, S, ..., fun), Where n > m.
For a non-linear system, the derivatives of S with respect to each coefficient are functions of both
the independent variable and the coefficients, so these gradient equations do not have a closed
solution. Instead, initial values must be chosen for the coefficients. Then, the coefficients are

refined iteratively, that is, the values are obtained by successive approximation,
k+1 k
B; ~ B =B + AB; (4.11)

where k is the iteration number and Ap; is the increment vector. For each iteration, the model is

linearised by approximation to a first-order Taylor series expansion about f*,

of (xu, ) (4.12)

fxi!ﬁ z]‘:xilﬁk + 0,8]

Bj —ﬁjk

The best fit is determined when S is a minimum. Due to its iterative nature, the non-linear method is
computationally heavy. It also requires choosing initial values for the parameters, which are thus

refined iteratively [Komzsik 2007].

Piecewise

A piecewise function is a function that is defined on a sequence of intervals. Mathematically, a real-
valued function f of a real variable x is a relationship whose definition is given differently on
disjoint subsets of its domain (known as sub-domains) [Johansson 2003]. A common example is the

absolute value, illustrated in Figure 4-4.
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—X forx <0
x = 0 forx=20

x forx >0 (413)

Figure 4-4 Graph of the absolute value functiony = x .

Fitting piecewise linear functions affords the building of non-linear functions from linear
combinations [Chen and Jain 1994]. We can thus extend the linear least squares approximation into
a piecewise function, where the dataset is separated into discrete sub-domains each for of which a
best fitting line of the data can be computed. The plot displayed in Figure 4-5 illustrates such a
piecewise function of the scatter plot. A piecewise function (red line) provides local seafloor
approximations within the sample, allowing for the description of a nonlinear seafloor in five sub-
domains, while also avoiding issues associated with Runge’s phenomenon, as the high degree
orders of polynomial functions are not required. The discrete samples can be such to coincide with
the known beam geometries of the auxiliary sensors providing local approximations of the seafloor
to be ensonified by the instrument. By utilising a discrete sub-domain on both extremities of the
dataset, inference of the unknown seafloor can also be achieved for use with beam geometries

extending outside of the known dataset.
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Figure 4-5 A piecewise function, containing five sub-domains, approximates the
seafloor within the beam angle, 6, and infers the likely distribution of depth points for
the unknown seafloor region.

Terrain Model Generation

Of course, when extrapolating for an unknown, inherently unpredictable seafloor, it is impossible to
accurately predict how the topography of seafloor will behave. By conventional pre-survey
planning, transect lines are typically laid out systematically in straight lines such that adjacent
transects are parallel, commonly known as a lawnmower style survey pattern, and for SSS surveys
100% overlap is typically required providing alternating aspects of the seafloor. The acquisition of
multibeam data in tandem with position and orientation data allows for the production of geo-
referenced bathymetric data. By geo-referencing the data, sequentially acquired bathymetric swaths
can thus be combined to generate and populate a DTM of the surveyed seafloor (Figure 4-6). As the
survey platform performs a bathymetric survey, the DTM can be created on-the-fly. Knowing the
beam geometries and mounting configuration of the payload sonar, the time of flight information
can be predicted for beam patterns contained within the DTM by completing a low density ray
trace. For beam geometries extending beyond the ensonified swath, the approach exploits the
adjacent track lines employed in this survey planning technique. As the DTM is generated it can
thus provide the necessary a priori seafloor geometry information required to predict the duration of

the transmission-reception times on the current transect for seafloor regions previously surveyed.
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Figure 4-6 As the MBES ensonifies the seafloor, a DTM is generated and populated on-the-
fly, to be utilised in the prediction of the two-way travel time of acoustic pulses from
simultaneously operating payload acoustic sensors.

It is evident from the previous discussion that when imaging a nominally flat or regularly sloping
seabed, the ensonified seafloor can be sufficiently described using a linear least squares function.
The unknown regions at the extremities of the swath can also be inferred by extrapolating the
multibeam imaged seafloor swath. While for undulating seafloor terrains the flat plane assumption
is no longer valid, it is possible to exploit the assumption that the roughness of the ensonified swath
is generally homogeneous and will follow the general seabed gradient. This permits the likely
distribution of seafloor depth points outside the known swath to be described. Combined with a
confidence quantity, the strength of the linear fit can be assessed, allowing for the definition of a
tolerance factor to take into account the possible divergence of the actual seafloor from its
approximated straight line (the lower the tolerance factor, the more appropriate the fit). The
piecewise function can provide local descriptions of the imaged seafloor for discrete intervals that
coincide with known beam footprints of auxiliary sensors. In the case of a non-linear least squares
method, due to its iterative nature and the necessity of a priori knowledge of the function, the
method is considered unsuitable for real-time operations in an unpredictable environment. Accurate
topography of the seafloor is provided by populating a DTM of the surveyed region on-the-fly. By
employing ray tracing computations an improved seafloor approximation can then be presented.
However, for regions of the seafloor yet to be surveyed, it requires another method to extrapolate
the unknown depth points. Therefore, the linear least squares function and a piecewise linear
function are considered the most appropriate candidates for the developed system to describe the

ensonifed seafloor, and to infer unknown regions, for the prediction of the time-of-flight of payload
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acoustic waves. However, because of the unpredictable nature of the ocean environment, the system
must also allow the surveyor to control timing tolerances in the case that the algorithm falls down. It
is these two methods, linear least squares and piecewise linear, that are to be implemented in this

thesis, with the DTM method described in the future work section.

4.2.2 A Novel Centralised Controller

In-situ processing of the bathymetric data allows time-critical survey control decisions to be made
based on the assessment of real-time seabed topographic information, affording the controller the
ability to adapt to the dynamically changing imaging geometry. The approach is based around a
centralised sensor payload controller which manages the integrated sensors during survey missions.
The processing and analysis of real-time mission data adaptively determines the trigger
synchronisation of each sensor in a unique manner. The automated system is based on the
interleaving of the sonar transmission-reception cycles in a non-interfering fashion, enabling
optimal use of the sensor’s available transmission-reception cycle windows throughout an entire
survey, while avoiding cross-sensor acoustic saturation and adhering to high-resolution survey

requirements.

Unlike traditional sensor triggering routines, which operate on fixed, pre-deployment programmed
timing schedules and rely on the separation of payload frequencies, the system dynamically adapts
the time separation between successive pings from similar high-frequency sonar systems in
accordance with real-time seafloor topographic information. The sensor triggering timing schedule
is calculated as a function of each sensor’s imaging geometry and the range between the sensor and

the approximated seafloor.

This approach has particular advantages for shallow-water ship-based operations, and similarly
ROV/AUV operations flown close to the seabed. In 25m water column depths, the transmission-
reception cycle duration of a 120° multibeam is 66ms. This permits a maximum ping rate of 15
pings/sec. At a survey vessel speed of 6-12 knots an alongtrack sounding density of a swath every
0.2m-0.4m is achievable while at 50m the density of soundings translates to a swath every 0.4m-
0.8m. This is typically greater than required, even more so in the case of ROV/AUV operation
where the platform speed would typically be far slower, thereby allowing for a reduction in the ping
rate of individual sensors while still adhering to IHO requirements [IHO 2008]. The scope for
reduction in ping rates affords available transmission-reception cycle windows for the co-located

similar-frequency acoustic sensors.
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4.2.3 Ping to Ping Process

The following text describes the ping-to-ping process, detailing the application’s sequence of events
for each payload sonar ping, with reference to the processes illustrated in Figure 4-7 in square
brackets []. The MBES is triggered by sending a Single Ping Request through the Ethernet
connection to the multibeam system signal processing unit (SPU) [1]. Raw 7125 beam data is
received back in binary format [2]. The raw data is logged to the MBES database [3] and parsed to
produce body-fixed beam data in ASCII format for further processing [4]. 7125 beam data is
filtered for outliers [5]. Each sampled beam’s time-angle couplet is extracted and deposited in the
shared memory buffer. In parallel, raw motion reference unit (MRU) data (PHINS Standard and
SimradEM) is received from auxiliary navigation sensors [6], [7] and logged to their respective INS
databases [8], [9]. Position and orientation data is parsed from the raw data and queued as a First-
In-First-Out (FIFO) data structure in the memory buffer [10], [11], ready to be fused with the
multibeam data. Beam data and MRU data are fused, corresponding to their respective time-stamp
information and platform orientation corrections are applied, producing a corrected beam-formed
swath profile of the imaged seabed [12]. The depth points of the imaged swath are approximated by
a linear function [13] and sent to the scheduler. A timing algorithm is applied to the seabed
approximation function [14], computing the transmission-reception times of the payload sensors
and generating their synchronisation schedule. The payload sensors are triggered in accordance with

this timing schedule [15], [16], [1].
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Figure 4-7 Software architecture; the system is decomposed into a multi-threaded framework to enable
the simultaneous execution of independent modules.
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4.3 System Integration

The ROVia1is, @ ROV designed, developed and operated by the Mobile and Marine Robotics
Centre (MMRRC), was used as the initial test platform for the centralised controller. The Smart
ROV is a novel, multi-mode operation marine robotics vehicle for operational flexibility in high-
resolution near seabed survey from shallow inshore waters out to the continental shelf edge. The
sensors integrated on the ROVisms provide the high-resolution seabed mapping capabilities

required to perform accurate and detailed recording and analysis of the seabed [Toal et al 2008].

The MBES employed is the Reson Seabat 7125 (Figure 4-8), operating at a frequency of 400kHz
and featuring 512 beams. The system is optimised for measuring within an angular swath of 128°.
The product of the transmit and receive beams provides a total effective beam width of 0.5° x 1°
(alongtrack x acrosstrack). The system provides bathymetric data at a depth resolution of 3mm

[Reson 2007].

Figure 4-8 The multibeam echosounder system and ROV o1 integration, showing the particular
beam pattern with the ROV deployment.

The SSS used is the Tritech 325kHz SeaKing sidescan sonar (Figure 4-9). The system is an
ROV/AUV mounted sidescan sonar system operating at a frequency of 325 kHz. The horizontal
beamwidth is 1° and the vertical beamwidth is 50°. The system is depth rated to 4,000m [Tritech
2002].
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Figure 4-9 The sidescan sonar system and ROV s integration, showing the particular
beam pattern with the ROV deployment.

The Ixsea PHINS is used as the INS, interfaced with multiple navigational aiding sensors, including
a RDI WorkHorse DVL [RD_Instruments 2002a], CDL Microbath depth sensor [CDL 2000] and an
Ixsea Gaps Ultra Short Base Line acoustic positioning device [Ixsea 2004]. The system outputs the
vehicle’s position, orientation (yaw, pitch and roll) and angular and linear velocities. The
WorkHorse DVL (Figure 4-10) is equipped with four acoustic beams, each orientated at a 30° angle
from the vertical axis, an internal flux-gate compass and roll/pitch sensors. Beam widths are 6°,
operating at a frequency of 600kHz. The bandwidth of the device is 50% of the resonant frequency
[RD_Instruments 2002a].

Figure 4-10 The Doppler velocity log device and ROV 15 integration, showing the
particular beam pattern with the ROV deployment.
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Figure 4-11 details the system overview, illustrating system integration and data connectivity.

Figure 4-11 System overview illustrating system integration and data connectivity.

The umbilical has six/four copper cores for AC/DC power and eight single mode optical fibres.
Each network (Multibeam, Survey, Control and Video) has a dedicated fibre core transferring data
between the top and bottomside interconnected devices and stations. On the topside, the umbilical is
terminated with Power Box and Signal Box. The 11kW power supply unit (PSU) provides AC/DC
power for the ROV through the Power Box. The fibre optic cores are broken out in the Signal Box,
with conversion to Ethernet through Ethernet — Fibre Optic converters (ADAM 6541) [Advantech
2006]. Workstations are connected to their respective network(s) through network switches
(Linksys 5-port 10/100 switch) [Linksys 2003]. A local GPS is used for precise time

synchronisation of system components [Omerdic and Toal 2009].
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Bottomside, Ethernet serial servers (ESS) (VLinx ESP904) [B&B Electronics 2008] provide
Ethernet to serial connections for the RS-232 devices. The serial ports are accessed over a local area
network (LAN) using Virtual COM Ports, that is, virtual COM ports are created on the topside
computers, providing access to any remote port of ESS, in the serial port on the computer. In this
way the LAN becomes transparent to the serial device and the software running on the PC. Ethernet

— Fibre Optic converters allow for transmission through the fibre cores.

The two networks of interest are the Multibeam and Survey Networks. The multibeam system has
its own dedicated network as a stipulated requirement from the manufacturer to ensure deterministic
latency in signals recorded at the surface (Figure 4-12). Within the distributed wet and dry end
Reson 7125 multibeam system [Reson 2007], digitised sonar data is sent from the link control unit
(LCU) to the 7-P SPU topside, to be distributed to the Sonar Control PC and the Reson Online PC.
Sonar configuration is set up by the SPU. The developed system is run on the Sonar Control PC,
which reads in and logs raw bathymetric data, performs the subsequently described processes and
controls the trigger synchronisation. PDS200 [Reson 2006a] is run on the Reson Online PC,
providing an interface to navigational sensors as well as the SPU. Sonar data is logged and
visualised graphically and numerically. PDS2000 also provides quality control through alerts and
graphs.

The SSS, DVL and all survey sensors are connected on the Survey Network (Figure 4-13). The
Ethernet-Serial Server (ESS) provide a transparent interface between these RS-232 serial devices
and the networked workstations. SSS and DVL configuration and trigger synchronisation is
performed by the Sonar Control PC. Raw sidescan data is logged, repacked and sent to the SSS PC
for waterfall display. SSS imagery is displayed on the SSS PC using an inhouse built visualisation
software package based on RT PULSE. All survey sensor data, including position, orientation,
platform speed and sound velocities are distributed over the Survey Network to all workstations for

processing.
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Figure 4-12 System interconnectivity of the Multibeam Network.
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Figure 4-13 System interconnectivity of the Survey Network.
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4.4 System Design

To enable simultaneous processing of multiple data streams and time-critical computations, a multi-
threaded framework is implemented (Figure 4-7). This multi-threaded architecture takes advantage
of multi-core processors, allowing for the handling of multiple threads in parallel, thus limiting the
blocking of one application module by another. The code is implemented in C++ and makes
extensive use of threaded functions, including process scheduling, priorities, message passing and
communications. The system utilises modern computational resources and real-time processing
techniques to enable the prediction of the payload sonar’s transmission-reception window and the

automated adaption of its trigger execution.

Libraries of device drivers for sensors and control algorithms have been created. Device drivers
have been written for Reson’s 7125 MBES, Tritech’s SeaKing SSS, RDI’s WorkHorse Navigator
DVL and Ixsea PHINS’ navigational data protocols (PHINS Standard and SimradEM).

The IMACS application, in the simplest terms, is an executing software program. Within the
context of this application, there exists a number of executable threads. A thread is the entity within
an application that can be scheduled for execution by the operating system. All threads running in
the IMACS application share its virtual address space and system resources. In addition, each thread
maintains exception handlers, a scheduling priority, thread local storage, a unique thread identifier,
and a set of structures the system will use to save the thread context until it is scheduled. The thread
context includes the thread's set of machine registers, the kernel stack, a thread environment block,

and a user stack in the address space of the thread's process.

The system is designed for pre-emptive multitasking, allocating a processor time slice to each
thread it executes. The currently executing thread is suspended when its time slice elapses, allowing
another thread to run. When the system switches from one thread to another, it saves the context of
the pre-empted thread and restores the saved context of the next thread in the queue. This creates
the effect of the simultaneous execution of multiple threads from multiple processes. On a
multiprocessor board, the system can simultaneously execute as many threads as there are

processors on the board.
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4.5 Runtime Processes

The IMACS application is comprised of a number of threads, or modules. Each module manages a
specific subsystem encompassing the relevant information; ensuring functional separation and thus
increasing code modularity, allowing for the transparent interchanging of modules depending on the

mission scenario. In all, six modules have been developed:

o MBES module

J SSS module

o DVL module

. INS modules

o Sonar trigger module

o Synchronisation module

Four of the modules (MBES, INS, Sonar Trigger and Synchronisation) are essential, in that they
execute functions vital to system operation, that is, they provide the interface to real-time mission
data and execute the scheduling computations. Two of the modules (SSS and DVL) are

transparently interchangeable depending on the mission scenario.

Each module is assigned and run based on a scheduling priority. The priority levels range from zero
(lowest priority) to 31 (highest priority). The system treats all modules with the same priority as
equal. The system assigns time slices in a round-robin fashion to all modules with the highest
priority. If none of these modules are ready to run, the system assigns time slices in a round-robin
fashion to all modules with the next highest priority. If a higher-priority module becomes available
to run, the system ceases to execute the lower-priority module (without allowing it to finish using
its time slice), and assigns a full time slice to the higher-priority module. The sonar trigger module,
containing time critical operations is assigned the highest priority,
THREAD PRIORITY TIME CRITICAL, all other modules are assigned the default priority,
THREAD PRIORITY NORMAL and compete equally for processor time.

4.5.1 MBES Module

The MBES system is the master system and provides to the sensor controller the raw data that

determines the trigger timing.

The MBES module establishes communication with the MBES through the SPU [Reson 2007], via

the WinSock2 protocol. Raw bathymetric data is read in and each individual beam’s time and angle
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couplet is extracted and sent to the memory buffer to be processed by the Synchronisation module.

Table 4-1 displays Reson 7k data records received and parsed by the MBES module from the SPU.

Record ID Description

7k Sonar Settings 7000 Record contains current subsea device settings.

7k Configuration 7001 Record contains configuration information about the subsea
device capabilities.

7k Bathymetric 7006 Record contains sonar bottom detection results. Is sent after

Data each ping.

7k Remote Control 7500 Record contains remote control commands to be sent to the
subsea device.

7k Remote Control 7501 Acknowledgement of successful remote control command.
ACK

7k Remote Control 7502 Unsuccessful remote control command.
Not ACK

7k Sound Velocity 7610 Record contains current sound velocity value.

Single Record 1050 Request latest record.
Request
Record 1051 Subscribe to records.

Subscription

Start Pinging 1100 Start continuous pinging.

Stop Pinging 1101 Stop pinging

Single Ping Request | 1107 Request for single ping.

Table 4-1 Reson 7k record type definitions [Reson 2006b].
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4.5.2 SSS Module

The SSS module provides the interface between the centralised controller and the SSS device. The
module establishes communication with the SSS using the SeaNet RS-232 Protocol [Tritech 2006]
(Figure 4-14). Upon power up, the SSS device broadcasts a “mtAlive” message at a 1Hz rate to
inform connected devices of its activation. The SSS module listens for this message and extracts
version and configuration data. Device parameters are transmitted to the SSS. Once the desired SSS
configuration has been established and confirmed, the SSS is ready to be triggered using the
“mtSendData” command. Command and reply messages implemented are described in

Table 4-2.

Figure 4-14 Communication protocol with the SeaKing sidescan sonar [Tritech 2006].
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Command ID Description

mtNull 0 NULL message

mtVersionData 1 Reply from the subsea device in response to a
mtSendVersion command. Contains software version data
programmed into the subsea device.

mtHeadData 2 Reply from the subsea device in response to a mtSendData
command. Contains device sample data and device specific
parameters.

mtAlive 4 Message is broadcast from the subsea device at a 1 second

interval to inform other devices of its power up.

mtBBUserData 6 This reply is a device specific record that defines various
settings and options programmed into the subsea device.

mtReboot 16 Commands a reboot of the subsea device.

mtHeadCommand 19 Provides the subsea device with operational instructions and
control settings.

mtSendversion 23 By sending this command, the system can check what
software version is programmed into the subsea device.

mtSendBBUser 24 Main message reply to this command is a device specific
mtBBUserData record.
mtSendData 25 Commands the subsea device to perform one sample set.

Table 4-2 Description of implemented SeaKing SSS command and reply messages [Tritech 2006].

For each trigger, the SSS device transmits a “mtHeadData” message. This message is accepted by
the SSS module, which extracts the port and starboard scanline data. The scanline data is repacked

and sent to the display PC for waterfall visualisation.
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4.5.3 DVL Module

The DVL module establishes RS-232 communication to the DVL and configures it to accept a
manual trigger command by altering its flow control using the “CF” command. The CF command
defines flow control of the DVL in terms of automatic or manual pinging, binary or Hex-ASCII

data output, output enabling/disabling [RD Instruments 2002b]. CF command description is

displayed

Table 4-3 Table 4-3. Upon configuration and trigger activation, the DVL pings for each trigger

command that it receives from the centalised controller.

Command Description

CF1xxxx Automatic Ensemble Cycling — Automatically starts the next data collection
cycle after the current cycle is completed.

CFOxxxx Manual Ensemble Cycling — Enters STANDBY mode after transmission of
the data ensemble.

CFx1xxx Automatic Ping Cycling — Pings immediately when ready.

CFx0xxx Manual Ping Cycling — Waits to receive ping command before pinging. This
feature allows for manual ping control.

CFxx2xx Hex-ASCII Data Output, Carriage Return-Linefeed delimited — sends the
ensemble in readable hexadecimal-ASCII format with a Carriage Return-
Linefeed ending, if serial output is enabled.

CFxx1xx Binary Data Output — Sends the ensemble in binary format, if serial output is
enabled.

CFxx0xx Hex-ASCII Data Output — Sends ensemble in readable hexadecimal-ASCII
format, if serial output is enabled.

CFxxx1x Enable Serial Output — Sends the data ensemble out the RS232 serial
interface.

CFxxx0x Disable Serial Output — Data ensemble output disabled.

CFxxxx1 Enable Data Recorder — Records data ensemble on the recorder.

CFxxx0x Disable Data Recorder — No data ensemble recorded on the recorder.

Table 4-3 DVL WorkHorse Navigator CF command description [RD_Instruments 2002b].
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4.5.4 INS Modules

Communication is established to PHINS, the system’s INS, which provides concurrently generated
high-frequency time-stamped MRU data. Input and output digital interfaces to PHINS are user-
configurable with different protocols to be selected from the digital interface library [Ixsea 2005].
The candidate protocols selected for implementation within the described system are PHINS
Standard and SimradEM on condition that the two protocols provide the MRU data required for

geo-referencing of the acquired data.

PHINS Standard is NMEA 0183 compatible and provides information about the platform’s heading,
attitude, position, speed, standard deviations and sensors input. The protocol is transmitted at a SHz
data rate [Ixsea 2005]. SimradEM is a Simrad proprietary protocol and provides information on the
platform’s heading, roll, pitch and heave. SimradEM is transmitted at a S0Hz update rate [Ixsea
2005].

The INS modules log and parse the PHINS Standard and SimradEM protocol data streams and
queue the position and orientation data as a FIFO data structure in the memory buffer, ready to be
fused with the multibeam data by the Synchronisation module. A producer-consumer model is
established, in which the INS modules produce the position and orientation data and send it to the
shared memory buffer. The Synchronisation module consumes the data for further processing. The
FIFO data structure permits the consumer module to search for the required time-stamped

navigation data in a sequential approach up to the most recent addition.

4.5.5 Sonar Trigger Module

Due to its time critical operations, the Sonar Trigger module is provided with the highest thread
priority. This allows the time critical operations to run with minimal delay or interference. The
Sonar Trigger module is passed the timing schedule for the payload sensors and sends the
synchronised trigger commands to the individual payload sensors. The timing schedule is repeated

until interrupted with updated values.

The trigger command for the Reson 7125 MBES is the Single Ping Request data command. The
data packet is sent to the SPU over the Multibeam Ethernet network which commands the
transducer to fire. Tritech’s SSS is triggered using the mtSendData command. The RS-232 request
is directly sent to the SSS electronics pod through the Survey Network. The DVL is triggered each
time it receives an ASCII character. The RS-232 data packet is sent directly to the DVL through the

Survey Network. DVL triggering is only permitted at a maximum of 1Hz.
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4.5.6 Synchronisation Module

The Synchronisation module receives the range-angle couplets of the individual MBES beams from
the memory buffer. Platform orientation corrections are applied, producing a beam-formed swath
profile. The swath is approximated by a linear function and deposited in the scheduler buffer.
Computations to determine the two-way travel time of the payload sonar systems are performed and
a trigger timing schedule is generated for the next ping. The Sonar Trigger module is updated with
the calculated timing schedule employed to synchronise the payload sonar. The methods and
algorithms used in the individual processes of the Synchronisation model are described in detail in

the following section.

4.6 System Implementation

The synchronised schedule of each payload sonar trigger is such that the avoidance of acoustic
interference is achieved. A swath of range-angle couplets, that is, two-way travel time and angle of
the acoustic beam, are extracted from the data packets received from the multibeam system SPU.
Calculations are performed to predict the transmission-reception window of each payload sonar
ping. The range-angle values are translated to depth points in the multibeam-fixed coordinate frame
before being filtered for outliers and approximated by a linear function. The timing schedule is
calculated as a function of each sensor’s imaging geometry and the range between the sensor and
the ensonified seafloor. With the imaging geometry and mounting configuration of each sonar
instrument known, the required set of parameters is completed by analysis of the approximated
seafloor relating to bathymetric data streams collected during the survey. The implementation of
these processes and the algorithms used to determine the payload sonar transmission-reception
windows are described below. The system sequence diagram in Appendix III-2 visualises this

sequence of events.

4.6.1 Multibeam Transmission-Reception Window

The system exploits the fact that, due to the slow forward speed of the ROV platform, typically 1 —
2 knots, there occurs a high ping-to-ping coherence between successive multibeam swaths. In 10m
of water, the 7125 beam ensonifies 0.0872m of the seafloor alongtrack. At a platform velocity of
0.5m/sec (0.971 Knots) and a ping rate of 9 pings per second, to account for the MBES and SSS
triggering, the platform advances 0.055m between successive MBES pings. In water depths of 20m,
at the same platform velocity, the beam geometry of the 7125 MBES ensonifies 0.1744m

alongtrack. At a ping rate of 4.5 per second, the platform advances 0.111m between consecutive
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MBES pings. Therefore, the seafloor to be ensonified by the next ping has already been partially
mapped. Such a ping-to-ping overlap and swath coherence permits the duration of the next

multibeam transmission-reception window, T,,;, to be predicted with a high degree of accuracy:
Tmbi = max Tmbi—l (414)

The MBES transducer is mounted to the fore of the survey platform such that the geometry of the
seafloor will have already been sampled prior to SSS and DVL ensonification. For each ping, the

MBES records a swath of range values which can be transformed to (x, y, z) points on the seafloor.

4.6.2 (x,y, z) Depth Points

The depth point (x, y, z) for each beam, in the multibeam-fixed coordinate frame, can be derived

from the geometry of Figure 4-15.

Figure 4-15 Multibeam-fixed coordinate frame, where 6 is the pointing (zenith) angle,
¢ is the heading (azimuth) angle and P is the distance from the MBES array to the depth
point on the seafloor.
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S=Psing (4.15)

x=5cos¢@ =Psinfcos g (4.16)
y =Ssing = Psinfsing (4.17)
z=Pcos@ (4.18)

where 6 is the pointing (zenith) angle, ¢ is the heading (azimuth) angle and P is the distance from
the MBES array to the depth point on the seafloor. The X-axis represents the alongtrack direction,

Y-axis is acrosstrack and the Z-axis is positive downwards.

A snippet of code implemented for each beam to extract its (x ,y, z) is displayed below:

for(int § = 0; j < (MAX BEAMS); j++)
{

r = sv * (filter.rangesSamp[j].range); // sv — sound velocity

geo_data.beam[j].x = 0.0f;

geo_data.beam[]j].y r * sin(filter.rangesSamp[j].angle);
[jJ].z = r * cos(filter.rangesSamp[j].angle);
(3]

.pointingAngle = filter.rangesSamp[j].angle * RTD;

geo_data.beam
geo_data.beam

}

Performing these calculations on all the received range-angle values, a full swath of depth points is
realised, representing the ensonified seafloor. Before approximating the seafloor and determining

the timing schedule, filtering for erroneous soundings must first be completed.

4.6.3 Outlier Removal

Outliers are data points that lie away from the trend; they can be identified from their misalignment
with the rest of the data (Figure 4-16). These erroneous soundings can be caused by several factors,
including noise in the water column, the complexities of the seafloor and physical limitations of the
sonar system. Simple automatic data cleaning algorithms are typically based in three categories:
Sonar detection quality indicators, multibeam swath reduction, or spike detection

[L3Communications 2002].
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Sonar quality flags are generated by the sonar signal processor to indicate possible outliers, a value
is assigned to each beam indicating the quality of the returned signal. Swath reduction involves the
removal of beams that fall outside a set threshold; such a threshold could be the acrosstrack distance
of the beam. Spike detection algorithms analyse the slope between a beam and its direct neighbours,
if both these slopes exceed a defined value and are of opposite signs, a spike is identified and

removed.

Figure 4-16 Multibeam swath illustrating beam outliers, where N is the number of
beams in the swath.

The slope of a line is defined as the ratio between the altitude of change to the horizontal distance
between any two points (Figure 4-17). The higher the slope value, the steeper the gradient. An
inclining slope has a positive value, declining negative. The slope, m, between two points can be

calculated from:

Az z,—7 (4.19)
m=—=
Ay y2—»n
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Figure 4-17 Slope of a line between two points.

The developed system employs a spike detection algorithm and sonar processor quality flags to
identify outliers and exclude them from further processing to ensure that they do not corrupt data
outputs. The implemented spike detection algorithm incrementally tests each data point for spike
detection by evaluating the slope between the data point and its two direct neighbours using
Equation (4.19). If the slopes for both instances are of opposite signs and exceed a threshold value,
it is flagged as a spike and is ignored for further processing. The implemented algorithm is detailed

below in pseudocode:

for(i = 1; 1 < N - 1; i++)
slopel = z[1i] - z[i-1] / yI[i]l - yI[i-1]
slope2 = z[i+1l] - z[1] / y[i+1l] - yI[i]

if (opposite slope signs)

Beam OK
else
if((slopel > SPIKE) && (slope2 > SPIKE))
Spike - ignore beam
else
Beam OK

4.6.4 Orientation Corrections

To account for the orientation of the ROV at transmit time, the depth points are rotated according to
the orientation data received from the INS. The most frequently applied representation of these

rotations is Euler angle representation [Omerdic 2004].
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Euler angles, developed by Leonhard Euler, describe the orientation of a rigid-body (a body in
which the relative position of all its points is constant) in 3-dimensional Euclidean space. The
popularity of the Euler angle representation can be explained by its easily understood physical
interpretation and the fact that Euler angles can be measured directly with sensors. The orientation
of a rigid-body is usually represented by means of Euler angles: roll (@), pitch () and yaw (y)
(Figure 4-18):

Figure 4-18 Body-fixed coordinate frame illustrating the Euler angles of rotation.

A disadvantage of using Euler angle transformations is the problem of gimbal lock, that is, it is
undefined for a pitch angle of 90°. An alternative to Euler angles is a four parameter method based
on unit quaternions. Unit quaternions provide a convenient mathematical notation for representing
orientations and rotations of objects in three dimensions. Compared to Euler angles, considerable
computational time can be saved and numerical accuracy can be preserved by using this

representation [Chou 1992; Fjellstad and Fossen 1994; Fossen 1995; Dam et al 1998].

A quaternion, ¢, literally meaning a set of four, is the geometrical quotient of two vectors A and B

(Figure 4-19) and is defined as the complex number:

q=w+xi+yj+zk (4.20)
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where w, x, y and z are real parameters and 7, j and k are the imaginary units. A quaternion is called
a unit quaternion if q = 1. w is called its scalar part and xi + yj + zk is called its vector part,

behaving as a vectoru = x,y,z .

Figure 4-19 Definition of a quaternion, Q.

A quaternion can thus be defined:

a a
qg=w+ x,y,z =COSE+uSinE (4.21)

where u is a unit vector and a is the angle of rotation about the u axis. Let v be an ordinary vector,

the quaternion product
qvq -1 (4. 2 2)

yields the vector v rotated by an angle o around the u axis. The rotation is clockwise if the line of

sight points in the direction pointed by u. This operation is known as conjugation by q.

It follows that quaternion multiplication is a composition of rotations, for if p and g are quaternions

representing rotations, then rotation (conjugation) by pq is:
pqupq~t =pquq~'p~' =p quqg~* p* (4.23)
which is the same as rotating (conjugating) by ¢ and then by p.

If a quaternion is represented by gw + igx + jgy + kqz, then the equivalent matrix, to represent the

same rotation, is:
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1—2qy? —2qz®> 2qxqy —2qzqw  2qxqz + 2qyqw
2qxqy + 2qzqw 1 —2qx? —2qz* 2qyqz — 2qxqw (4.24)
2qxqz — 2qyqw  2qyqz + 2qxqw 1 — 2qx? — 2qy?

This matrix represents a rotation about the origin. By applying a linear transformation, a rotation

about any point (x,, y,, z,) using a 4x4 matrix can be represented:

(4.25)

A full swath of depth points is now been obtained, corrected for ROV orientation at transmit time,
representing a two dimensional slice of the seafloor. From this two dimensional slice, an
approximation function of the seafloor is determined and employed in the computations of the

transmit-receive timing values.

4.6.5 Seafloor Approximation

As previously discussed, the two seafloor approximation methods considered most appropriate for
this research are the linear least squares method, employing a first order polynomial, and the
piecewise method, employing discrete linear approximations of the seafloor using the linear least
squares method. The linear least squares method is initially described below, extending to a

piecewise implementation.

To provide for an approximation of the seafloor, the seabed is linearly approximated by a line, using
the data points of the imaged swath. The linear least squares method is utilised to ascertain the
coefficient values. By employing the linear least squares method, the straight line can be extended
beyond the MBES swath, allowing for the extrapolation of the unknown region. The region of the
seafloor to be interrogated by the SSS, but yet to be sampled, can thus be inferred by extending the
approximated seabed line. In the case of the acrosstrack DVL acoustic ensonification, the seabed

has already been sampled and the seafloor approximation ascertained (Figure 4-20).
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Figure 4-20 The depth points ensonified by the MBES’s swath (6,,) allows for the seafloor to
be described by an approximation function, using the linear least squares method.

To approximate the depth samples, (y;, z;), (2, 22), ..., (Vn» 2,), Where n = number of sample points,

the best fitting line has the least square error, i.¢.,

3

2 (4.26)

3

(4.27)

The unknown coefficients, a, and a,, are obtained using Equations (4.7) and (4.8), providing a

straight line approximation of the seafloor described by the function:

Z=ay,+a,y (4.28)

A snippet of the implemented code to find the least squares fit is displayed below:
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void leastSquares (beam struct point[], int n, double &m, double &b)
{

double sum yi, sum _zi, sum yi 2, sum yi zi;

int sum n;

int i;

sum _yi = sum zi = sum yi 2 = sum _yi zi = 0.0;
sum n = n;

for (1 =0; 1 < n; i++ )

{
sum_yi += point[i].y;
sum_zi += point[i].z;
sum _yi 2 += point]|
sum_yi zi += point

.y * point[i].y;

il
[i].y * point[i].z;

m = ((double)sum n * sum yi zi - sum _yi * sum zi ) /
((double)sum n * sum xi 2 - sum yi * sum yi );

b = (sum_zi / (double)sum n) - (m) * (sum_yi / (double)sum n);

return;

For a piecewise extension, the same equations are employed for discrete samples that coincide with
the beam geometries of the payload sensors. The imaged seafloor is divided up into 4 sub-domains,
providing a local seafloor approximation for the two acrosstrack DVL beam footprints (from 27° to
33° either side of the ROV’s reference frame) (Figure 4-21 (a)) and the inference of the seafloor
outside of the MBES swath on both extremities, utilising the seafloor region corresponding to the
SSS beam footprint already ensonified by the MBES (between 30° to 64° on both sides of the ROV
reference frame) for the extrapolation (Figure 4-21 (b)). For each sub-domain, a function which

approximates the seafloor region is determined.

96



Figure 4-21 The seabed is divided up into discrete sub-domains, corresponding to the payload
beam footprints. a) Depth points between 27° and 33° are employed to approximate the
seafloor ensonified by the DVL beams. b) The unknown seafloor is inferred by sampling the
depth points of the outer extremities (between 30° and 64°) and extrapolating beyond the
MBES swath (6,,,) to the region ensonified by the SSS swath (6y,).

To account for a variance of the acquired depth points to the approximated seafloor, a confidence
quantity is established, allowing for a strength assessment of the straight line fit of the approximated
seafloor, and the determination of a tolerance factor. For nominally flat seafloors, the data fit is
good and the seafloor does not diverge far from the fit. For undulating seafloors, the data fit will not
be as good, therefore a tolerance factor is required to be added to the two-way travel time
predictions of the acoustic pulses, taking into account the divergence of the depth points from the
approximated seabed line. The determination of the confidence quantity is described in the next

section.
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4.6.6 Approximation Confidence

The coefficient of correlation, 7, developed by Karl Pearson in the early 1900s, is a measure that
gives the strength of association between the independent variable, z, and the dependent variable, y.

The coefficient of correlation is given by the equation:

n yz— y z (4.29)
n y:=(y?*n z22-( 2)?°

where n is the number of data points. » is of the range -1 to 1. The closer the value is to +1, the
stronger the evidence of a significant linear relationship between y and z [Rodgers and Nicewander

1988].

The coefficient of determination, R, is a measure of how well the function approximates the real
data points, it is used in the context of statistical models whose main purpose is the prediction of
future outcomes on the basis of other related information. It has a value of the range of 0 to 1, 1.0
indicates that the approximation function perfectly fits the data. In percentage terms, R’ quantifies
the percentage of the real data that is described by the approximation function. For example, if R =
0.85, 85% of the variation in z can be explained by the linear relationship between y and z. The

coefficient of determination is the square of the coefficient of correlation [Peters 1986]:
R? =72 (4.30)

The coefficient of determination provides an indication of the reliability of the fit, but it does not
provide an indication of the absolute size of the probable deviations from the approximation
function. This information can be obtained by calculating the root mean square error (RMSE) of the
values. The RMSE calculates the standard error of approximation, S,, based on the formula [Brase

2009]:

4.31
. n g2 (4.31)
€ n—2

where n is the number of data samples and for the linear least squares function, e = y; — y;, the

deviation from the approximated value (y;) to the observed value (y;).
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Using Equation (4.31) we can thus quantify the tolerance factor as the standard deviation of the

approximated function from the observed values to be appended to the predictions.

4.6.7 Timing Schedule

The timing scheduler synchronises the payload triggering, without the intervention of an operator,
such that their transmission-reception cycles are temporally separated. As the seafloor topography
varies, the centralised controller adapts the timing separation of the payload triggering to
compensate for the varying two-way travel time of the acoustic beams. This alternated triggering of
the payload systems allows for the avoidance of acoustic interference otherwise experienced during
the simultaneous operation of co-located, similar-frequency sonar, while still maintaining desired
dataset resolutions due to data redundancy exhibited in shallow water and ROV/AUV survey

operations.

The scheduler receives, from the shared memory buffer, the next predicted two-way travel time of
the MBES acoustic pulse (Equation (4.14)), the linear function approximating the imaged seafloor
swath (Equation ((4.28)) and its corresponding tolerance factor (Equation (4.31)). The values are
buffered, according to the equations below, and recalled by the scheduler to calculate the timing

windows for the next trigger cycle.
The predicted MBES transmission-reception time is scheduled for its next trigger.

Due to the SSS mounting configuration a 1.0m aft offset from the MBES exists. Therefore the
seafloor approximation function, representing the seafloor to be ensonified by the SSS, is buffered

and recalled by a delay relating to the platform velocity, v, and ping rate, PR:

1.0 (4.32)
7 X PR

In the case of the DVL, with a lever arm 0.7m behind the MBES, the seafloor approximation

function representing its ensonification is also buffered and delayed by the amount:

0.7 (4.33)
7 X PR

The SSS and DVL timing window computations are described in the next section. Figure 4-22

demonstrates an example timing schedule of the integrated payload sonar sensors implemented by
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the centralised controller. The SSS trigger is delayed by 4 pings. The DVL can only trigger at a
maximum of 1 Hz. In the below image, its trigger is delayed by 2 pings. The sequence of events in
the control of the multiple sonar systems is further illustrated by a sequence diagram in Appendix

II1-3.

Figure 4-22 Example timing synchronisation of an integrated MBES, SSS and DVL, where Tmb, Tss
and Tdvl are the calculated respective transmission-reception times of their acoustic waves, i is the
buffer number. The sequence of events is further illustrated by a sequence diagram in Appendix III.

4.6.8 Sidescan Sonar / DVL Transmission-Reception Windows
The transmission-reception time of the outer beams, port and starboard, for both sensors is
calculated on the approximated seafloor functions, equivalent to the maximum two-way travel time

of their acoustic pulse.
With a vertical beamwidth of 50°, the SSS transducers are orientated with a depressed angle of 10°

on either side of the ROV, giving a total angle of depression of 80° for each transducer, fixed within

the ROV’s reference frame (Figure 4-23).
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Figure 4-23 Beam geometry of the sidescan sonar intersecting with the seabed.

The slope, my,, of the SSS outer beams is thus:

me = tan +£80°+ 6 (4.34)
where 6 is the angle of roll at transmit time.
The DVL transducers are orientated at a 30° angle on either side of the DVL casing, the beam width
of each beam is 6°, providing a swath between the angle of 27° and 33° from the vertical on each
side of the ROV’s reference frame (Figure 4-24). The slope, mg,, of the DVL port and starboard
outer beams is thus:

Mgy = tan +27°+ 6 (4.35)

mg,; = tan £33°+ 60 (4.36)

where 6 is the angle of roll at transmit time.
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Figure 4-24 Beam geometry of the DVL intersecting with the seabed.

The ray trace computes the intersection, (Vi zi), of each payload sonar outer beam, port and
starboard, and the locally approximated seafloor. The largest of which corresponds to the individual

transmission-reception windows:

5 2 (4.37)
Yinti_; — Yorij_, + Zinti_, — Zorij_, £
Ti =2 + -

c Cc

where (V,,, Z,ri) 1 the point of origin of the sonar beam, ¢ is the speed of sound in water, provided

by the SVP, and ¢ is the tolerance value defined below.

To describe the probable timing error of the approximated function and to factor it into the timing
predictions of the payload sensors, the tolerance value, &, employs the standard deviation of the
observed values from the approximated line. From the geometry in Figure 4-25, for a standard

deviation of S,, the payload’s acoustic pulse will have an additional P, to travel:

p__Se (4.38)
¢ cos(0)
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where 6 is the payload sonar’s outer beam angle from the vertical. The tolerance value, that is, the

probable additional distance the acoustic waves must travel, is thus defined as:

£=2P, (4.39)

Figure 4-25 Calculation of the additional time to be appended to the two-way travel time, relating to
the standard deviation of the observed depth points to the approximated line.

4.7 Mounting Configuration

The implemented system was bounded by the ROV payload mounting configuration, resulting in
the SSS swath extending out beyond the MBES imaged seafloor. An improved swath overlap can
be achieved by mounting the MBES higher than the SSS (Figure 4-26). Such a mounting
configuration permits the MBES to ensonify a larger swath of the seabed and a greater percentage
of the SSS ensonified seafloor. Consequently, the approximation error is reduced, leading to
improved accuracy in the extrapolation of the unknown seafloor, to be ensonified by the SSS, and

timing predictions.
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Figure 4-26 Mounting the MBES higher than the SSS, affords a larger multibeam swath relative to
the SSS swath and an improved swath overlap. The configuration has the potential to reduce
approximation errors, thus improving extrapolation of the unknown seafloor and timing predictions.

4.8 Velocity Loop-Back

In addition to the prediction of the transmission-reception times of the payload sonar acoustic
pulses, the centralised controller also has the ability to inform the operator of optimal survey
velocities in accordance with the required dataset resolutions. Through the system display the

operator is presented with advised survey velocities. The employed equations are presented below.

Acceptable feature detection requires three soundings alongtrack and three soundings acrosstrack
[Lear 2008]. As previously detailed, Special Order minimum requirements demand the detection of
features 1m’ in size. Thus, for a required sounding density per meter, SD, and an employed ping

rate, PR, the optimal platform velocity, v,,, is:

PR (4.40)
Vopt = S_D

Knowing the above variables, the centralised controller computes the optimal platform velocity

while retaining the employed ping rate, thus reducing data redundancy and survey time, while still

providing for minimum dataset requirements.
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In a water depth of 20m, a maximum of 16 pings per second is achievable. Using the above
equation, an optimal survey platform speed of 5.33m/sec is advised. Increasing the platform
velocity to 5.33m/sec affords the minimisation of the survey duration, while still adhering to survey
specifications. Such an approach leads to reduced data redundancy. For example, the Reson 7125
MBES acquires 512 depth samples per ping. A ping rate of 16 per second provides 8,192 depth
samples per second, 491,520 depth samples per minute and 29,491,200 samples per hour.
Accordingly, utilising such an approach, not only minimises survey duration, but also reduces the
post-survey processing workload required for the acquired dataset. Both these reductions, working
in tandem, significantly lessens total survey time and costs, leading to an increase in survey

productivity.

4.9 Conclusion

This chapter has presented a novel approach to the field of autonomous payload sensor control by
directly addressing, formulating and implementing a solution that tackles the inadequacies of
conventional and state-of-the-art multi-sonar survey techniques identified in the literature. In the
research presented in this chapter, the automated approach is based around a centralised sensor
payload controller which determines the trigger synchronisation of the integrated sensors during
survey missions. The developed system predicts the transmission-reception time of the payload
sensors’ acoustic pulses and synchronises their triggering accordingly, affording optimal sensor
deployment and increased survey efficiency through the control of sounding density and platform

velocity, throughout an entire survey.

In the analysis of the acquired MBES swath depth points, a mathematical model must be fitted to
the data, affording the ability to solve computational algorithms on it. Numerous data fitting
algorithms exist in the literature: Linear least squares, non-linear least squares and piecewise
functions. These data fitting algorithms were assessed for their candidacy to best approximate the
decimated MBES swath, and to infer the seafloor outside of the dataset, to allow for the prediction
of the two-way travel time of payload sonar acoustic pulses in real-time. It was concluded that the
linear least squares function and a piecewise linear function are the most appropriate candidates for
implementation. In the case of a non-linear least squares method, it was considered unsuitable for
real-time operations in an unpredictable environment, due to its iterative nature and the necessity of

a priori knowledge of the function.
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It was established that the linear least squares method sufficiently describes a nominally flat or
sloping seabed. In addition, the unknown regions at the extremities of the swath can also be
adequately inferred by extrapolating the multibeam imaged seafloor swath. While for undulating
seafloor terrains the flat plane assumption is no longer valid, it is possible to exploit the assumption
that the roughness of the ensonified swath is generally homogeneous and will follow the general
seabed gradient. This permits the likely distribution of seafloor depth points outside of the known
swath to be described. Combined with a confidence quantity, the strength of the linear fit can be
assessed and standard deviations from the approximation can be computed, allowing for the
definition of a tolerance factor to take into account the probable divergence of the actual seafloor
from its approximated straight line. An extension to the linear least squares method is the piecewise
function. The piecewise function provides local descriptions, using linear least squares, of the

imaged seafloor for discrete intervals that coincide with known beam footprints of auxiliary sensors.

To adaptively determine the trigger synchronisation of each sensor, the novel approach processes
real-time mission data in-sifu. Unlike traditional sensor triggering routines, which operate on fixed,
pre-deployment programmed timing schedules, the system uniquely adapts the time separation
between successive pings in accordance with real-time seafloor topographic data. The sensor
triggering timing schedule is calculated as a function of each sensor’s imaging geometry and the
range between the sensor and the ensonified seafloor. The automated system is based on the
interleaving of the sonar transmission-reception cycles in a non-interfering fashion, allowing for the
concurrent operation of multiple similar-frequency sonar systems that would otherwise saturate the
returned echo of their neighbours. Such an approach permits optimal use of the sensor’s available
transmission-reception cycle windows throughout an entire survey, while avoiding acoustic
contamination and adhering to high-resolution survey requirements. Additionally, the velocity feed-
back loop provides increased survey productivity by advising on optimal survey platform velocities
for the operational ping rates. Optimising the velocity of a survey platform reduces data redundancy
and post-processing workload, while still providing for survey order specifications, thus leading to a

minimisation of total survey (data acquisition and post-processing) time and cost.

This chapter has described the implemented system. However, in developing the body of research
presented in the previous chapters, significant insight was gained in relation to the direction of
future work to extend the capabilities of the implemented payload sonar controller. A DTM
generation and population of the imaged seafloor on-the-fly, as the platform performs a bathymetric
survey, provides a priori seafloor geometry information required to predict the duration of the
transmission-reception times on the current transect for seafloor regions previously surveyed by

completing a low density ray trace corresponding to the payload sonar beam geometries. Such an
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implementation has the potential to provide improved transmission-reception timing predictions.

Consequently, the method deserves further examination and is described in future work.

In the following chapter, validation and verification of the proposed centralised sensor controller,

using results from simulated and Real-World experiments, is presented.
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Chapter 5

Experimental Results and

Validation

5.1 Introduction

This chapter presents a validation of the proposed terrain-adaptive sensor control algorithm using
results from simulated and Real-World experiments. It is shown that the centralised controller can
adapt, in real-time, to varying seabed terrain to produce improved dataset qualities and survey
productivity, in addition to avoiding cross-sensor acoustic interference affording the ability to
simultaneously operate multiple similar-frequency acoustic sensors integrated onto a single survey

platform.

Simulation results and initial system substantiation are first examined in Section 5.2. Description of
survey deployments and experimental testing are detailed in Section 5.3. Experimental results and
discussions from the Real-World system deployments are presented in Sections 5.3 — 5.8, providing
evidence of cross-sensor acoustic interference and final validation of the system and its
implemented algorithms. An unexpected survey discovery is reported in Section 5.9. Finally, a
discussion and final conclusion of the experimental results is presented in Section 5.10. The off-
shore and dock testing of the sonar controller system was carried out on ROV 415 in addition with
an array of other MMRRC experimental work scheduled for the same survey opportunities under
tight time window constraints. Good use of the survey time was made through survey planning.

With the limited window of opportunity in the busy survey schedule, experimental modifications
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and extensions to investigate findings that were presented during the field trials were undertaken as
much as possible. The survey and data analysis from same has however illuminated many future

tests that could be carried out to enhance the multi-sonar control system further in future work.

5.2 Simulation and Initial System Verification

Prior to IMACS demonstrations and Real-World assessment, simulations were run in order to
provide initial verification of the developed timing algorithm and payload sensor trigger.
Transmission-reception timing calculations and adaptive trigger synchronisation of the Reson 7125
multibeam echosounder (MBES) and the Tritech SeaKing sidescan sonar (SSS) were determined in
response to two simulated datasets. The datasets provided depth points (y, z) of an imaged seafloor
swath of varying depth and slope. The datasets were used to demonstrate the principal advantage of
adaptive triggering, that is, the ability to adapt to varying seafloor geometries without the

intervention of an operator, affording for autonomous, enhanced sensor deployment.

5.2.1 Setup and Results

For simulations, the following scenario is proposed: The Reson 7125 MBES and the Tritech
SeaKing SSS are integrated onto the survey platform, with the SSS mounted 1.0m behind the
MBES. Survey platform velocity is kept constant at 2.0m/sec and sound velocity is assumed to be
1,500m/sec. IMACS controls the trigger synchronisation of the sensors such that it adapts to the
varying seafloor geometry, while allowing for the avoidance of sensor crosstalk by interleaving

their respective pings.

IMACS is executed on the Sonar Control PC. Communications are established to the MBES via
Ethernet connection on the Multibeam Network through the Sonar Processing Unit (SPU). The SPU
is connected to the multibeam Link Control Unit (LCU) bottle through a deck cable. The Sonar
Control PC is connected via the Survey Network to the SSS. An Ethernet-Serial Server (ESS) is
employed to convert Ethernet to RS-232 protocol for communication to the SSS electronics pod
(Figure 5-1). The MBES and SSS pings are recorded, respectively, on the SPU sonar display and
the SSS visualisation software package running on the Sonar Control PC. The datasets, representing
an imaged seafloor swath of (y, z) depth points, are read from the dataset file by IMACS. Each
swath is looped ten times. The first dataset simulates a nominally flat swath with varying depths of
2.0m. The second dataset simulates a swath of varying acrosstrack slope. Figure 5-2 shows an

example of each resepctive dataset, (a) flat seabed at 6m, (b) sloped seabed at 3°.Transmission-
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reception prediction times and payload sensor ping rates are recorded for the varying depth and

slope. The results of the two simulations and a brief discussion are presented below.

Figure 5-1 Setup and device connectivity implemented for simulation testing.

Figure 5-2 An imaged seabed swath, represented by (y, z) data points, used as the simulated dataset during initial
system testing. &) Depth points of the flat seabed at a 6m depth, b) Depth points of the sloped seabed at a 3° slope.
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A plot relating the determined trigger rate and the predicted transmission-reception times to the
nadir depth during the first simulation is presented in Figure 5-3. The plot verifies the system’s
ability to adapt the triggering of the sensors relative to the varying depth, without the intervention of
an operator. The transmission-reception times of the MBES, Tmb, and the SSS, Tss, increase
linearly as the nadir depth increases. Owing to the wider angle depression for the SSS (80° on either
side of the survey platform), its two-way travel time increases at a higher rate than the MBES (64°
on either side of the survey platform). As a result of the increased two-way travel time for deeper

depths, the ping rate at which both systems are triggered is reduced, as illustrated in Figure 5-3.

Figure 5-3 Plots displaying data gathered during varying seafloor depth simulation testing. Above:
Transmission-reception times for the MBES, Tmb, and SSS, Tss, plotted against the nadir depth.
Below: Ping rate (number of pings per second) of both sonar systems plotted against the nadir depth.
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Figure 5-4 illustrates the relationship between the seabed slope and the trigger rate and
transmission-reception times of the sensor systems determined for the second simulation. The nadir
depth was set at 10m. Because of the 80° depression angle of the SSS, at 10° and over, its
maximum transmission-reception time approaches infinity and is undetermined. The seafloor slope
does not have such a significant effect on the transmission-reception times of the MBES due to its
narrower depression angle of 64°. As a result the increased transmission-reception times induced by
the slope angle, the ping rate of the sensors reduces towards zero at an angle of 10°. Consequently,
to avoid undetermined values for slope angles exceeding 7°, the two-way travel time of the acoustic
wave is calculated for an angle of 7°. Further analysis and algorithm modification to incorporate not
only the outer beam two-way travel time but also the horizontal range of the SSS, beyond the scope

of the experimental work in this thesis, could be investigated to address this problem.

Figure 5-4 Plots displaying data gathered during varying seafloor slope simulation testing, at a nadir
depth of ten metres. Above: Transmission-reception times for the MBES, Tmb, and SSS, Tss, plotted
against the seafloor slope. Below: Ping rate (number of pings per second) of both sonar systems
plotted against the seafloor slope.
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5.3 Survey Description

The hydrographic surveys presented here were specifically designed to test the previously described
system and implemented algorithms. The vehicle platform used for this work was the ROV s, an
ROV developed by the MMRRC at the University of Limerick. The sensors integrated on the
ROV _aTis provide the high-resolution seabed mapping capabilities required to perform accurate and
detailed recording and analysis of the seabed. Two separate mobilisations were taken advantage of;
Galway Bay on the RV Celtic Explorer, cruise reference CE-09-04, and Limerick dock trials on the
MYV Shannonl. During both mobilisations, multiple science missions relating to the MMRRC took

place, including IMACS validation and testing.

5.3.1 Galway Bay

The previously described algorithms were evaluated for the synchronised triggering of the Reson
7125 MBES and the Tritech SeaKing SSS during a number of ROV deployments on a cruise aboard
the Irish National Research Vessel - RV Celtic Explorer, Cruise CE-09-04 - “Novel Imaging and
Control Technology Research on ROV ;s with Integrated Science Survey Missions, (With
Dedicated Training Programme and Integrated Research Survey Components)” (Figure 5-5).
Mobilising to Galway on 27th February 2009 and demobilising on the 6th March 2009, the cruise
had a scientific compliment of eighteen (eleven engineering and scientific researchers from the
University of Limerick, three from the University of Rostock in Germany, two from NUI Galway
and two from the Geological Survey of Ireland), with Dr Daniel Toal of the MMRRC as chief
scientist. The research cruise target missions included, maiden voyage testing of the ROV s,
newly designed and built at the UL MMRRC, testing of augmented reality top-side control systems
of the ROV, testing of vision systems, testing of sonar systems, high-resolution seabed mapping at
target locations and sediment coring at numerous sites in Galway bay. The research work on
multiple sonar control for this PhD thesis thus represented three of many experiments to be

undertaken during the days at sea.

During the first multi-sonar control experiment, the ROV a1is was deployed as a surface towed craft
and was towed 250m in a straight line over a seabed of varying depth and slope in an area of Casla
Bay (off Galway Bay) near Rossaveel, on the west coast of Ireland (Ex. 1 in Figure 5-5). A second
experiment was conducted in which the ROV was deployed in surface mode and ran a number of
55m transects in the area of Casla Bay (Ex. 2 in Figure 5-5). For a third deployment, in Galway
Bay, the ROV performed a box survey, flown 10m above the seabed (Ex. 3 in Figure 5-5). Separate

surveys were performed at this site; one in which the payload sonar were simultaneously
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deployed/operated and synchronised using IMACS and another in which the payload were operated

for separate surveys over the same ground in two missions.

Figure 5-5 Survey area of cruise CE-09-04, exhibiting deployment locations for the three experiments
conducted in Galway Bay.

5.3.2 Limerick Dock

After analysis of the results from Galway Bay, a second set of experiments was designed and
planned for trials in Limerick dock on the 3™ and 5™ May 2009 during four day trials and
demonstrations of the ROViats, including an official launch event. A GeoAcoustics’ SSS,
operating at a frequency of 410kHz, was acquired for the Limerick dock mobilisation. The first
experiment attempted to demonstrate the effects caused by the simultaneous operation of similar-
frequency multibeam and sidescan sonar systems in close-proximity. In the second experiment the
developed system was extended to synchronise the Reson 7125 MBES and RDI WorkHorse DVL
to avoid issues relating to cross-sensor acoustic interference. The synchronised trigger scheduling of
the MBES and DVL were examined during deployment of the ROV ,rs. Two surveys were
performed; one in which the payload sonar were managed by IMACS and another in which the

payload sonar were free firing, that is, no central management.

The remaining sections of the chapter present data and results from the aforementioned

experiments.
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5.4 Experiment 1: Terrain-Adaptive Multibeam and

Sidescan Sonar Trigger Control

A trial was conducted in Casla Bay on the 4™ March 2009 to attempt to validate the previously
described terrain-adaptive timing schedule in a Real-World environment for the integrated Reson
7125 MBES and Tritech SeaKing SSS. The varying slope and depth of the seabed was utilised to
demonstrate the system’s ability to adapt triggering of the payload sonar in accordance with the
dynamically changing seabed being imaged by the sensors. A linear least squares function, of the
first degree order, was implemented for the seabed approximation during the experiment. The ROV
was deployed as a surface towed platform and ran a 250m straight line transect at a bearing of 15°,
featuring seafloor depth ranges of 27.82m to 24.03m. The forward speed of the ROV was kept
constant at 1 knot. The Im x 1m grid model of the trial, produced in PDS2000, is exhibited in
Figure 5-6.

As the ROV proceeded along its transect, the centralised controller adapted the alternated triggering
of the MBES and the SSS such that they responded to the varying seabed geometry. The average
coefficient of determination, R’, over the course of the survey was found to be 0.81157. The
average deviation of the observed depth points from the approximated line, computed using the
RMSE, was 0.17574m, providing an average tolerance timing value of 1.349msec appended to the
SSS transmission-reception timing prediction. The high value of R’ and low RMSE value confirm
that the system provided a satisfactory approximation of the observed depth points and the seabed
slope, allowing for an accurate extrapolation of the depth points outside of the imaged swath. Figure
5-7 illustrates the nadir depth profile of the experiment and the gathered seabed swath and
corresponding computed seabed line approximation for 8 time intervals over the course of the trial.
Examining these scatter plots, the varying depth and slope over the course of the experiment is

evident.
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Figure 5-6 The DTM of the straight line transect acquired during the validation of the terrain
adaptive timing schedule.

Table 5-1 details the approximated linear function, coefficient of correlation, », coefficient of
determination, R’, and standard error of deviation, RMSE, of each sample illustrated in Figure 5-7,
from which the quality of the implemented seabed approximation can be assessed. From the table, it
can be surmised that the linear function provides a good fit for the data, in most cases, where R’ is
close to 1.0. The RMSE value is also low for all plots, indicating that the standard variation of the
observed depth points from the approximated line is small. Where the linear function does not
provide a good fit (plots b and c), it can be argued from an examination of the plots that it does,
however, provide a good approximation of the seabed slope with the standard variation value
allowing for a general description of the distribution of depth points. A more in-depth examination

of the plots and statistical quantities are provided below.

116



Figure 5-7 Transect line’s nadir depth profile. The dashed lines represent the time intervals of the
illustrated samples (above). Beam formed swaths collected at the time intervals and their corresponding
seabed plane approximations (below).
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Plot Linear Equation r R? RMSE
a z=-26.92706 + 0.00949y 0.98544 0.9711 0.0582m
b =-26.65543 + 0.00044y 0.15166 0.023 0.0584m
c z=-26.51909 - 0.00399y 0.4897 0.2398 0.2097m
d z=-26.16629 + 0.0081y 0.94542 0.89382 0.0575m
e z=-25.7157 + 0.01345y 0.98742 0.975 0.0555m
f z=-25.44502 + 0.01228y 0.98741 0.97498 0.0558m
g z=-25.75847 + 0.00873y 0.87794 0.77078 0.1157m
h z=-25.48823 +0.01216y 0.99082 0.98173 0.1347m

Table 5-1 The approximated linear function, coefficient of correlation, r, coefficient of determination,
R, and the standard error of deviation, RMSE, for the scatter plots illustrated in Figure 5-7 is detailed,
from which we can access the quality of the strategy.

Examining the table in more detail, plot (a) reveals R provides a value of 0.9711, indicating that
97.11% of the imaged swath’s depth points can be accurately described by the linear line function z
= -26.92706 + 0.00949y. The imaged seafloor can thus be described as generally flat. The
remaining 2.89% of the depth points lie away from the linear function and cannot be accurately
described. However, the RMSE, providing the standard deviation of the observed depth points from
the approximated linear function, is 0.0582m, declaring that the depth points, on average, have a
variance of 5.82cm from the approximated line. Thus, we can postulate that the observed depth
points of the known swath are described by the linear approximation (with a 97.11% confidence)
with a probable variance of 5.82cm. It can also be assumed that the depth points outside of the
known swath will follow the same statistics, allowing for the accurate extrapolation for the
unknown seafloor. In plot (b), the R’ value is low, 0.023, equating to a low confidence value to the
data fitting the approximated line. The standard variance of the observed depth points from the
approximated line, computed using the RMSE value, is 0.0584m. Therefore, it can be concluded
that the observed points describe a rough seafloor and do not fit well to a linear approximation
function. However, the low value of standard variation also concludes that the observed points still
lie close to the line. Thus, it can be assumed that the linear function does provide a good
approximation of the seabed gradient, with a probability that the observed depth points lie 5.84cm
from the line. It is evident from examining the scatter plot and the linear approximation that the

general slope of the seabed is accurately described by the line, permitting the extrapolation of the
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unknown seafloor to provide an estimation of the distribution of the depth points outside of the

known swath using the general slope and standard deviation.

Examining the scatter plots and corresponding approximated lines of Figure 5-7 and their statistical
quantities provided in Table 5-1, it can be concluded that the linear function, in conjunction with a
standard value of deviation, presents satisfactory approximations of the observed seafloor and its
extrapolated approximation outside of the swath used in the implementation of this strategy to

predict the timing requirements of the SSS acoustic pulse.

In addition to adapting the triggering of the payload sensors, the system also attempted to adapt the
range of the SSS in accordance with the predicted ensonification of the varying seafloor
topography. However, dynamically updating the range for every ping resulted in a trigger delay and
receive interrupt while the SSS system reset and updated its range settings. Consequently, the SSS
imagery was extremely distorted. The problem was corrected by setting a fixed range for the SSS.

For a depth of 26m, a recommended fixed range of the SSS would be 150m.

As is expected, there is a strong correlation between the transmission-reception times for the MBES
and SSS and the seabed depth and slope. Figure 5-8 illustrates sampled seabed slope, the sonar ping
rate and corresponding transmission-reception times for the MBES, Tmb, and the SSS, Tss, over the
course of the survey. As can be seen, 75s is more susceptible to variations in the slope, as its swath
ensonifies at much larger angles than the MBES (SSS — 80° depression angle, MBES — 64°

depression angle).

The adaptive control of the two sonar systems allowed for adjustments of their triggering for
varying seabed geometries without the intervention of an operator. If the topography of the seabed
along the survey line was not known, and concurrent operation of both sonar systems was attempted
with fixed ping scheduling, a more conservative lower ping rate would likely have been set to allow
for greater depths and slopes in the survey area. Using these traditional fixed trigger rates for the
sensor payload, a ping rate of 2 pings per second (or even lower) for both sonar would typically
have been employed. The average ping rate of the sonar systems during the trial was 3.0436,

providing an improved ping rate compared to the conventional approach.

This trial was conducted over a short mission, 250m, and encountered seafloor depth variations of
27.82m to 24.03m, in which the centralised controller adjusted the trigger rate of the multibeam and
sidescan sonar from 1.9 to 3.6 pings per second. During full seabed survey missions seafloor depth

and slope will vary considerably, leading to greater trigger adjustments. Using traditional, fixed pre-
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deployment programmed ROV/AUV payload management routines the sonar systems would be
unable to adapt while often experiencing substantial seafloor variations. The payload sonar would
thus be deployed with a compromised trigger rate, producing suboptimal datasets, or, using other
traditional survey techniques, separate multibeam and sidescan survey lines for the similar-

frequency systems would be required leading to substantially longer survey times and higher survey

costs.
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Figure 5-8 Seabed slope (above), sonar ping rate (middle) and transmission-reception times (below) of the MBES,
Tmb, and SSS, Tss, sampled during the terrain-adaptive trigger experiment.
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Transmission-reception times occurred at periods during the survey which led to data gaps in the
acquired datasets, an example being ping 611 in Figure 5-8. In post-processing, it was determined
that this was a result of acoustic interference to the MBES data caused by the DVL. The
interference distorted the acquired multibeam swath, resulting in errors in the calculation of the
seabed approximation and timing values. Such a distorted MBES swath and its corresponding
approximation line are shown in Figure 5-9. Because of the continuous nature of the distorted depth

points, the filter did not flag the erroneous points as spikes.

Figure 5-9 A distorted multibeam echosounder swath and resulting seabed line
approximation, a result of the acoustic interference induced by the DVL.

5.5 Experiment 2: Multibeam and Sidescan Sonar

Synchronisation and Crosstalk Avoidance

On the 4th March 2009, in Casla Bay, the ROV ran a number of 55m line transects and
demonstrated the implementation of a novel timing schedule that provided an automated trigger
synchronisation of the Reson 7125 MBES and Tritech’s SeaKing SSS, permitting the concurrent
operation of these high-frequency sonar systems. The area was relatively flat, with an average water
depth of 8.91m. The vehicle velocity was set at 1m/sec. The SSS was set to a slant range of S0m. A
grid model of collected bathymetry data, cell size 0.5m x 0.5m (produced in PDS2000), and

concurrently collected sidescan sonar imagery of the transect are shown in Figure 5-10.
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Figure 5-10 Bathymetry data and sidescan imagery concurrently collected for a 50m straight
line transect during the experiment. MBES and SSS deployed using IMACS.

Initial system testing, in which the sonar were deployed to free fire simultaneously, concluded that,
in actual fact, their respective frequencies and bandwidth values are sufficiently distant from each
other to avoid issues of cross-sensor acoustic interference. Nevertheless, it was decided to continue
the testing with the assumption that the sensors caused mutual interference. The triggering of the
MBES and the SSS were automatically synchronised, without the intervention or supervision of an
operator, by the centralised payload controller such that their transmission-reception cycles were

temporally separated. The average ping rate over the course of the trial was 9.34 pings per second.

Figure 5-11 (a) presents an example of a beamformed swath collected during this trial and its

corresponding seabed line equation, z = 0.02254y —8.92363. The coefficient of determination is
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computed at 0.9251. The high value corroborates the implementation’s ability to provide a
sufficient fit to the acquired multibeam swath data, affording the capacity to accurately extrapolate
the data outside the known depth points to predict the two-way travel time of the SSS. The standard
error of deviation is 0.04303m, accommodating a tolerance timing value of 0.033msec, which was
appended to the SSS timing prediction. The predicted transmission-reception cycle of the
multibeam echosounder, 7mb, for the next ping was 26.19msec. The actual recorded cycle was
24.87msec — a +5% error difference. An estimate of the transmission-reception cycle of the SSS for
this swath, Tss. The calculated T'ss was 79.54msec, providing a potential range of 59.66m. With the
SSS set at a range of 50m, the algorithm provided sufficient time for the range of the SSS pulse to
be sent and received before the MBES trigger, thus providing for the avoidance of cross-sensor
acoustic interference. Figure 5-11 (b) displays the above timing schedule implemented from this

imaged swath, and its successive swath, by the centralised controller.

Figure 5-11 a) A beamformed swath collected in Casla Bay, and its corresponding seabed line
estimation, and b) the implemented timing schedule for the multibeam and sidescan sonar tx-rx
cycles for the above imaged, and its consequential, swath.
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The grid model in Figure 5-12 presents the transect’s hit count. The colour table indicates hits per
cell, 0.5m x 0.5m, ranging from O (red) to 150 (purple). It can be seen that the cells, apart from the
very outer edge, have a hit count above 50. Survey specifications, in line with IHO S-44, typically
require three hits alongtrack and three hits acrosstrack for a given target size. From the
aforementioned grid model and with an average ping rate of 9.34, the acquired bathymetric and
sidescan datasets validate the system’s ability to autonomously provide IHO S-44 [THO 2008]
standard datasets. The MBES was configured for equi-angular beams and consequently, as
illustrated in Figure 5-12, the outer edges of the swath have a lower hit count than the centre. An
equi-distant configuration would result in a uniform density of soundings across the swath. Such a

configuration can be easily implemented by the IMACS application.

Figure 5-12 Hit count of the surveyed area, ranging from 0 (red) to 150 (purple). Image
illustrates system’s ability to autonomously acquire IHO standard datasets.

To demonstrate the algorithm’s capacity to extrapolate the seafloor outside of the known swath, to

permit the prediction of the two-way travel time of the SSS pulse, a number of transects were fused
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together and the depth points of an acrosstrack profile was extracted to compare the approximation
to the actual seafloor. An acquired MBES swath, contained within the acrosstrack profile, was
found and evaluated to determine its seafloor approximation function, z = 0.0135y -9.0561, standard
deviation, 0.0068m and tolerance timing value, 0.0524msec. Figure 5-13 illustrates the MBES
swath (inset), contained within the acrosstrack profile (in red), and its computed linear
approximation function. It is found that the linear approximation function, calculated for the MBES
swath, has a standard variance from the entire acrosstrack profile of 0.0089m, equating to a
0.0159msec difference in the timing tolerance value to account for deviations, compared to the
above computed tolerance timing value. Thus, it can be concluded that the implemented linear
function, combined with the tolerance factor, provides a satisfactory extrapolation of the unknown

region of the seafloor to be ensonified by the SSS.

Figure 5-13 An acrosstrack profile of the seabed and, inset, an acquired MBES swath. The
MBES swath is contained within the acrosstrack profile (in red) and is evaluated to determine
the depth points outside of its swath. By comparing the extrapolated seafloor with the actual
seafloor of the acrosstrack profile, it can be shown that the implemented algorithm provides a
satisfactory prediction of the seafloor to be ensonified by the SSS.
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5.6 Experiment 3: Improvements in Survey Efficiency

Experiments to evaluate the dual sonar survey deployment, in which the MBES and SSS were
centrally managed by IMACS, against a traditional survey, in which the MBES and SSS were
deployed separately and free firing (Figure 5-14), were conducted in Galway Bay on the 5™ March
2009, at experiment site Ex. 3 in Figure 5-5. The experiment attempted to demonstrate survey
efficiency provided by an IMACS deployment. The ROV was flown 10m above the seabed and
performed a box survey, 50m x 50m. During both scenarios, the survey speed of the platform was
restricted and held at 1.0m/sec due to the strong currents. During the traditional separate survey
scenario, the ping rates of the MBES and the SSS were held constant at 15 and 10 pings per second,
respectively, to produce IHO standard datasets for operational speed and altitude. The average ping

rate for both sonar systems under the management of IMACS was 7.6 pings per second.

Figure 5-14 Survey scenarios; the dual sonar survey allowed for simultaneous
operation of the sonar systems. During the traditional survey, the sonar systems were
deployed separately.
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Figure 5-15 displays an example multibeam swath acquired over the course of the experiment, and
its corresponding straight line approximation. It is evident from the figure that the straight line
approximation does not provide a good fit to the data. However, an assessment of the standard error
of deviation from the approximation function (0.1084m) provides a tolerance timing value of
0.8323msec to be subsequently appended to the SSS predicted timing schedule, to account for

timing errors due to probable divergences from the approximation line.

It is evident from Figure 5-15 that the linear approximation provides a good approximation of the
seafloor slope. By calculating the standard deviation of the observed depth points from the
approximated line and knowing the general slope of the seabed, the probable distribution of depth

points outside of the observed depth points can be predicted.

Figure 5-15 A sampled multibeam swath and straight line approximation acquired
during the experiment to compare survey scenarios.

The separate survey scenario provided higher ping rates for both sonar. However, these higher ping
rates led to an increased amount of data redundancy. The data redundancy affords the capacity to
reduce the ping rate of the sonar systems, to allow for the alternation of their triggering routines,

while still providing sounding densities that adhere to IHO requirements.

It is typically accepted that the positional accuracy of an INS will drift over a given survey, in

particular when a GPS signal is not available, as in the case when the ROV is submerged. Separate
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MBES and SSS surveys of the target area results in variations in the geo-reference of seabed
features. The integration and simultaneous operation of the MBES and the SSS on the single survey
platform minimises the relative positional error between features evident in the individual datasets,
as the target region is ensonified by the instruments integrated on the same platform under the same
environmental conditions and geo-referenced by the same navigational data, promoting the
straightforward co-registration of the acoustic signature of features across multiple datasets (Figure

5-16).

Figure 5-16 Co-registration of datasets: Multibeam echosounder data (left) and sidescan sonar imagery
(right) of the Maérl ripple beds concurrently acquired and geo-referenced by the same navigational data.

With the reduction in survey time, and consequently survey costs, the concurrent operation of the
multiple sonar systems vastly improved survey productivity. The dual sonar survey supplied a 50%
reduction in time when compared to the separate survey scenario during this experiment. Strong
currents limited the platform velocity during the experiment which, as a result, was kept constant at
1m/sec. Without such an impediment, survey speed could be increased during all three surveys and
still provide IHO survey standards. However, survey speed increases for the dual sonar survey
would not be as significant as the separately deployed instruments, in particular the MBES, because

the dual sonar ping rate must accommodate the triggering and recording of both sonar systems.

128



Consequently, the survey time reduction is lessened. However, the dual sonar configuration also
requires the collection of supporting data, such as sound velocity profiles, to be collected only once,

helping to reduce overall survey time and leading to improved survey productivity.

5.7 Experiment 4: Quantifying Multibeam and Sidescan

Sonar Cross-Sensor Acoustic Interference

As revealed in the Galway Bay experiments, the Tritech SeaKing 325kHz SSS and the Reson 7125
400kHz MBES were found to be of sufficiently separated frequency that cross-sensor interference
was not too significant a problem. Therefore, to quantify the significance of the sensor crosstalk
problem during the concurrent operation of multiple sonar, a second SSS was acquired and
deployed during trials in Limerick dock, possessing a higher operating frequency closer to the 7125
MBES. GeoAcoustics’ dual frequency SSS offers a selectable dual frequency of 114kHz or 410kHz
[GeoAcoustics 2006]. The GeoAcoustics sonar was delivered on the day of mobilising to Limerick
dock, consequently, due to time constraints, it was not possible to develop an IMACS system
interface for the GeoAcoustics’ SSS to fully integrate it into the system. However, the SSS was
integrated on the ROV platform as a separate system. The concurrent deployment of the SSS and
the MBES demonstrated the cross-sensor acoustic interference caused by the co-located sonar

operating at similar-frequencies.

On the 1% July 2009, the ROV ran a 25m straight line transect at a constant velocity of 1 knot, at a
bearing of -36°. The SSS was configured to a range of 25m and a 20Hz ping rate. For the first half
of the transect, the SSS was deployed on its own. During the second half of the transect, the MBES
was turned on to operate simultaneously with the SSS, configured to ping at 5S0Hz. Figure 5-17
displays intensity/time traces of the SSS observed during the experiment. The left image was
produced during the first half of the transect under normal operating conditions, that is, the SSS
operating on its own without any interference. The right image was generated in the latter half of
the survey during dual operation with the MBES. It is evident from the right-hand image, that
acoustic waves emanating from the MBES saturate the return signal of the SSS, producing
erroneous intensities at the SSS transducer face. These false intensities have the effect of creating

false artefacts in the SSS imagery.
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Figure 5-17 SSS intensity/time trace under normal operating conditions, that is SSS operating on its own
(left). SSS intensity/time trace acquired during the dual operation of the SSS and MBES (right).

Figure 5-18 displays the SSS waterfall collected during the experiment. The lower part of the
waterfall shows the imagery acquired under normal conditions. The higher part of the image was
generated during the second half of the experiment and exhibits interference attributed to the co-
located simultaneously operating MBES. The false imagery, produced by the false intensities as a

result of the sensor crosstalk, is clearly identifiable in the latter parts of the experiment.

Figure 5-18 SSS waterfall image displaying imagery acquired under normal operating conditions, that
is SSS only operational (bottom) and interference caused by a simultaneously operating MBES (top).
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Figure 5-19 further clarifies the effects cross-sensor acoustic interference has on the SSS imagery.
The figure displays the waterfall image produced during the concurrent operation of the 410kHz
SSS and the 400kHz MBES and the intensity/time trace of the most recent return signal,
corresponding to the last strip (highest part) of the waterfall. The GeoAcoustics’s SSS is configured
to present higher intensities as darker imagery, while lower intensities generate lighter imagery, in
contrast to the Tritech SeaKing SSS setup. The MBES was pinging, out of phase, approximately 2.5
times more than the SSS. The high source values of the MBES trigger created sharp intensity
returns at the SSS transducer face. At all other times between MBES triggers, the intensity values
also exhibit distortion. Because of the out of phase triggering, a herring-bone artefact is seen in the
imagery. If the sensors were pinging in phase, dark, vertical straight lines would be witnessed

instead of the herring-bone imagery.

Figure 5-19 SSS intensity/time trace (above) and corresponding waterfall imagery (below).
Sensor crosstalk, as a result of the simultaneously operating MBES, is clearly evident,
creating the herring-bone artefact.
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Consequently, to enable the simultancous operation of similar-frequency sonar sensors, it is
necessary to alternate their triggering. By alternating the triggering of the sensors we can avoid such

issues illustrated in the aforementioned images.

5.8 Experiment 5: Simultaneous Operation of Multibeam

Echosounder and Doppler Velocity Log

On the 3" July 2009, the ROV 4115 was deployed in surface mode. Two identical box surveys, 24m
x 12m, were performed at a constant velocity of 0.8 knots to investigate the effects of the
concurrent operation of co-located MBES and DVL, and to assess the performance of the novel
acoustic payload controller, IMACS. During the first survey, the MBES and DVL were deployed
and operated independently, that is, both systems were free firing with no central trigger control.
During the second survey, IMACS took control of sensor management. The MBES and DVL
settings were identical for both surveys; the DVL was deployed in bottom lock mode with a ping
rate of 1Hz. The MBES settings are shown in Table 5-2. During the first survey, the MBES’ ping
rate was set at 12 pings per second. On the second survey, IMACS triggered the MBES at a average
of 12.62 pings per second.

Setting Value
Range 15 metres
Power 177 dB
Gain 55 dB
Pulse Length 68 uSec

Table 5-2 Multibeam settings during experiments in Limerick Dock.

Significant acoustic interference in the multibeam data, induced by the DVL, was experienced in
the first survey. A series of multibeam ping displays recorded from the sonar processing unit (SPU)
during the simultaneous operation of the MBES and DVL, and corresponding PDS2000 beam
interpretations, is presented in Figure 5-20 and Figure 5-21. It is evident from the figures that
saturation inflicted on the multibeam return signal caused substantial sounding errors, invalidating
entire multibeam pings, leading to an abundant amount of data to be cleaned from the acquired data,
which in turn resulted in gaps in the bathymetric maps. In the PDS2000 display, the PDS2000

program automatically determines the scale of the data to display all depth points.
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Figure 5-20 MBES pings; SPU beam display and corresponding PDS2000 beam information,
illustrating interference caused by the co-located DVL, invalidating an entire ping.
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Figure 5-21 MBES pings; SPU beam display and corresponding PDS2000 beam information,
illustrating interference caused by the co-located DVL, invalidating an entire ping.
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The second survey attempted to avoid issues of sensor crosstalk experienced during the first survey
by synchronising the payload trigging using the developed system, IMACS. The alternated
triggering of the MBES and the DVL allowed for their successful simultaneous operation. It was
expected that the floor of the dock was to be nominally flat. Consequently, a linear least squares
approximation function of the imaged swath was implemented. An example of a gathered

multibeam swath and line approximation is provided in Figure 5-22 (a).

The average coefficient of determination, R, over the course of the survey was found to be 0.1232.
The average computed RMSE is 0.4719m, providing an average tolerance timing value of
0.75msec. For the sampled swath in Figure 5-22 (a), R’ is 0.20245 and the standard deviation from
the line is 0.4748m, which equates to a tolerance of 0.755msec appended to the two-way travel time
prediction of the DVL acoustic pulse. Because of the shallow water of the dock, an extra tolerance
of 20msec was added to the timing schedules, to account for possible interference caused by
multipaths. The tolerance value applied to the DVL timing schedule provided scheduling additions
that took into account the actual seafloor’s deviance from the line approximation, allowing for the

successful avoidance of acoustic interference during the experiment.

However, the DVL beam footprint is within the confines of the multibeam swath. Subsequently, a
more practical implementation would be the piecewise function. Such an implementation would
provide local approximations of the seafloor to be ensonified by the DVL beam footprint, as
opposed to the linear least squares function that approximated the entire swath. Figure 5-22 (b) and
(c) illustrate a simulated implementation of the piecewise function to the sampled bathymetry data
analysed above. The depth points corresponding to the DVL port and starboard beam footprints are
sampled and employed to produce local linear approximations. The local linear approximations
present a significantly improved representation of the DVL ensonified seafloor, providing refined
accuracy in the estimation function. The respective coefficient of determination for port and
starboard samples are 0.993 and 0.9336. Respective RMSE values are 0.015 and 0.0081. A
tolerance timing value of 0.02msec and 0.01lmsec are achieved for each presented local
approximation. Using the piecewise function in this case affords significantly improved results,
providing a stricter timing schedule of the payload sonar. Improved timing schedules have the

potential to supply greater data densities or faster survey speeds for the given survey.
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Figure 5-22 a) A sampled multibeam swath and straight line approximation acquired during
the dock experiment. b) and c) Depth points corresponding to DVL acrosstrack beam
footprints, port and starboard respectively, and their simulated piecewise implementation of the
approximation function.

As a consequence of detecting the Doppler effect, a DVL instrument exhibits a broad bandwidth. In
the case of the RDI 600kHz WorkHorse DVL, the receive bandwidth is 25% each side of the
resonant frequency, equating to a frequency band between 450kHz — 750kHz. As a result of the
broad bandwidth, the DVL is particularly susceptible to sensor crosstalk from close-proximity
acoustic sensors. For both surveys, the speed control was set at 0.8 knots. Analysing the speed logs
of the two surveys also showed evidence of the interference from the co-located MBES experienced
by the DVL and subsequent platform velocity abnormalities. Over the course of the second survey,

in which the sensors were centrally managed by IMACS, the speed remained consistent, at about
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0.8 knots. However, the first survey speed logs show significant oscillations in the speed, erratically
jumping between 0.6 knots and 1.0 knots throughout the experiment. These erratic jumps in the
speed data are attributed to the false bottoms received by the DVL, induced by the saturation from
the MBES’ acoustic pulse, ensuing incorrect velocity measurements. Figure 5-23 displays the first
survey platform speed log. The speed log of the second survey, for which the sensors were
synchronised by IMACS, are presented in Figure 5-24. The three dips in speed in both logs are due

to the slowing of the platform and changes in the course direction in completion of the box survey.

Figure 5-23 Platform speed (in knots) during the first survey in which the payload sensors were
free firing. Erratic jumps in the speed, attributed to cross-sensor acoustic interference from the co-
located MBES, is clearly evident in the plot.
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Figure 5-24 Platform speed (in knots) during the second survey in which the payload sensors
were controlled by IMACS. The speed is much more consistent than during the first survey, as a
result of the synchronisation of the payload sensors.

Data gathered from both surveys were processed in PDS2000 and are presented in the 0.5m x 0.5m
cell size grid models in Figure 5-25. Data acquired during the first survey is displayed in the left
grid model. The bathymetric data from the second survey, in which the payload sonar were
centrally controlled by IMACS, is presented in the right-hand grid model. The effect of the acoustic
interference on the multibeam data is plainly evident in the left-hand grid model, with the resulting
dataset being invalidated. In contrast, the grid model of the same survey area, acquired using

identical instruments and settings, present IHO standard data.
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Figure 5-25 Digital terrain models showing effects of interference between a multibeam echosounder and
a DVL. Sensors were synchronised by the intelligent controller during the survey on the right, the sensors
were not centrally controlled and were free running during the survey in the left image.

5.9 Scientific Discovery

An unexpected scientific discovery arose on the CE-09-04 cruise. A region of the seabed sheltered
by the Aran Islands was chosen because of its rocky features to perform a number of experiments,
including the survey scenario assessment. The ROV amis was deployed in close-proximity to the
seabed, allowing for the acquisition of high-resolution multibeam and sidescan sonar datasets. The
dual MBES and SSS survey provided never before seen high-resolution bathymetric and sidescan
imagery detail of the seabed. Previous multibeam surveys of the area employed a low-frequency,
ship-mounted MBES. The lower frequency sensor and larger beam footprint, due to the greater
distance from the seafloor, were unable to provide such detail achieved by the ROV mounted high-
resolution MBES. The simultaneous SSS data also provided valuable complementary information
about the beds. Figure 5-26 shows the high-resolution data acquired of the Maérl ripple beds.

Because of this discovery, the area is of great interest to marine researchers that collaborated in the
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research cruise. A 2010 application for further ship time has been submitted, which will inter allia

be used to revisit the location for wider area mapping and investigation.

Figure 5-26 A grid model of the high resolution bathymetry data acquired during the CE-09-04
cruise, displaying never before seen detail of the Maérl ripple beds.

5.10 Conclusions and Discussion

This chapter presented testing of the Integrated Marine Acoustic Controller System (IMACS), a
centralised controller that manages the synchronisation of multiple acoustic payload sensors
integrated on a single survey platform. The results presented in this chapter, collected from
simulated and Real-World experiments, show the fully automated method’s ability to synchronise
the triggering of payload sonar systems such that they adapt to real-time environmental data in-sifu,
providing enhanced sensor deployments with real-time adaptive control to survey/operation

environment and improved survey productivity.

Presented experimental results verify the implemented system’s ability to linearly approximate the

seafloor from an imaged multibeam swath. It has been shown that a nominally flat seabed can be
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sufficiently described using the linear least squares approximation. For a rough or undulating
seafloor, the accuracy of the approximation diminishes. However, it is possible to exploit the fact
that the roughness of the seafloor will generally be homogenous and will follow the general seabed
gradient. Appending a tolerance timing value to the predicted two-way travel times of the payload
sensors takes into account the standard deviation of the observed depth points from the
approximated seafloor function, permitting the likely distribution of the depth points to be
described. Simulated results have shown that significant improvements can be achieved in seafloor
approximation, and resultant timing predictions, when a piecewise linear function is utilised to

approximate the seafloor corresponding to the payload beam footprints.

Analysis of Real-World experiments has proved the system’s capacity to adapt the payload sonar
trigger control in real-time to varying seabed topography, permitting autonomous deployment of
multiple sensors in an enhanced manner, independent of the seafloor range from sonar platform or

slope. The system has also shown to provide IHO quality standard datasets.

The initial focus of the investigation concentrated on the acoustic interference pertaining to the
simultaneous operation of co-located imaging sonar. Investigative analysis revealed that sources of
acoustic interference can also be attributed to co-located acoustic navigational aiding sensors, as
well as being affected themselves by sensor crosstalk. Acoustic navigation sensors, which are of
paramount importance for quality navigation of sub-sea deployments of UUVs, are particularly
susceptible to sensor crosstalk from simultaneously operating co-located acoustic sensors, as they
exhibit broad bandwidths. Evidence has been provided to validate the developed system’s ability to
avoid issues of cross-sensor acoustic interference by alternating the triggering of similar-frequency
acoustic sensors, thus permitting the full deployment potential of a UUV, that is, multiple high-
frequency acoustic sensors concurrently operating in close-proximity to the seafloor, without the
necessity of separating the operational frequencies and thus diminishing the potential dataset

resolutions.

An evaluation of a deployment of IMACS against a traditional deployment demonstrated the
system’s potential to provide improved survey efficiency by reducing survey time and costs, as the
area of interest is surveyed, along with the collection of supporting data, only once. The concurrent
acquisition of multiple, high-resolution datasets improves the data interpretation process by
allowing the combined analysis and understanding of independent datasets of the same seafloor
region. The relative positional accuracy of features evident in datasets is also increased, leading to
improved feature co-registration across the datasets. For example, for simultaneously acquired

MBES and SSS the position of features along-track is guaranteed to be the same in both datasets
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and features to port/starboard in one dataset are guaranteed to be to port/starboard in the other. In
separate MBES and SSS surveys, there is no guarantee of the platform following the exact same
transect and the navigation data will have independent and non-correlated errors in x, y, and z for

each separately acquired survey dataset.

As the development of UUVs, in particular that of autonomous systems, and the demand for the
single platform integration of multiple high-resolution sensors, gain pace, the autonomously
adaptive system described specifically addresses limitations of current state-of-the-art systems and

has significant commercial potential.
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Chapter 6

Discussion, Conclusions and Future

Work

6.1 Introduction

The objective of this research was to develop an autonomous centralised controller to adaptively
synchronise the triggering of payload acoustic instruments co-located on a single survey platform.
The underlying motivation envisaged that such a system would afford enhanced sensor deployment
and increased survey efficiency through the control of sounding density and platform velocity,

throughout an entire survey.

As was revealed in this thesis, current UUV-based payload sensor control management is still very
much operator-dependent, employing fixed or pre-deployment programmed routines. This
inflexibility prevents in-situ adaption of mission structure essential to improving operation in a
dynamic and unpredictable ocean environment. Furthermore, the integrated sensors are typically a
combination of high and low frequency systems, with the result that the full potential of UUV

deployments of multiple high-resolution sensors in close-proximity to the seabed is unfulfilled.

The work presented in this thesis addressed the limitations and inadequacies of conventional and
state-of-the-art multi-sonar integration and deployment techniques. The core contribution of the
research presented in the preceding chapters is the design, development, and experimental

verification of a centralised payload controller. The results show that the novel approach to
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autonomous payload management, proposed and implemented in this thesis, adapts to varying
seafloor terrain through the in-situ processing of bathymetric data, affording enhanced sensor
deployment and survey productivity. In doing so, the thesis achieved its objectives and is the first

work of its kind.

In this chapter, a summary of the research presented in this thesis is given, the main contributions

are listed, and the proposed direction for future work is suggested.

6.2 Research Summary

Chapter 2 examined the fundamental notions associated with the physical nature of sound
underwater, allowing for the definition of these waves by the wave equation. The modelling of
acoustic propagation ranges from specular ray tracing through to full numerical solution of the
acoustic wave-field. However, it is the MBES that interprets the propagation of the acoustic wave
through the water body, and it can be assumed that the propagation of acoustic waves from
simultaneously operating sonar systems will propagate identically through the same water body.
Therefore, geometrical straight line ray construction solutions are seen as acceptable and
computationally efficient to solve the acoustic wave travel time of simultaneously operating sonar
systems in real-time. In establishing the sonar systems pertinent to the system application of wide-
area high-resolution mapping of the seafloor, the extensive range of candidate UUV payload sensor
systems was evaluated. Of the systems reviewed, the reliability, versatility and proven performance
of the MBES and SSS were deemed sufficient in their candidacy. The necessary sub-sea vehicle
application of a DVL was also deemed of application importance to incorporate in the study. The

choice of these sensors was further reinforced by access to them within the research centre.

In Chapter 3, a comprehensive review of state-of-the-art survey techniques has shown that the
collection and fusing of complementary datasets, affords a more accurate representation of the
seafloor, the removal of possible dataset ambiguities and improved data analysis and interpretation.
The increasing desire to integrate and simultaneously operate the payload sensors on a single survey

platform was also revealed, providing potential benefits in survey time, cost and efficiency.

However, issues relating to cross-sensor acoustic interference inherent in the simultaneous
deployment of multiple acoustic instruments were highlighted. To overcome this constraint, the

various techniques employed to successfully complete a survey of an area of interest with multiple
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acoustic sensors was examined; conducting separate surveys for each instrument, separating the
sensors’ operating frequencies and trigger synchronisation. However, an assessment of these
techniques highlighted their inadequacies; the mobilisation of separate surveys of the same seabed
region for each individual sensor is inefficient and leads potentially to positional errors or
registration problems in the acquired datasets. The separation of the operating frequency of the
payload sonar permits the simultaneous operation of multiple sensors integrated onto a single
survey platform. However, the low-frequency systems, employed to avoid sensor crosstalk with
higher frequency sensors, significantly degrade the quality of the generated datasets. Consequently,
small-scale features may not be evident, thereby compromising the data interpretation process. The
employment of payload sensor triggering routines allows a more advanced method for the
avoidance of sensor crosstalk. Trigger synchronisation was employed by de Moustier to
successfully operate similar-frequency sonar. The integrated sensors were triggered in accordance
with the time of flight information of the multibeam sonar sound wave. However, the implemented
algorithm did not take into account both the varying altitude of the survey platform and the varying
geometry of the seafloor terrain, and because of the fixed transmission rates, the system is best

suited for long-range, deep-water applications with the use of low-frequency sensors.

The trigger synchronisation of payload sensors, such that they do not interfere with each other,
affords the ability to simultaneously operate multiple sonar systems on a single survey platform. In
a review of the state-of-the-art payload sensor control management, mission control strategies were
exposed as being still very much operator-dependent, employing fixed or pre-deployment
programmed routines. Such inflexibility prevents in-situ adaption of the mission structure essential
to improving operation in a dynamic and unpredictable ocean environment. In addition, it was
shown that the UUV design rationale employed by the commercial industry and peer academics rely
on the use of sonar systems operating at distant frequencies. Such a compromise fails to provide the
full potential of UUV deployments of multiple high-resolution sensors in close-proximity to the

seabed.

The proposed solution to address the inadequacies and limitations of the aforementioned techniques
pointed in the direction of an adaptive trigger synchronisation of payload sonar systems. It was
found that an assessment of bathymetric data collected during a hydrographic survey could provide
the information required to accurately predict the two-way travel time of the acoustic pulse of the
payload sonar sensors. Recent advances in computational technology and real-time programming
techniques afford the ability to process bathymetric data in-sifu, subsequently accommodating the

synchronisation of payload triggering such that neighbouring return signals are not saturated.
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Chapter 4 outlined the developed system, detailing its fundamental concepts, runtime processes,
functionalities and implemented algorithms. The core algorithms of the proposed system
concentrated on producing a mathematical model of the acquired bathymetric data and its
exploitation in the prediction of transmission-reception times of acoustic waves. In an assessment of
data fitting algorithms, it was established that the linear least squares method sufficiently describes
a nominally flat or slopping seabed. In addition, the unknown regions at the extremities of the swath
can also be adequately inferred by extrapolating the multibeam imaged seafloor swath. While for
undulating seafloor terrains the flat plane assumption is no longer valid, it is possible to exploit the
assumption that the roughness of the ensonified swath is generally homogeneous and will follow the
general seabed gradient. This permits the likely distribution of seafloor depth points outside of the
known swath to be described. Combined with a confidence quantity, the strength of the linear fit
can be assessed and standard deviations from the approximation can be computed, allowing for the
definition of a tolerance factor to take into account the probable divergence of the actual seafloor
from its approximated straight line. An extension to the linear least squares method is the piecewise
function. The piecewise function provides local descriptions, using linear least squares, of the

imaged seafloor for discrete intervals that coincide with known beam footprints of auxiliary sensors.

It was proposed that time separation between successive pings is adjusted in accordance with real-
time seafloor topographic data. The sensor triggering timing schedule is calculated as a function of
each sensor’s imaging geometry and the range between the sensor and the ensonified seafloor.
Furthermore, a velocity feed-back loop potentially provides increased survey efficiency by advising
on optimal survey platform velocities at operational ping rates, affording a reduction in data

redundancy and post-processing workload, while still providing for survey order specifications.

Experimental design, analysis and results, pertaining to the centralised acoustic payload controller
development described in the previous chapter, are presented in Chapter 5. The results show the
fully automated system’s ability to synchronise the triggering of payload sonar systems such that
they adapt to real-time environmental data in-situ, permitting autonomous deployment of multiple

sensors in an enhanced manner independent of the seafloor depth or slope.

In addition to highlighting the acoustic interference between co-located imaging sonar,
experimental testing revealed that sources of acoustic interference can also be attributed to acoustic
navigational aiding sensors, as well as being affected themselves by sensor crosstalk. Acoustic
positioning sensors, which are a necessity for accurate positioning of sub-sea deployed vehicles, are
particularly susceptible to sensor crosstalk from simultaneously operating co-located acoustic

sensors, as a result of their broad bandwidths. An experimental investigation provided evidence that
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validate the developed system’s ability to avoid issues of cross-sensor acoustic interference by
alternating the triggering of similar-frequency acoustic sensors, thus permitting the full deployment
potential of a UUV, that is, near-seabed simultaneous operation of multiple high-frequency acoustic

SE€NSsors.

An evaluation of the deployment of multiple acoustic sensors controlled by the developed system
against a traditional deployment of separate surveys for each sensor demonstrated the system’s
potential to provide improved survey productivity by reducing the time and cost of surveys, as the
area of interest is surveyed, along with the collection of supporting data, only once. The concurrent
acquisition of multiple, high-resolution datasets improves the data interrogation process by allowing
the combined analysis of complementary datasets of the same seafloor region. The relative
positional accuracy between features evident in datasets is also increased, leading to improved

feature co-registration across the datasets.

6.3 Contributions

The processing of mission data in-situ affords the ability to adapt to an unpredictable and dynamic
sub-sea environment. The work is the first of its kind and provides an effective solution to extend
the autonomous capacity of UUVs and to improve survey productivity. The research of this thesis
has resulted in contributions to the area of autonomous acoustic payload sensor control. The main

contributions are listed below.

e  An automated multi-sonar controller employing in-situ processing of
real-time bathymetric data to adapt to a dynamically changing imaging

geometry

e  The avoidance of acoustic interference in imaging sonar using a novel
predictive approach to synchronise the transmission-reception of

payload instruments’ acoustic pulses for mapping and navigation sonar

e  The avoidance of acoustic interference in navigation sonar using a novel
predictive approach to synchronise the transmission-reception of
payload instruments’ acoustic pulses resulting in improved navigation

and thereby better quality multibeam and sidescan datasets

147



e  Simultaneous operation and data acquisition of similar high-frequency

sonar integrated onto a single survey platform

e Improved sensor deployment and increased survey efficiency through
the control of sounding density and platform velocity, throughout an

entire survey

These contributions will serve to remove key impediments in the development of UUVs and
payload sensor integration, augmenting the deployment capabilities of current survey platforms for

hydrographic operations in both shallow and deep-water environments.

6.4 Suggestions for Future Work

There are several possible areas to extend the work of this thesis. As outlined in Chapter 4, the
implementation and exploitation of the generation and population of a DTM on-the-fly to predict
the two-way travel time of the payload sonar acoustic waves presents potential improvements in the
time prediction accuracies. The graduation from a PC-based topside system to an integrated micro-
controller based bottomside system allowing for the extension of the payload controller from ROV -
operations to AUV-operations, and further development of additional control routines for
commercially available sonar sensors, present exciting future avenues to pursue. This further work
would undoubtedly compliment the work already completed and serve to increase further the

sensor’s market appeal.

An improvement in the prediction of the transmission-reception of a payload sensor’s acoustic pulse
may be achieved with the implementation and exploitation of the generation and population of a
DTM. The acquisition of multibeam data in tandem with position and orientation data allows for the
production of geo-referenced bathymetric data, permitting the fusing of sequential ping swaths for
the production of a DTM of the surveyed seafloor on-the-fly. The DTM would provide accurate
information on the topography of the surveyed seabed, affording the two-way travel time to be
predicted with a greater confidence. Predicted transmission-reception times would be calculated by
completing a low density ray trace. The higher prediction confidence would allow for improved
sounding densities and platform speeds. The proposed method thus has the potential to further

increase survey efficiency.
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The graduation from a topside PC-based system to a bottomside micro-controller based system,
affords the extension of the system to AUV operations. The autonomous nature of these vehicles
necessitates the development of payload sensor control routines. The developed system possesses
the potential to move away from conventional AUV fixed and pre-survey programmed payload
control to an adaptive approach that presents the ability to adjust sensor execution for optimal
results independent of seafloor terrain and depth. The proposal can also be utilised for ROV
operations. By porting to a micro-controller based bottomside system, non-deterministic latency

issues, such as multiplexer data throughput and media conversion, can be removed.

The modular approach to the system’s software design, permits the seamless extension of the
system to include additional commercially available sonar sensors. Permitting the potential to
integrate and synchronise different combinations of payload sonar. Consequently, the system’s
market appeal is enhanced as it is independent of vehicle design, except for the stipulation of a

forward mounted MBES.

149



Bibliography

Advantech. (2006) ADAM 6541 User Manual, 2nd ed., Taiwan: Advantech Co. Ltd.

Ainslie, A.M. and McColm, J.G. (1998) "A simplified formula for viscous and chemical absorption
in sea water", The Journal of the Acoustical Society of America, 103(3), 1671-1672.

Alkan, R.M., Kalkan, Y. and Aykut, O. (2006) "Sound Velocity Determination with Empirical
Formulas & Bar Check", XXIII FIG Congress, Munich, Germany.

Appleyard, S.F., Linford, R.S. and Yarwood, P.J. (1988) Marine Electronic Navigation, 2nd ed.,
London, UK: Routledge & Kegan Paul Ltd.

B&B _Electronics. (2008) VLinx Ethernet Serial Server, 5th ed., Ottawa, IL: B&B Electronics.

Barger, J.E. (1997) "Sonar Systems", in: Crocker, J.M., ed.(s), Encyclopedia of Acoustics, New
York: J. Wiley & Sons.

Baron, M. (2007) Probability and statistics for computer scientists, Boca Raton, FL: Chapman &
Hall.

Basu, A. (1996) "Development of a user friendly marine geographic information system with spatial
data analysis and error estimation of three dimensional data model in the Hawaiian
Exclusive Economic Zone", MTS/IEEE Oceans '96, Fort Lauderdale, FL.

Bellingham, J.G. and Willcox, J.S. (1996) "Optimizing AUV oceanographic surveys", [EEE
Symposium on Autonomous Underwater Vehicle Technology, Monterey, CA.

Bennett, A.A. and Leonard, J.J. (2000) "A behavior-based approach to adaptive feature detection
and following with autonomous underwater vehicles", IEEE Journal of Oceanic
Engineering, 25(2), 213-226.

Bergmann, P.G. and Spitzer, L. (1949) "Wave Acoustics", in: Bergmann, P.G. and Yaspan, A.,
ed.(s), Physics of sound in the sea. Part 1. Transmission, New York, NY: Gordon and
Breach.

Bildberg, R. (2001) "The Development of Autonomous Underwater Vehicles (AUVs); A Brief
Summary", IEEE International Conference on Robotics and Automation (ICRA), Seoul,
Korea.

Bingham, D., Drake, T., Hill, A. and Lott, R. (2002) "The Application of Autonomous Underwater
Vehicle (AUV) Technology in the Oil Industry — Vision and Experiences", XXII FIG
(International Federation of Surveyors) International Congress, Washington, DC.

Bourgeois, B.S., Martinez, A.B., Alleman, P.J., Cheramie, J.J. and Gravley, J.M. (1999)
"Autonomous bathymetry survey system", IEEE Journal of Oceanic Engineering, 24(4),
414-423.

Brase, C.H. (2009) Understandable Statistics: Concepts and Methods, 9th ed., Boston, MA:
Richard Stratton.

Brekhovskikh, L.M. and Lysanov, Y.P. (2003) Fundamentals of Ocean Acoustics, 3rd ed., New
York: Springer-Verlag.

Brown, C.J., Hewer, A.J., Meadows, W.J., Limpenny, D.S., Cooper, K.M. and Rees, H.L. (2004)
"Mapping seabed biotopes at Hastings Shingle Bank, eastern English Channel. Part 1.
Assessment using sidescan sonar", Marine Biological Association of the United Kingdom,
84, 481-488.

Burdic, W.S. (1984) Underwater Acoustic System Analysis, Englewood Cliffs, NJ: Prentice-Hall.

150



Burian, E., Yoerger, D., Bradley, A. and Singh, H. (1996) "Gradient search with autonomous
underwater vehicles using scalar measurements", [EEE Symposium on Autonomous
Underwater Vehicle Technology 1996, Monterey, CA.

Camilli, R., Bingham, B., Jakuba, M., Singh, H. and Whelan, J. (2004) "Integrating in-situ chemical
sampling with AUV control systems", IEEE/MTS Oceans 04, Kobe, Japan.

CDL. (2000) CDL MicroBath Manual, Aberdeen, UK: CDL.

Chance, T.S. and Northcutt, J.G. (2001) "Deep water AUV experiences", U.S. Hydrographic
Conference 2001, Houston, TX.

Chen, D. and Jain, R. (1994) "A Robust Back Propagation Learning Algorithm for Function
Approximation", I[EEE Transactions on Neural Networks, 5, 467-479.

Chou, J.CK. (1992) "Quaternion Kinematic and Dynamic Differential Equations", [EEE
Transactions on Robotics and Automation, 8(1), 53-64.

Clay, C.S. and Medwin, H. (1977) Acoustical Oceanography: Principles and Applications, New
York: John Wiley & Sons.

Coates, R. (1990) Underwater Acoustic Systems, London, UK: Macmillan Education.

Constable, C. and Agnew, D. (2008) "Least Squares Estimation", in: Geophysical Data Analysis,
Lecture Notes, San Diego: UCSD, .

Coulson, C.A. (1955) Waves. A Mathematical Account of the Common Types of Wave Motion, 7th
ed., London, UK: Oliver and Boyd.

Dam, E.B., Koch, M. and Lillholm, M. (1998) Quaternions, Interpolation and Animation,
Copenhagen, Denmark: University of Copenhagen.

de Moustier, C. (1988) "State of the art in swath bathymetry survey systems", International
Hydrographic Review, 65, 25-54.

de Moustier, C., Lonsdale, P.F. and Shor, A.N. (1990) "Simultaneous operation of the Sea Beam
multibeam echo-sounder and the SeaMARC II bathymetric sidescan sonar system", /[EEE
Journal of Oceanic Engineering, 15(2), 84-94.

de Moustier, C. and Matsumoto, H. (1993) "Seafloor acoustic remote sensing with multibeam echo-
sounders and bathymetric sidescan sonar", Marine Geophysical Researchers, 15, 27-42.

DeKeyzer, R.T., Byrne, J.S., Case, J.D., Clifford, B.A. and Simmons, W.S. (2002) "A comparison
of acoustic imagery of sea floor features using a towed side scan sonar and a multibeam
echo sounder", MTS/IEEE Oceans '02, Biloxi, MS.

Dennis, J.E. (1977) "Nonlinear least-squares", in: Jacobs, D., ed.(s), State of the Art in Numerical
Analysis, London, Uk: Academic Press, .

Dentzman, R.C. (2002) "Integrated ocean observing systems: the role of seafloor mapping
technologies", MTS/IEEE Oceans '02, Biloxi, MS.

Desa, E., Madhan, R. and Maurya, P. (2006) "Potential of autonomous underwater vehicle as new
generation ocean data platforms", Current Science, 90(9), 1202-1209.

Diaz, R.J., Solan, M. and Valente, R.M. (2004) "A review of approaches for classifying benthic
habitats and evaluating habitat quality", Journal of Environmental Management, 73(3),
165-181.

Duxfield, A., Hughes Clarke, J.E., Martin, B.A., Legault, J., Comeau, M. and Monahan, D. (2004)
"Combining multiple sensors on a single platform to meet multi-purpose nearshore
mapping requirements", Canadian Hydrographic Conference, Ottawa, Canada.

Evans, R.E., Lemke, S.A., Morton, R.W. and Simmons, W.S. (2000) "The outsourcing of
hydrographic survey by NOAA: an industry perspective of a partnership in the making for
the new millennium", MTS/IEEE Oceans '00, Providence, RI.

Evans, R.E., Morton, R.W. and Simmons, W.S. (1999) "A Dual or Single Vessel Solution to
Conducting Multibeam and Sidescan Surveys for NOAA in the Gulf of Mexico: A Lessons
Learned Approach", U.S. Hydrographic Conference, Mobile, AL.

Fanlin, Y., Jingnan, L. and Jianhu, Z. (2003) "Multi-beam Sonar and Side-scan Sonar Image Co-
registration and Fusing", Marine Science Bulletin (English Edition), 5(1), 16-23.

Farr, HK. (1980) "Multibeam bathymetric sonar: SEA BEAM and HYDRO CHART." Marine
Geodesy, 4(2), 77-93.

151



Ferguson, J. and Pope, A. (2000) "Explorer - a modular AUV for commercial site survey",
International Symposium on Underwater Technology, Tokyo, Japan.

Fiorelli, E., Leonard, N.E., Bhatta, P., Paley, D.A., Bachmayer, R. and Fratantoni, D.M. (2006)
"Multi-AUV Control and Adaptive Sampling in Monterey Bay", IEEE Journal of Oceanic
Engineering, 31(4), 935-948.

Fish, J.P. and Carr, H.A. (2001) Sound Reflections, Advanced Applications of Side Scan Sonar,
Orleans, MA: Lower Cape Publishing.

Fisher, F.H. and Simmons, V.P. (1977) "Sound absorption in seawater", Journal of the Acoustical
Society of America, 62, 558-564.

Fjellstad, O.-E. and Fossen, T.I. (1994) "Quaternion Feedback Regulation of Underwater Vehicles",
IEEFE Conference on Control Applications, Glasgow, UK.

Fossen, T.I. (1995) Guidence and Control of Underwater Vehicles, Chichester, UK: J. Wiley &
Sons.

Fowler, C. and Treml, E. (2001) "Building a marine cadastral information system for the United
States - a case study", Computers, Environment and Urban Systems, 25(4-5), 493-507.

Francois, R.E. and Garrison, G.R. (1982a) "Sound absorption based on ocean measurements: Part I:
Pure water and magnesium sulfate contributions", Journal of the Acoustical Society of
America, 72(3), 896-907.

Francois, R.E. and Garrison, G.R. (1982b) "Sound absorption based on ocean measurements: Part
II: Boric acid contribution and equation for total absorption", Journal of the Acoustical
Society of America, 72(6), 1879-1890.

GeoAcoustics. (2006) Digital Sidescan Sonar Operation Manual 9-DSS-6100/B, Norfolk, UK:
GeoAcoustics Limited.

GeoAcoustics. (2008) Timer2 - Versatile Timer & Trigger-Pulse Module, Norfolk, UK:
GeoAcoustics Limited.

George, R.A., Gee, L., Hill, A.W., Thomson, J.A. and Jeanjean, P. (2002) "High-Resolution AUV
Surveys of the Eastern Sigsbee Escarpment", Offshore Technology Conference, Houston,
TX.

Golub, G. (1965) "Numerical methods for solving linear least squares problems
Mathematik, 7(3), 206-216.

Grewal, M.S., Weill, L.R. and Andrews, A.P. (2001) Global positioning systems, inertial
navigation, and integration, New York, NY: J. Wiley & Sons.

Griffiths, G., Millard, N., McPhalil, S., Stevenson, P., Brierley, A.S., Fernandes, P.G., Smeed, D.A.,
Stansfield, K., Thorpe, S.A., Osborn, T., Farmer, D.M., Statham, P.J., Connelly, D.P.,
German, C.R., Cunningham, A. and Burkill, P. (2001) "Standard and Special: Sensors used
during the Autosub Science Missions programme", Symposium on Sensors and Autonomous
Underwater Vehicles, Miami, FL.

Gueriot, D. (2000) "Bathymetric and side-scan data fusion for sea-bottom 3D mosaicing",
MTS/IEEE Oceans '00, Providence, R1.

Hagen, P.E. (2001) "AUV/UUV mission planning and real time control with the HUGIN operator
system", MTS/IEEE Oceans '01, Honolulu, HI.

Hagen, P.E., Hansen, R.E. and Gade, K. (2001) "Interferometric Synthetic Aperture Sonar for AUV
Based Mine Hunting: The SENSOTEK project", Unmanned Systems, Baltimore, MD.

Hagen, P.E. and Kristensen, J. (2002) "The HUGIN AUV "Plug and play" payload system",
MTS/IEEE Oceans '02, Biloxi, MS.

Hagen, P.E., Midtgaard, O. and Hasvold, O. (2007) "Making AUVs Truly Autonomous", /EEE
Oceans '07, Aberdeen, Scotland.

Hagen, P.E., Sterkersen, N., Marthinsen, B.E., Sten, G. and Vestgard, K. (2008) "Rapid
Environmental Assessment With Autonomous Underwater Vehicles -- Examples From
HUGIN Operations", Journal of Marine Systems, 69(1-2), 137-145.

Hagen, P.E., Sterkersen, N. and Vestgard, K. (2004) "The HUGIN 1000 military AUV system",
UDT Europe 2004, Nice, France.

Hall, D. (1992) Mathematical Techniques in Multisensor Data Fusion, Boston, MA: Artech House.

n

, Numerische

152



Hammerstad, E., Pohner, F., Parthiot, F. and Bennett, J. (1991) "Field testing of a new deep water
multibeam echo sounder", MTS/IEEE OCEANS '91, Honolulu, HI.

Hellequin, L., Boucher, J.M. and Lurton, X. (2003) "Processing of high-frequency multibeam echo
sounder data for seafloor characterization", IEEE Journal of Oceanic Engineering, 28(1),
78-89.

Hovem, J.M. (2007) "Underwater acoustics: Propagation, devices and systems", Journal of
Electroceramics, 19(4), 339-347.

Hughes Clarke, J.E., Mayer, L., Shaw, J., Parrott, R., Lamplugh, M. and Bradford, J. (1999) "Data
handling methods and target detection results for multibeam and sidescan data collected as
part of the search for Swiss Air Flight 111", Shallow Survey - 99, Sydney, Australia.

IHO. (2005) Manual on Hydrography, Publication M-13, Monaco: International Hydrographic
Bureau.

IHO. (2008) IHO Standards for Hydrographic Surveys, Special Publication Number 44, 5th ed.,
Monaco: International Hydrographic Bureau.

Ishoy, A. (2000) "How to make survey instruments "AUV-friendly"", MTS/IEEE Oceans '00,
Providence, RI.

Ixsea. (2004) GAPS User Manual, Ixsea.

Ixsea. (2005) PHINS User Guide, ¢ ed., Ixsea.

Jensen, F.B., Kuperman, W.A., Porter, M.B. and Schmidt, H. (2000) Computational Ocean
Acoustics, New York: Springer-Verlag.

Johansson, M. (2003) Piecewise Linear Control Systems: A Computational Approach, Berlin,
Germany: Springer-Verlag.

Kammerer, E. (2000) New Method for the Removal of Refraction Artifacts in Multibeam
Echosounder Systems, (PhD), University of New Brunswick.

Kenny, A.J., Cato, L., Desprez, M., Fader, G., Schuttenhelm, R. and Slde, J. (2003) "An overview of
seabed-mapping technologies in the context of marine habitat classification", ICES Journal
of Marine Science, 60(3), 411-418.

Kinsey, J.C., Eustice, R. and Whitcomb, L.L. (2006) "A survey of underwater vehicle navigation:
Recent advances and new challenges", IFAC Maneuvering and Control of Marine Craft
(MCMC 2006), Lisbon, Portugal.

Kinsey, J.C. and Whitcomb, L.L. (2007) "Adaptive Identification on the Group of Rigid-Body
Rotations and its Application to Underwater Vehicle Navigation", IEEE Transactions on
Robotics, 23(1), 124-136.

Kinsler, L.E., Frey, A.R., Coppens, A.B. and Sanders, J.V. (1982) Fundamentals of Acoustics, 3rd
ed., New York: Wiley & Sons.

Kirkwood, W.J. (2007) "Development of the DORADO Mapping Vehicle for Multibeam,
Subbottom, and Sidescan Science Missions", Journal of Field Robotics, 24(6), 487-495.

Kirkwood, W.J. (2009) "Tutorial: AUV Technology and Application Basics", IEEE Oceans '09,
Bremen, Germany.

Kirkwood, W.J., Caress, D.W., Thomas, H., Sibenac, M., McEwen, R., Shane, F., Henthorn, R. and
McGill, P. (2004) "Mapping payload development for MBARI's Dorado-class AUVs",
MTS/IEEE OCEANS '04, Kobe, Japan.

Kloser, R.J. (2000) "Optimal seabed habitat mapping using multibeam acoustics with associated
physical and visual sampling devices — at sea trials", Acoustics 2000, Joondalup, Australia.

Komzsik, L. (2007) Approximation techniques for engineers, Boca Raton, FL: CRC Press.

Kuperman, W.A. (1997) "Propagation of Sound in the Ocean", in: Crocker, M.J., ed.(s),
Encyclopaedia of Acoustics, New York: J. Wiley & Sons, .

L3Communications. (2002) State of the Art Bathymetric & Sonar Data Processing, Kiel, Germany:
L3 Communications.

Laban, C. (1998) "Seabed Mapping", Hydro International, 2(1), 6-9.

Lear, R. (2008) "Data Comparison of the SeaBat 7125 and 8125 Multi-beam Sonars", Hydro
International, 12(5), .

153



Lichte, H. (1919) "On the influence of horizontal temperature layers in sea water on the range of
underwater sound signals", Physikalische Zeitschrift, 17, 385-389.

Lingsch, S., Gardner, J., Czarnecki, M. and Shor, A.N. (1996) " A comparison of acoustic imagery
data from a 12-kHz sidescan sonarand a 12-kHz hull-mounted bathymetric and imaging
system", MTS/IEEE OCEANS '96, Fort Lauderdale, FL.

Linksys. (2003) 5-Port 10/100 Switch Datasheet, Irvine, CA: Linksys.

Llinas, J. and Waltz, E. (1990) Multisensor Data Fusion, Boston, MA: Artech House.

Loebis, D., Sutton, R., Chudley, J. and Naeem, W. (2004) "Adaptive tuning of a Kalman filter via
fuzzy logic for an intelligent AUV navigation system", Control Engineering Practice,
12(12), 1531-1539.

Lurton, X. (2002) 4n introduction to Underwater Acoustics, Principles and Applications, London:
Springer-Praxis.

Lurton, X. and Le Gac, J.-C. (2004) "The CALIMERO project: Scientific objectives and first at-sea
results", SeaTechWeek 2004, Brest, France.

Marco, D.B. and Healey, A.J. (2001) "Command, control, and navigation experimental results with
the NPS ARIES AUV", IEEE Journal of Oceanic Engineering, 26(4), 466-476.

Matos, A., Cruz, N., Sousa, J.B. and Pereira, F.L. (2003) "AUV and ROV Developments at Porto
University", IFAC Workshop on Modeling and Analysis of Logic Controlled Dynamic
Systems, Lake Baikal, Russia.

McGann, C., Py, F., Rajan, K., Ryan, J. and Henthorn, R. (2008) "Adaptive Control for
Autonomous Underwater Vehicles", 23rd AAAI Conference on Artificial Intelligence,
Chicago, IL.

McMullen, K.Y., Poppe, L.J., Signell, R.S., Denny, J.F., Crocker, .M., Beaver, A.L. and Schattgen,
P.T. (2007) Surficial geology in central Narragansett Bay, Rhode Island; interpretations of
sidescan sonar and multibeam bathymetry, Reston, VA: U.S. Geological Survey.

McPhail, S. (2002) "Autonomous Underwater Vehicles: Are they the Ideal Sensor Platform for
Ocean Margin Science?" in: Wefer, G., Billett, D., Hebbeln, D., Jorgensen, B.B., Schluter,
M. and Van Weering, T., ed.(s), Ocean Margin Systems, Berlin: Springer-Verlag, 79-97.

McPhail, S.D. and Pebody, M. (1998) "Navigation and Control of an Autonomous Underwater
Vehicle Using a Distributed, Networked, Control Architecture ", International Journal of
the Society for Underwater Technology, 23(1), 19-30.

McRea, J.E. (1999) "Mapping marine habitats with high resolution sidescan sonar", Oceanologica
Acta, 22(6), 679-686.

Monahan, J.F. (2001) Numerical Methods of Statistics, Cambridge, UK: Cambridge University
Press.

NationalResearchCouncil. (1996) Undersea Vehicles and National Needs, Washington, DC: Nation
Academic Press.

NDRC. (1945) Physics of Sound in the Sea, Los Altos, CA: Peninsula Publishing.

Nitsche, F.O., Bell, R., Carbotte, S.M., Ryan, W.B.F. and Flood, R. (2004) "Process-related
classification of acoustic data from the Hudson River Estuary", Marine Geology, 209(1-4),
131-145.

Ogren, P., Fiorelli, E. and Leonard, N.E. (2004) "Cooperative control of mobile sensor
networks:Adaptive gradient climbing in a distributed environment", /[EEE Transactions on
Automatic Control, 49(8), 1292-1302.

Omerdic, E. (2004) Thruster Fault Diagnosis and Accommodation for Overactuated Open-Frame
Underwater Vehicles, (PhD), University of Wales College.

Omerdic, E. and Toal, D. (2009) "Smart ROVLATIS: From Design Concepts to Test Trials", IFAC
Manoeuvring and Control of Marine Craft (MCMC) '09, Guarja, Brasil.

OPG. (2008) Fundamentals of underwater sound, London, UK: The International Association of
Oil & Gas Producers.

Pappalardi, F., Dunham, S.J. and Leblang, M.E. (2000) "HMS Scott - United Kingdom ocean
survey ship", MTS/IEEE OCEANS '00, Providence, RI.

154



Parker, P.M. (2008) Commercialising: Webster's Quotations, Facts and Phrases, San Diego, CA:
ICON Group International Inc.

Parnum, I.M., Siwabessy, P.J.W. and Gavrilov, A.N. (2004) "Identification of Seafloor Habitats in
Coastal Shelf Waters Using a Multibeam Echosounder", Acoustics 2004, Gold Coast,
Australia.

Parrott, R., Clarke, J.H., Fader, G., Shaw, J. and Kamerrer, E. (1999) "Integration of multibeam
bathymetry and sidescan sonar data for geological surveys", MTS/IEEE Oceans '99, Seattle,
WA.

Payne, C.M. (2006) Principles of Naval Weapon Systems, Annapolis, MD: US Naval Institute Press

Peters, W.S. (1986) Counting for something: statistical principles and personalities, New Y ork:
Springer-Verlag.

Porter, M.B. (1993) "Acoustic models and sonar systems", IEEE Journal of Oceanic Engineering,
18(4), 425-437.

Pouliot, M. and Smith, J.T. (1992) "Integrated mission planning architectures for unmanned
underwater vehicles", Symposium on Autonomous Underwater Vehicle Technology '92,
Washington, DC.

Pouliquen, E., Zerr, B., Pace, N.G. and Spina, F. (1999) "Seabed segmentation using a combination
of high frequency sensors", MTS/IEEE Oceans '99, Seattle, WA.

Pratson, L.F. and Edwards, M.H. (1996) "Introduction to advances in seafloor mapping using
sidescan sonar and multibeam bathymetry data", Marine Geophysical Researches, 18(6),
601-605.

Prior, D.B. (1999) "Sea floor engineering geomorphology: recent achievements and future
directions", Geomorphology, 32(1), 411-439.

Raichel, D.R. (2000) The Science and Applications of Acoustics, New York: Springer-Verlag.

Rayleigh, J.W.S. (1877) The Theory of Sound, New York: The Macmillan Company.

RD Instruments. (2002a) Navigator ADCP/DVL User's Guide, San Diego, CA: RD Instruments.

RD Instruments. (2002b) WorkHorse Commands and Output Data Formats, San Diego, CA: RD
Instruments.

Reson. (2006a) PDS 2000 User Manual, 3rd ed., Rotterdam, Holland: Reson B.V..

Reson. (2006b) SeaBat 7k Data Format, 1.00 ed., Goleta, CA: Reson Inc.

Reson. (2007) SeaBat 7125 Multibeam Echosounder Operators Manual, 5th ed., Goleta, CA: Reson
Inc.

Reson. (2008) "Reson Training Manual: Beam Forming Principles", .

Rigaud, V. (2007) "Innovation and Operation With Robotized Underwater Systems", Journal of
Field Robotics, 24(6), 449-459.

Rodgers, J.L. and Nicewander, W.A. (1988) "Thirteen Ways to Look at the Correlation
Cocfficient", The American Statistician, 42(1), 59-66.

Sherman, C.H. and Butler, J.L. (2007) Transducers and arrays for underwater sound, New York:
Springer.

Shono, K., Komatsu, T., Sato, Y., Koshinuma, J. and Tada, S. (2004) "Integrated hydro-acoustic
survey scheme for mapping of sea bottom ecology", MTS/IEEE OCEANS '04, Kobe, Japan.

Singh, H., Armstrong, R., Gilbes, F., Eustice, R., Roman, C., Pizarro, O. and Torres, J. (2004)
"Imaging Coral I: Imaging Coral Habitats with the SeaBED AUV", Subsurface Sensing
Technologies and Applications, 5(1), 25-42.

Singh, H., Eustice, R., Humphris, S., Jakuba, M., Kunz, C., Murphy, C., Nakamura, K., Reves-
Sohn, R., Roman, C., Sato, T., Shank, T. and Willis, C. (2007) "Towed and AUV
Technologies for Arctic Operations", Fall Meeting of the American Geophysical Union,
San Francisco, CA.

Smith, C.J. and Rumohr, H. (2005) "Imaging Techniques", in: Eleftheriou, A. and McIntyre, A.D.,
ed.(s), Methods for the Study of Marine Benthos, Oxford: Blackwell Scientific, 87 - 111.

Spinrad, R. (2004) "A vision for the ocean planet in 2020", MTS/IEEE Oceans '04, Kobe, Japan.

155



Tiwari, S. (1996) "Mosaicking of the ocean floor in the presence of three-dimensional occlusions in
visual and side-scan sonar images", IEEE Symposium on Autonomous Underwater Vehicle
Technology, Monterey, CA.

Toal, D. (2004) Sensor Driven Autonomous Robots: From Experimental Wheeled Robots Toward
Intervention AUVs, (PhD), University of Limerick.

Toal, D., Omerdic, E., Nolan, S., Riordan, J. and Molnar, L. (2008) "A Flexible Multi-Mode of
Operation Survey Platform for Surface and Underwater Operations", IFAC Workshop on
Navigation, Guidance and Control of Underwater Vehicles, Kilaloe, Ireland.

Tritech. (2002) Tritech ROV/AUV Mounted Sidescan Sonar Specification, 8th ed., Aberdeen, UK:
Tritech International Limited.

Tritech. (2006) Software Notes for Controlling and Operating SeaKing RS-232 DST Sidescan Sonar
Heads, 3rd ed., Aberdeen, UK: Tritech International Limited.

Urick, R.J. (1983) Principles of Underwater Sound, 3rd ed., New York: McGraw-Hill.

von Alt, C., Allen, B., Austin, T., Forrester, N., Goldsborough, R., Purcell, M. and Stokey, R.
(2001) "Hunting for mines with REMUS: a high performance, affordable, free swimming
underwater robot", MTS/IEEFE Oceans '01, Honolulu, HI.

Waddington, T. and Berman, G. (2007) "The Use of Acoustic and Optical Imagery Data to
Characterize Benthic Habitats", U.S. Hydro, Norfolk, VA.

Weisstein, E.W. (2003) CRC Concise Encyclopedia of Mathematics, 2nd ed., Boca Raton, FL:
Chapman & Hall/CRC.

Wernli, R.L. (2002) "AUVs - A Technology Whose Time Has Come", Underwater Technology
2002, Tokyo, Japan.

Whitcomb, L., Yoerger, D. and Singh, H. (1999) "Advances in Doppler-based navigation of
underwater robotic vehicles", IEEE International Conference on Robotics and Automation.

Whitcomb, L.L. (2000) "Underwater robotics: out of the research laboratory and into the field",
IEEFE International Conference on Robotics and Automation (ICRA) 2000, San Francisco,
CA.

Willcox, J.S., Bellingham, J.G., Zhang, Y. and Baggeroer, A.B. (2001a) "Performance metrics for
oceanographic surveys with autonomous underwater vehicles", /IEEE Journal of Oceanic
Engineering, 26(4), 711-25.

Willcox, J.S., Vaganay, J. and J., R. (2001b) "The Bluefin BPAUV: An organic wide-area bottom
mapping and mine-hunting platform", International Symposium on Unmanned Untethered
Submersible Technology, Durham, NH.

Wright, J., Scott, K., Tien-Hsin, C., Lau, B., Lathrop, J. and McCormick, J. (1996) "Multi-sensor
data fusion for seafloor mapping and ordnance location", Internation Symposium on
Autonomous Underwater Vehicle Technology, Monterey, CA.

Yang, L. and Taxt, T. (1997) "Multibeam sonar bottom detection using multiple subarrays",
MTS/IEEE Oceans '97, Halifax, Canada.

Yoerger, D., Bradley, A., Bachmayer, R., Catanach, R., Duester, A., Liberatore, S., Singh, H. and
Walden, B. (1996) "Near-bottom magnetic surveys of the coaxial ridge segment using the
Autonomous Benthic Explorer survey vehicle", RIDGE Events, 7(1), .

Yoerger, D., Bradley, A., Walden, B., Singh, H. and Bachmayer, R. (1998) "Surveying a subsea
lava flow using the Autonomous Benthic Explorer (ABE)", International Journal of System
Science, 29(10), 1031-1044.

Yoerger, D., Bradley, A.M., Singh, H., Walden, B.B., Cormier, M.-H. and Ryan, W.B.F. (2000)
"Multisensor mapping of the deep seafloor with the Autonomous Benthic Explorer"”,
International Symposium on Underwater Technology, Tokyo, Japan.

Yoerger, D., Jakuba, M. and Bradley, A. (2007) "Techniques for Deep Sea Near Bottom Survey
Using an Autonomous Underwater Vehicle", International Journal of Robotics Research,
26(1), 41-54.

Yufit, G., Maillard, E. and Pedersen, L.D. (2007) "Maximum Likelihood Approach to Bottom
Detection in Deep Water MultiBeam Echo Sounders", IEEE Symposium on Underwater

156



Technology and Workshop on Scientific Use of Submarine Cables and Related
Technologies, Tokyo, Japan.

157



APPENDIX I: Integrated Instrument Specifications

158



APPENDIX II: IHO Survey Order Specifications

159



APPENDIX III: Software Diagrams

160



MB Data

HHtime
LpingNum
N
-soundVel Extract data to
-rangef]
-brightness
Lcolinearity 1
-ProcessBuffer()
-ParseNF()
-ParseDRF()
-ParseConfiguration()
-ParseBathymetry()

-ExtractBathy()
LFilter() Geo Data

Hime Beam
'l | conn
- H+northing Ining o
PhinsStd +heading :EomthAnde
+ime Hroll . by
-heading Extract data to 1 pitch L L I
-roll soundVel
-pitch 1 +Huse()
—eaSI_COOrd 1 +transf0"-r‘)
-north_coord
-utm_altitude
-ParseBuffer()
-ProcessBuffer()
-ProcessData()
-PrintData()
-GetField()
HExtractNAV()

+range

SimradEm

+lime
-roll
-pitch Extract data to
Fheave
-heading

-ParseBuffer()
-ProcessBuffer()
-ProcessData()
-PrintData()

I11-1 Class diagram depicting class association and composition. Data is extracted from classes MB
Data, PhinsStd and SimradEM and collected within Geo Data Class. Beam Class is contained within
Geo Data Class.
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I11-2 Sequence diagram illustrating sequence of events of the acquisition of navigation and
multibeam data, the fusing and generation of geo-referenced bathymetric data, seafloor
approximation and timing schedule generation and multibeam trigger.
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