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ABSTRACT

The we of multibeam acoustic backscatterdata for bottom characterization is
currently being attemptedby many researcherto aid geological, biologicaland
engineering projectsldeally the absolutebottom backscatter strength would be
measuredbut in reality thereporteddataare overprinted by systenelatedgeometric
and radiometri@ffects In realtime, manufacturerapgdied gain onlypartly reduceghese
effects. Existing postprocessingalgorithms undertakemproved but still imperfect
corrections tabetteraccount fortheseresidual artifactsThe geometric effects include
changing range, grazing angle aniohsonified aea across theswath, whereasthe
radiometric effects include thangular variation in thetransmittedenergy and the
receiversensitivity. Recent developments in motion stabilizatibat involves multiple
sectors which are used to achieve higher and enequal sounding density, have added
significantly moreradiometric complications to the backscatieragery Before the
backscatter data can be used for classification, eithére form ofa mosaicor in the
form of backscatter strength angular respotisees theseremainingartifacts in the data

have to be properly minimized.

The residual artifactseflectthe fact thaexistingempirical beam patterrorrectiors
imperfectly account fogeometryand radiometry and do notadequatelydistinguish
betwe@ grazing and sonar relative angleThis research develspa new method of
reducing the backscattatata by explicitly differentiating between seafloor angular
response and radiometric artifactdie new method furthetifferentiates between along

track am acrosgrack radometric beam pattesnThe developednethoddoes not require
i



any prior knowledge of seafloor characteristitisis capable of propagatingtandard
deviation from the backscatter data the extractedradiometric beam patternrhis

enabés the user to access the reliability of extrachéelibometric beam patterns
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1 INTRODUCTION

The sedimenwater interface is of interesfor many applications including
understandingeabedstructural loathg, acoustic signal propagation for astibmarine
warfare, marine geological processesand marine biological habitats. The least
ambiguous approacto precisely determine the type of sediment is to photogoaph
physically sample the seafloor. Thouglesk methodsan bevery accurate, they are
extremely expensive and give only localized results. For larger areas, it is more practical
to use remote sensing technology based on sonar. The potential use of multibeam sonar
backscatter for sediment classificm was identifiedin the late 1980g4de Moustier,

1986] Since then many researchdes referenced in this thesifave worked on
improving issues associated with multibeam backscatter to achieve a more reliable

sediment classification.

A unique radiometric and geometric effect on backscatter data is present in each
survey due to changing hardware, software, and environnk@nt.most multibeam
sonars the received backscattered dadae at least approximatelycorected for
radiometric and geometric effectds a result, ér a single surveyeven though the
absolute backscatter calibration rensaim doubt relative changes inreduced
backscattered intensities have long been used as a tool for discriminatiomerdndlif

seabed typedn the case of multiple repetitive surveystble same areaa morevaluable



capability would beto confidently identify discernable changes in seabed backscatter
strengtheven though instruemtation may change between survelysr sirgle surveys
usedto identify major sediment typesor for repetitive surveysdesigned toidentify
significantsediment change$ije magnitude oflifferencesin backscatter datare much
greaterthansmallimperfectionsdue toradiometric and geometric effes In such a case
radiometric and geometric effects aften irrelevantHowever forrepeat surveysf the
same area, wheredlsedimenthanges are expected to be sytitie uniqueradiometric

and geometric effectsanthus dscurethe real seabed biesratter change.

This researchreviews the currentstae of the art in radiometric and geometric data
reduction.A particular focusis on trying to arriveat a preciseestimate of the seabed
backscatter strengtihis reductionrequiresknowledge ofsourcelevel, beam pattern,
pulse lengths, seatheslopes, and transmitt€ix) and receivel(Rx) orientations at the
respective timesNormally, simplified approximations are undertakéor backscatter
data reductions. Areater researclocusis on radiometriceffects which area particular
weakness especially inmulti-sector systemsvhere the radiation patteswvary much
more rapidly with elevation anglea in single sector systesnFor example EM 122
multibeam sonawith eight sectorsin single swath hasery narrow transmit sectors of
about 15° with corresponding rapid angular variations in intensity acrosstrack
direction As shown in sectio.3recent developments in complete motion stabilization

require nultiple sectors, whiclsomplicatethe radiometric effects on the backscatter data.



1.1 Need of ®parating Geometric andRadiometric Effect

When sound energynsonifiesa unit area on the seafloat a particular angle, the
energy is reradiated by the seaflaorll directions.The reradiated energy that returns in
the directionof the sourcas referredto as the backscatter. The ratio of theidentand
backscattere@gnergy at a reference distance from the seafloor is an inherent property of
the material(and its configuratioh at the seded This ratio, when expressed in
logarithmic scale is termed the Backscatter Strength (BS) of the material. The BS is a
function of insonification geometry (grazing angle) and physical properties of two
materials, thewvaterand the sediment. The BS across an entire insorsfiexth, when
plotted with respect to thgrazingangle (GRA) at the seafloor, is commonly referred to
as the angular response curve (ARCEangular variationThis ARC is unique for each
sediment type rad hasbeen usedor classification by many researchdde Moustier,

1986; Hughes Clarke, 1994; Hughes Clarke etl@B7; Fonseca & Mayer, 2007; Huang
et al., 2013]Figuresl.1 and1.2 show some of the earliest compilatsasf ARCs. This
research aims to reduce the baekter data with maximum possible accuracy and make

the ARCs available for researchers for seafloor classification.
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In redity, just an estimate of the BS is available through correcting the received echo
for a number of factors. These correcti@amne explainedn detail inSection2.4 and can
be grouped into two categories: rademc beam pattern (RBP) corrections and
geometric corrections. The RBP corrections include corrections associated with sonar
properties such a3x intensities, Rx sensitivity, and applied gains. The geometric
correctionsare associatedith the insonifiedarea, ranges, and topography of skafloor
(local slopes).Most of the end users of the multibeam backscatter data expect a
geographically registered map of intensity commonly referred to as the mosaic of the
survey areaThe mosaic is expected to cantantensities after RBP and geometric
corrections areapplied As an additional standarprocessing stefor a mosaic, the
intensities have to be normalized stloht any grazing angle effectcfasstrack angular
variation) isminimized Angular variatio needsto be normalizedo havea uniform
representation of backscatter across shath To do soKongsberg & manufacturer
have reatime angular variation compensator functions based on simplified assumptions.
This realtime function isusuallyknownasatime-varying gain (TVGBS) function as it

depends on time or range (and hence geometry) of the sonar beam.

The RBP and geometric correcticar® relatedo different anglesssociated with the
multibeam geometry. The sonaalative angle (SRAJs fixed within the sonar reference
frame (shown in green ifrigure 1.3) and hence associated with the ship's orientatton
the time of either transmit or receivBRA is definedby its along and acrossrack
components Figure 1.3 shows the acrogsack componentThe vertically referenced

angle (VRA) is fixed with respect to the local horizonglne(shown in black irFigure
5



1.3) anddoes notoll with the sonar (ship)t is defined by depreson (shown inFigure
1.3) and azimuthal angles’The GRA is considered 90° at orthogonal incidencea
perfectly flat seafloor. However ithe case of ral seaflooy GRA is a function ofthe
beam vector and trEong and acrosgrack slopeThe computations of GRfand SRA
aredescribed in Sectiod.1.3 Clearly the RBP is related to SRA while the geometric
effects are related to the GRA. During backscatter data redusti@nder to accurately
correct for RBP and geometreffects one has to accourior them separately. This
approach is used in theethoddevelopedn this thesigo obtain ARCs with maximum

possible accuracy

Figurel.3: Different angles associated with multibeam geometry



1.2 Case $udy

This research has usethtaset collectedat two locationsduring 2014and 2015.
Detailed maps indicating lation and bathymetry are included in Appen@iX¥. The
dataset wereaajuired with specific conditions for the development and verification of
this new method. In both the caswidies the multibeam datavere collected usinga
Kongsberg Maritimé €M 710 multibeam sonawhich is a multisector, multiswath
system Table 1.1 summarizes the details datasetsvhile more details can be found in
Chapter 5. The dataerecollected on a uniform seafloor withinimum relief to simplify
thegeomety. Thearea was surveyedlith multiple modes while first deliberately rolling
andthenyawingthe vessel to tryo detectany radiometric issudsy increasing the range
of SRA used dung thesurvey These datsetsallowed thedevelopment and testing of

newalgaithms in this research.

Tablel.1: Case study dasets

Dataset1 Dataset 2

Location Bute Inlet , British Howe Sound,SquamishBritish
Columbia, Canada Columbia, Canaal

Period 12" and 13 June 2014 | 19" and 20" April 2015
Instrumentation EM 710 EM 710
Depths 100m, 200m 50m
Modes Very Shallow, Shallow | Very Shallow, Shallow
Manufacturer comections| ry.gs only TVG-BS and Bgorr




Though this research Imsed orthe datasetBom anEM 710, he intent is to develop
algorithms for the full range of multisector, mesivath systems (including EK040,

EM 302, BM 122).

1.3 Contribution to the Backscatter Data Processing

The major aim of this research is to develop a method of correcting RBP from
backscatter data hedevelopednethod unambiguously extrad®BPs from strategically
collected backscatter datem a test siteThe extracted RBPs are then removed ftom
backscattr datafor entire surveyarea,considering different angles involved duritige

data collection.

The developed method is anabagto the conventional multibeam patch test that is
conducted aftea new installation of multibeam sonar msure the integfly of system
offsets alignments,and timing for optimalbathymetric accuracy. The developed
backscatter patch test allswnambiguous separation of RBP from geometric effect
allowing users to confidently remove both effects simultaneously from the dzttds
data thatwere collected with any motion history that results ia change in ship
orientation or over rapidly varying seaflo@lopes Furthemore the developed
algorithmsidentify andseparate th&x andTx RBPsto properlycorrect for thenduring
data reduction. The developathorithms composéunctiors representing the RBPs of

the specific sonar hardware and software combination. The fusdm@unique and
8



valid until any software or hardware update is performed. This new approach of
removingRBPs with respect to SRA and at the same time rergdlie geometric effect

with respect to GRA resulin 1) increased confidenda extracted ARCs 23bility to

obtain ARCs with same confidence irrespective of sea state (ship motion) and seafloor

geomety as shown in Chaptéx:

The extracted RBPnsures more accurate backscatter data reduction compared to
reattime manufacturer applied corrections or empirical beam pattern removaddsaeth
This new approackextracs more reliable ARCs which will help researttio seafloor

classification

1.4 DocumentOrganization

This thesis igdivided into seven chapterdlultibeam sonar backscatter da@hépter
2) introducesBS theory, BS andphysical properties ahe seafloor and use of BS for
seafloor classificationlt then reviews corrections applied before reporting multibeam
sonar backscatter data and how correctemedealtwith in postprocessing Chapter3
includes detailedliscussios on motion stabilizationandthe resultingradiometric beam
pattern and geometrieffect; it concludes witla detaileddiscussionof current methods
of removing beam pattesnfrom ARC and outlines the problem statemenaf this
research Chapter4 explains in detail the methodology folledd and how RBPs are

extracted and the challenges encounte@thpter5 describes the sensitivity analysis
9



performed on the developed RBP extraction meti@thpter6 tests the validity of the
developed method using three different approachks. cbnclusan of this researcis

given inChapter 7.

10



2 MULTIBEAM SONAR BACK SCATTER

This chapter includefour sections and begins withn introductionto backscatter
strength theory irfsection2.1; this section defines basierms that are used imultibeam
sonar backscatter theoryhe relationship between physical properties of seafloor and
backscatter strengtis discussedn Section2.2; this section briefly defines three wige
acceptednodelsused for relating measurasdnarbackscatter to seafloor propertidhe
use of multibeam backscatter data for the seafloor classificatibriefly reviewedin
Section 2.3, this includes comarison between seafloor classification using ARC and
mosaic Section2.4 explains the multibeam sonar reported backscatter idakading

some processing steps and assumptions

2.1 Backscatter Srength Theory

Simply put, the backscatter strength éscomparison otheincidentandbackscattered
energy. The review of publications reveals that there aréew termsthat are
representativef the waybackscatters usuallydescribed dpending orthe unitsand the

areaconsidered. In thisection all related and required terms alefined

11



2.1.1 Backscattering Coefficient

The backscattering coefficient is a dimensionless qugMitghell & Somers, 1989]
and defines the ratio of irdent to backscattered energy shown inEquationl. This
parameter is governed by seafloor properties amdiynot by sonarproperties.

0 (O]

Y — 6 é ‘l,, 6 (1)

In Equationl the0 is the power backscattered frafve seaflooper unit solid angle
(wji 0'Q1 w,XBRdhe acoustic incident energy on theface wj & , 0 is effective
insonified surface areax( , and O is the acoustic energy backscattered towards the
source.This backscatter coefficient is also denoted, by other researcher§Lurton,
2002] In this case, rather than using power per unit solid angle, intensities at a unit
distance are substitutedhe magnitude of intensity decays with the distance due to
spherical spreading and absawpt thus t is necessary to measure the backscattering
coefficient at a unit distance. The measured intgngbrrected for attenuationks
corrected by the range to unit distance denoted lyy 'Y and isreferred to as the
backscatteringrosssectiondefined byEquation2.

0o—Y

T T Qa )

» IS abackscatteringrosssectionat aseabed relative grazirapgle of—andOis

theincidentintensity measured at ranBdrom the seabed.
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2.1.2 Target Strength or Backscattering Strength

The target strengt(irS) or BS is the logarithne form of the backscatter coefficient
expressedindBgs 1 € " —orp T € "Q — [Urick, 1954; Urick, 1983; Mitchell
& Somers, 1989; Lurton, 2002The target strength is definedth referenceto a unit

insonifiedarea of 1& denotedoy 0 , and is given irEquation3 [Lurton, 2002]

Y'Y p 0 € - 6_ QNG QQQT D EDA QQ (3)

When the target ia continuous rouglsurface(seafloor)rather than discrete object
the target sength ismore oftenreferredto asthe backscattesstrength(é ™Y [Lurton,
2002] The correct use is to express théYo r T 8B reéfemendéto 1& perd o but

it is commonlyexpressed aswy fidBo [Lurton, 2002]

2.1.3 Total Target Strength and Bottom Target Strength

The actualor total target strengtifTTS) is the target strength dhe total insonifed
area [Lurton, 2002] The TTS s referred to asbottom trget strength (BTS) by
Kongsberg ifistrument manufacturein their technical notefHammerstad, 2000&nd

defined as shown in Equatidn

13



O "YY'YYYOY pmé DO N6 QQQ1 ‘DHAQQ (4)
Where0 “Yis backscattering strength dB referencdto 1& pera , Ais actual
insonfied areaand o is unit insonified area (&t . For therest of thisthesis,iBS0 is
used to indicate the backscattered to incident wavesityeratio in dB referenced to 1
& perd and BTSis used to represent tothhckscattered coriution for insonified

areain dB referenced to Ir . This is adopted to be

technical note to avoid confusion.

2.1.4 Actual Insonified Area

For the case of ansteeredransmittedspherical wave wheréhe pulse lengths
small, aflat horizontal seaflooris insonified at first directly below the ship and then
progressively outboard in the acrdssck direction[Augustin et al., 1996]Figure 2.1
showvs the geometries involved in the insonificatidrhe in®nified area depersdon
along and acrosstrack seafloor slopeshe alongtrack Tx (—) and acrossrack Rx (—)
beam width, transmit pulse length), and incident angld of the beam. The insonified
area is alwaysenclosed within theintersection ofTx and Rx beam footprints as
representedn Figure 2.1 using anapproximateequivalentbeam width of 3dB In
principle the actualequivalent beam width is an integrative measure of beam directivity
accounting for shape ofie mainlobe as well aghe side lobs. However, for most of the

sona systems the differenca insonified area is often sm@Weber, 2015]

14
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3 dB limit of Tx beam

N o 3dBlimit of Rx beam

Projection of 6,

Across track seafloor slope

B Case 1 Case 2
B C
Case 1 Epoch 1 Epoch 2

Case 2
R 0,

«
ct/2

Figure2.1: Geometries involved in the insonification aindtantaneouslinsonifiedarea
for two different cases

When onsidering the transmitting and receiving beam widths, the beam angles, and
the pulse length, twdistinctcasesaredistinguishedUrick, 1954; Augustin et g|.1996]
In casel, around vertical incidence, the pulse lenigtisufficient tocompletelyinsonify
the beam footprintas shown in Figure 2.1B. In that case the insonified area is

approximatedy a rectangle andalculatedusing Equatiorb.
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As the arean Equation5 is controlled by transmit and receive beam widins case

near nadiis referred toasthe beamwidth limited case

In case 2, abbligue beam angéethe pulse length is too short to insonify theokeh
beam footprint. Tie projection of pulse length on the surface controls the atrack
insonificaton as shown inFigure 2.1C. The projectedpbulses have ahapeof curved
annulus bounded by increasimg beam width. As a resulthe insonified aresat epoch
1 and epoch 2 are not exactly identicBhe area inthis pulse length limited cadse
approximated by a rectangle andlculatedby Equation6, where (& representssound
speed.

—Yor
COET ©)

Figure 2.2 graphically illustrate€quatiors 5 and 6. The transition from beam width
limited case to pulse length limited cdsgppens whethe projectionof pulse length on
the seafloor @17¢ in Figure 2.1C) is equal to or lesthanthe projection ofRx beam
width (Y—in Figure2.1B). Thetransitiondepends on pulse length, depth &dbeam
width. For the ideal case @fflat seafloor,increase in deptmoves thdransition close to
nadir (0° incident)and viceversa while longer pulse lengthand smalRx beam widths

move the transition awarom nadir andsice-versa

16
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Figure2.2: Derivation of insonified areasing beam widtltimited and pulse length
limited case. (R=50m—=2°,—=2°, tx1500m/s;t=1ms)

The insonified area in both cases is affected by the seafloor slogleng and
acrosstrack directios. To account for these seafloayeometries the actual three
dimensional GRAis computed and used for thelamdations instead o beam angle.
However, Equatiors 5 and 6 give sufficient approximate insonified areas for initial

calculations.
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2.2 PhysicalProperties of Seafloor andits Effect on Backscatter

Strength

In the case of thanultibeam sonar the seafloor is insonified bghe Tx in a very
narrowalongtrackand wide acrostrack beam. The seaflo@ illuminatedat a rangeof
incident angles anthe returned energy ithe fundion of this angle as explained the
following sectionsOnly a small percentage of thenergycomes backtypically between
1/10" to 1/10008' (-10 to -40 dB). As shown in the introductiofFigures1.1 and 1.2),
the shape and level of these curves dependbetype of sedimentThe plot(curve)of
BS as a function oincident angle is known an angular dependeng¢ge Moustier &
Alexandrou, 1991] angular respons@Hughes Clarke, 1994Jor backscatter angular
responsegFonseca et al., 2009Within this research, it is referred to as angular

response curveARC).

Figure 2.3A representsa simple casef the plane sound wave front hitting the flat
interface between two perfectly homogenous materials. The incidentisvesféectedin
the fira medium at the similar incident angle. The ratio of reflected to the incident
energy is called the reflection coefficiefihe incident wave is refractedtinthe second
medium depending on the difference in the sound speeds at an angle giverSglth

Descartes lawHquation?).

>
£ —

()

eq —
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The amount of reflection and refracti
sound speed (c) oboth the materials. This producs termedimpedance. Higher
differences(contrast)in the impedance of two materials will reflect more engagd

lower impedanceontraswill refract most of the incoming energy.

In Figure2.3B, the incident angle is smaller than a critical apgléhe incident angle
is smaller than the critical angteere is no refraction of the sound wave and all the

energyis reflected The value of the critical angle can be calculated usougation8.

I
S
P!

EhE

(8)

Reflected

Incident

Incident Reflected

0,<0,

Figure2.3: Sound waventerface between two homogenous materials

Figure2.3 represents thparticularcase of a perfectly smooth seaflolorthe case of
a real seafloowater interface however one has to awsider the seafloor roughness,

impedance contrast, volume heterogeneihd changing indent angledue to seafloor
19
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slopes[Jackson et al., 1986As Figure 2.4 illustrates a part of the incident acoustic
energy is scattered by the water seafloor boundesause of local roughness and
impedanceThe scattered energy will be radiated over the entire upward hemisphere.
However, for the monostatic case of a multibeam (wherandRx are celocated), the
energy that is scattered in the inverse direction istefest andis known adackscatter.
Depending uporthe impedance contrast artte critical angle the remaining part will
penetrate the sediments abe backscattered by the inhomogeneity or sediment layers
[Augustin et al., 1996] The latteris also knownas volume scatterinfJackson et al.,
1986] The amount ofenergy penetration in the seafloor will reduce with increasing
frequency as there isncreasedsedimentattenuatio. Quantitatively typical penetration

by 30 kHzfrequencyin low impedancesediment is often greatdran1lm. The penetrated
energy will be scattered dafrom the heterogeneities in the sediment strudtdowarini

& Caruther, 1998]
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Figure2.4: Bottom acoustic scattering mechanisms, including refraction and scattering at
thewaterbottominterface attenuationand volume scattering in the sedimeiinésn
Jacksoret al.[1986]

In the caseof multibeaminsonification a range of incident angles are possjble
different phenomea occur at specular, obliquand beyond criticaincidentangles as
illustrated in Figure 2.5. In the specular incident wavethe backscattering is due to
macreroughnessor large scale roughness. At the obligneidence the backscatter is
controlled by volume heterogeneiffpr low impedance contrasgndto some extent by
smaltscaleroughness. Aftethe critical angle the backscatter igurelydue to the small
scale roughness as no energyefractedinto the sediments. The seafloor roughness in
the case of scattering is a relative term as it dependthemscales of thesound
wavelengthwith respect to seafloor roughne&smilarly, as the sediment attenuation is
strongly frequencydepenént and thus depth of penetratigiepends o frequency the

volume scattering will also be wavelength dependent.
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Figure2.5: Typical backscattering coefficient and mechanisms responiitne
Augustin et al[1996]

Ultimately, to have any backscattering signal at all there masa boughness. That
roughness will exispbver all lengths and scale@ spectrum)The two most common
ways to characterize the seafloor roughness is by using the roughness spectrum or by
using the probability density functiqiRayleigh parameteQf seabd height.The energy
as a function of wavelength is a property of itierface and its distribution willaffect
the nature othe scatteringFor modelingthe spectrum is usually partitioned into its long
and short scalsurfacesdy many researchefdackson et al., 1986; Lurton, 200H]the
radius of curvature of the seafloor is smaller than the wavelength used, then the seafloor

is considered to hawesignificantsmallscalesurface[Jackson et al., 1986]f the radius
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of curvature is larger than the wavelength ysee surface is considered to be dominated
by largescale surface and relatively smootfdackson et al., 1986]This roughness
characterizations commonly basedn the incident wavelength, but also potentially by
theavailableresolution of actuabathymetry The high resolution of bathymetry obtained
using very narrow beam widths andsdier pulse lengths willepresenactual curvatures

of seafloor more closely #h bathymetry from interpolated single beam surveys or large
beam width multibeam sonafsevertheless, typicahultibeam sonarsesolvehorizontal
wavelengths down to 2% of pih, thus in only 10m of watehe minimumhorizontal
wavelength resolved is about 20cmvhich is much greatethan typical multibeam

acoustiovavelengths.

There area numberof models proposed frorthe 1950suntil today to approximate
the physics ofbackgatteing for rough surfacesThree mostommonlyusedmodelsand
basic theoriesre describedin the following section The first andsimplestmodel of
backscatter id.amberts law [Lurton, 2002] shown in Equatior®, where BSn is the
observedBS value at the nadift states that the returned intensity is proportional to the
square of the sine of t&RA or square of theosineof the incidentangld. a mber t 6 s
is an exellent first approximation, but its validity is restricted to oblique and grazing

incidences for rough surfacfaurton, 2002]

6 ¥Y— 6VYtquliKI-© ©)
The RayleighRice theory[Strutt, 1945; Rice, 1951]also known as themall

perturbation methqds the second theoryedling with scattering from randomly rough
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surfacesandincorporates the idea of Bragg scatteriBcagg & Bragg, 1913; Jackson et
al., 1986] In this approach, the surface roughness is conslderbe a small perturbation

to the case of a perfectly smooth surféamallscale surface)The principal contributor

to the backscatteringis the roughness spectrum component given by the Braggs
wavenumberWhile the RayleigkRice approach works well f@mallscalesurfacesit is

not readily applicable tdargescale surfaces This theory is not well suited for

backscatter nearormalinciderce and itspredictedrequency dependence is weak.

The third backscattetheory is the tangeniplane model baseé on the Kirchhoff
approximatiorthatincorporatesheideaof scattering fronfacets. The surface is assumed
to have multiplelocally planarfacetswith a Gaussiandistribution of theslope The
number offacets that contribute to backscatter grows exptially smaller asthe
incidence angle deviaddrom the normalThus the predicted response should drop off
very rapidly away from normahcidence.As aresult this model is most applicable to
high grazing anglesnaking it complimentary to the RayléidRice model. Though the
Kirchoff approximation is frequenayependent, the tangeptane model does not depend

on the frequency of the incidemwtive[Lurton, 2002]

Jacksoret al. [1986] have giveran excellentreview of previous models that explain
backscatterindoy the seafloor roughnesé.ccording to thema composite roughness
model isuniversalas it avoids the shortcomisgf the Kirchhoff and RayleigkRice
approximaion. The composite roughness model uses the Kirchoff approximation for near

normal incidencepreserving frequency dependenaile RayleighRice approximation
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and volume scatterinig usedfor oblique and low grazing angleéBhe volume scattering
dependson the amount of energy that gets transmitted into the sedimesdption
coefficient of the sedimentand the volume backscattering strength from the
hetorogenities inside the sealjedrton, 2002] The nost conrmon model to compute the
volume scattering ishe Stockhausen model. This model considers transmission losses,
refraction, and attenuat in the statistically homogeoes sediment with a flat interface

[Stockhausen1963]

Elfouhaily and Gueri [2004 published a critical survey of approximate theories of
scatteringrom random rough surfacegshey attempted to classify and characterize over
30 different approximate methodsAll the methods were varants of the small
perturbation method (RayleigRice), the tangentplane method Kirchhoff
apprximation), or the secalled unified methodthat attempt to bridge the gap between

the two classical theories.

Many models have been built to estimate the behavior of batkseath different
seafloor propertiesThe majority of highfrequency backscatter models consider two
primary mechanismsOne isthe roughness of the interface causing interface scattering
and the second is volume inhomogeneity of the medium paramegarsirgy volume
scatteringlvakin, 1998] However all models are based on sormEsumptionsand will
work when those assumptioase metin specific conditionsThe development in this
area continues as it is irmgantto rdate theremotely sensetbackscatteto seafloor

properties without much grourtdithing.
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In the context of this research, the aim igxtractthe actuabackscatter strengths in
the form of angular response curwegh maximum possible accaecy. The extracted
backscatter can then be used dirers to tryto apply these models to infer seabed
properties. This research aticularly focuses on beam pattern residuals that can
significantly distort the slope of ARCThat distortion could bias draw any attemptt

inversion.

2.3 Use of Backscatter 8ength for Seafloor Aassification

2.3.1 Introduction

The leastambiguousmethod of identifying seafloor characteristics is to oBsitu
testing and bottorgrabs and therio examine the sediments in the leddory for specific
properties. Thseprocesssareexpensive butisefulfor specificprojects such aglrilling
sites or offshore platform constructiosites. However these methodsare financially
impractical for largearea, and boundarie®f the sedimet changesare difficult to
identify. The use of acoustic backscatter data prosx@dgantages oven-situ testingoy
usinga remote classification schema the early 1950sand1960s researchers start¢al
study the relationship between the acoustickbeatter and seafloor tygerick, 1954;

Urick, 1960; Patterson, 1963; McKinney & Anderson, 1964{ith the increasing
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understanding of the backscatplhenomenonmany models have bednilt to describe

backscatter fromareal seafloowhile consideringavarietyof physical properties.

2.3.2 Classification Using ARC

The previousreview of scatteringnechanism&nd models has emphasized that the
BS in the orm of ARC isa primary keyto seafloor classificationThe conventional
sidescansonar, despite its inability todeterminethe acrosdrack angles is routinely
being used to -collecthigh-resolution backscatter data for identifying seafloor
characteristis. Because ofthe low aspect ratio of these towed sidescatigey
predominantlygatherdata ata small range ofow GRAs, so variation in the backscatter
with the GRA is negligible and difficult to quantify and thusis usually ignored.
However at the smih GRA range different sediment types can produce the same mean
backscattevalues The texturebasedapprach to classificationis usel to overcome this
limitation. In texturebasedclassification the mosaicor image of the backscatter data is
used to ind relative changes in the appearance of backscattefRita & Gao, 1988]
On the other hand,hé surface mountednultibeam sonar collectsbathymetric and
imaging datawith a high aspect raticandcoves abroadrange ofGRAs at the seafloor
[Hughes Clarke et al., 1997The largerrange ofGRAs enabledresearchers to build the

ARC with the helpof theacquiredbathymetry.
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Soon after the firsattemps to extract BS froomultibeamsonar{de Moustier, 1986]
research wagdesignedto assesswhether the angular dependence of the acoustic
backscatteredenergy can be used for seafloor classificatioQuestions addressed
included, what arethe parameters that control this angular dependence? Is surface
roughness mostly responsible for the backscattered signal levels observed tredoes
volume scattering within the sediments play an important fdke Moustier &

Alexandrou, 19913

Later researchtried to establishcorrelations betweemhe seafloor typesnd the
backscatter angular responddany researchers have successfubvelogd a local
relationship between specific sediméypesand the ARC usng ground truth datgde
Moustier & Alexandrou, 1991; de Moustier & Matsumoto, 1993; Hughes Clarke, 1994;
Augustin et al., 1996]JHughes Clate and other§Hughes Clarke, 1993; Hughes Clarke
et al., 1996]carried outexperimental work to establish the relationship between different
backscatter angular responses shallow water where the actual seafloor could be
examined at low tideKnown seabed typesere insonifiedover a wide range ofGRAs
using multibeam sonailhe aithorsconclude that the multibeam sonar systems provide
additional potential compared to depvedsidescan The angular responses plotted as a
function ofa wide range of grazing angles can help differentiate between fine sand and
mud that have similar intensitiesatower GRAs but havedifferert intensitiesat higher
GRAs. All of this, of course,requites theadequataeduction of received intensities to
extract the ARG, which is the aim of this thesifigure 2.6 showstypical backscatter

ARCs.
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Figure2.6: Typical ARCsfor different seabed types froRughes Clark¢2012]

2.3.3 Characterizing ARC

Since 1996, an increasing number of research papers have usedfdkRsBallow
water classificationConsiderle research haseen done to quantify ttehape ofARCs.
Early work before the multibeamé the 1980s[Boehme et al.,, 1985; Boehme &
Chotiros, 1988lsed static mounts using spebialalibrated arrays. They usdteishape
variance and magnitude of the cufee ARCs quantification Hughes Clar&[1994] used
mean backscatter strengttirst order shape oARCs (mean slope)the second order
slope of ARCs (curvature)and coefficient of variation The ARCs are dividednto
different zones for statistical clustering by some resear¢Heighes Clarke et al., 1997;
Fonseca & Mayer, 2007.amarche et al., 2011Huang ¢ al. [2013] have tested 7
different ARC feature analysigpproachesby different researchersggiving a good

summary of ARC characterization.
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2.3.4 Classification Using Mosaic

If thefull variation in the backscatter strength WiBRA is observedthe ARC holds
the most potentialHowever,to minimize $ip time most surveyonly achievel100%
coverage and thusok at each location gist oneparticularGRA. Thus angle invariant
mosaicsinvolving normalizationof ARCs are used for classificatiomhe mosaic of the
multibeam seabeblackscatter data a geographically referencembmpilation of multiple
swaths of multibeam data that coviee entiresurvey areaEverysingle swath shows the
angular variation having stronger backscatter from close to orthogonal GRAs and weaker
returns with lower GRAsTo combine different swaths togethéne angular variation
covering swath widths has to be removedthout which the mosaic will looKkike an
alternate patterof dark and light intensitie®llowing the vessel trdes. The process of
removing the angular variation referred toas normalization For normalizationthe
shape of the angular variatidras to beknown. Generally innormalization a stéistical
scheme is developed by usiegtractedARC to reduce acrogsack intensityvariation
within a single swatlby adjustingall observabn to a referenc&RA. Even though the
ARC is removed, the resultingosaics haveeensuccessfullyused to class/ sediments

thatclearlyhave very different properties like rock and mud

While normalisation achies an eyepleasing mosaic.everal esearchers believe that
by normaliang ARCs crucial informationis lost which cannotbe retrieved from the
mosaics[Fonseca & Mayer, 2007; Hughes Clarke, 2013je first disadvantage of the

mosaickingprocess is that the shape of thiRC can vary at the nadir arginall grazing
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angles but still have sam mid grazing anglshape This variability, which isa mears of
additional discrimination is lost in the mosaicThen secondly duringnosaickingthe
intensities from overlapping portisrare obscured further hiding the information from
the interpreterThe third disadvantage tBat thearbitrary choice of a singieRA used to

normalize data is not a complete representatiagheoARC[Fonseca et al., 2009]

As an ARCrequiresa wide range of grazing angjeshen an ARC is computed by
averaging the angular variatioacross the full width of &entire survey line, e
classificationis only applicable at the scale of tisgvath width of the sonaand thus
reduce the effective spatialresolutionof the classificatin. On the other handyowever
the normalizedmosaics have largerspatialresolution[Fonseca et al., 2009The other
advantage of dckscatter mosaicis that any sonarelated radiometric artifact that is
preent across the swath minimized during the normalization proces$losaicsare
mostly usedfor benthic habitat[Huang et al., 2012hnd geological mapping of large

scalearea [Augustin et al., 1994; Augustin et al., 1996; Potter & Shaw, 2010]

In recent yearsresearchershave becomemore involved in making automated
characterization softwar& hese algorithmsan identify the seaflaotypes using pixel
values from mosaic§Zhao et al., 2008; Preston, 2009; Huang et al., 20BRdston
[2009] combined many differenappraches including probability density functions,
textures and ARCs for classificationEven thoughthesesoftware evolve andyet better
in accuracy and processintpe mosaics thaare usedas an input still have inherited

errors fromthe mosaicking pocess andormalizationof angular respons&he combined
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approach of usindRC and mosaic data has been a pointeakntresearch tanminimize

the limited sptial resolution ofARCs [Fonseca et al., 2009; Hasan et al., 2012; Rzhanov

etal., 2012]

Table2.1: Summary of advantages and disadvantages of different classification
approaches using backscatter data

Order Step Use Advantages | Disadvantage
Backscatter data Hasman
acquisition with Can be used to : y

. . e , artifacts due to
1 reattime identify significant | Reattime incorrect
processing using | differences in results. :
: : assumptionsind
first-degree sediment type.
. beam patterns
assumptions
Assumptions in
. Used tobetter thepost
Postprocessing of .
remowe User can processinghat
backscatter data to . .
) radiometric and | correct for may not
adjust forany o S
2 o geometricartifacts | any violation | completely
variationsfrom :
: like beam pattern | of remove the
first-degree - -
ASSUMDtions and actual assimptions | artifacts.
P ensonified area Methodology
limitations
Assumption of
Preparing the BS Can give having ame
Seafloor . .
3 angular responses e most detailed| sediment type for
classification o
from processed dat classification | area under
consideration
Normalize thedata Loss of
. Overall area | . .
from step 2 using : . information due
Seafloor visualization .
4 angular responses e to techniques
classification and :
from step 3 and . used in
. classification .
make meaic mosacking.

Table 2.1 briefly summarizes thevorkflow and steps in using backscatter data for
classification by different approaches. As can be seen Tralohe 2.1, any erroran the

previous steps are embedded in the data resulting in errors in the consecutive steps. The
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most important task is to correct the acquired data in-grosessing with highest
possible regard for theeal radiometric and geometric situatio®nce theright post
processing is done, the backscatter data can be used for seafloor classification, either in

the form of ARCs or mosaics.

This thesis does not deal with the previously explaimedaickingerrors; rather it
focuses specifically on the issuegplainedin the following sections in the formation of
the fundamental ARCs. The following section briefly explains how the instrument

reported backscatter intensit@® calculatednd what assumptiormse made

2.4 Sonar Reported Backscatter

The fundamentabackscattered sigralfrom a multibeam echo soundare the
received intensities, not a fully reducd®S. Different manufacturers report these
intensities in different waysiwo distinct caseare identifiedfrom the literature and the
technical notes fronthe instrumentmanufactures. In the firstcase the systenreports
the measured absolute voltage or pressure recorded &xthié is up to the user to
convert received backscatter using estimated loss and gain in intensities to the BS values

using genmalized assumptions and parameters recorded at the time of data collection.

In the second cadqghatis dealtwithin this research an estimate of th&S value is
reported tothe user This BS valueis correctedfor predictedlosses and gais in
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intensites in realtime by the sonasystem itself These correctionare briefly explained

in the following section and can be grouped into two categofR&P corrections and
geometric corrections. The RBP corrections include corrections associated with sonar
properties such adx intensities, Rx sensitivity, and their angular variation The
geometric correctionare associatedith the insonified area, rangeand topography of

the seafloor(local slopes)The parameters used for these correctamesrecordedn the

data telegram and assumptions are published in tecimated Initially received wltage

or pressure valuesmre not reportetb theuserbut, if the reduction is to be improvethey

need to beback calculatedThis thesis focuses othe second cas data from one

manufactureriKongsberghence thig method is discussed in detail.

The complete picture of various corrections that need to be considered in the
estimation of the BS can be given throutjle sonarequation. The sonar equatia
compiled ad presentedwith all termsin dB unit9 asEquation10 [Urick, 1983; Hughes

Clarke, 1993; Hammerstad, 2000; Lurton, 2002; Augustin & Lurton, 2005]

00 "YOYI YW® YD 67Y O (10)
where, EL is received backscatter intensities, SL is maximum source level
(radiometric)andTr is the sonarelative transmit source level variation (radiometrick R
is maximum Rx sensitivity (ediometric) and Rc is the sonelative Rx sensitivity
variation (radiometric), both Tr and Rc are a function of alargl acrossrack angle

from the Tx and Rx respectely. TL is the transmission loss (geometric) through the

ocean medium. BS is the unknown value of backscatter strength which we wish to
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extract. A is the insonified area (geometric) which is a function of grazing angle, pulse

length andTx andRx beam wdths.

The actually reported intensitig®O 0 are the receivedntensities

gained by the manufacturer TVG as shown in Equdtibn

00 00 "YoO (11)

TVG is a time varying gain applied by manufacturer to compensate foafiguylar

variations inBS, estimated peak SL and R&)dvaryinginsonified area.

The absolute or relative source level is the starting point of thelaton and, in the
case of Kongsberg multibeasystems this sourcelevel is not reported tahe user
similarly theRx sensitivity is also not reportelt is assumed that the reportidensities
are normalized fo6EL and RS The tweway transmissioriossesfor the rangeR include
the spherical spreading of the source intensities (4Rjp@nd the attenuation in the
seawater (2 Y. For the spherical spreading computatidre source is assumed to be a
small (point) and the medium &ssumedcomog@eous[Lurton, 2002] The attenuation
in the seawater is accounttd by calculating attenuation coefficignt The attenuation
coefficient is well studied and its relation to the frequency, saliaitgl temperatre is
establishedFrancois & Garrison, 1982a; Francois & Garrison, 198&h$ assumed that
the user is monitoring the survey area for any changes in oceanography and updating the
attenuabn coefficient as necessamyhile a singleé value is usually applied for a beam,
in reality it is an integration of the changingvith temperature and salinity through the
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water column to the depth of interest. Imperfections due to this have been explicitly

addressed bgle Gampos Carvalh$2012].

TheTx beam patternT(r) refers to variations in the source level intensiaksg and
across the transmitted sectoith respect to the peak levgdL). Similarly theRx beam
pattern (Rc) refes to variations in th&x sensitivitywith respect to peak sensitivi(iRs)
along and across the formdgix beam. Taken all together they drereinreferred to as
the RBP. The acrodsack RBPis composedf acrossrack Rx sensitivity and across
track Tx intensity variation. The sonar manufacturers have a predR&f that is
applied in reatime to normalize them. For recent editions of sonars like EM 710 and EM
302, howeverrecognizingthat the predicted beam pattern is imperfect, Kongshesg
addiional corrector functions that can be user modified to optim@aktime corrections.

The major work in this research is ¢alculateany remaining residuals between actual

and assumed RBR both thealong and acrossrack directions

These RBP correot functions are stored irhe transceiver unitin the file
doscorr.txtd For each sector a central beam pointing angle with respect to sonar is
defined the variations around the central beam pointing angle for each sector and each
depth mode are defined dB. For EM 302 and EM 122, the variationgwen asa roll
off by angle whereas for EM 710 it is definadL0® intervak by default The source level
for each sector is also definethablingthe system to adjust for source level variation.
Figure 2.7 shows the graphicakrepresentatiof the manufacturer definedefault RBP

(Bscorr)for asinglesector \ery Shallow modeof an EM 710 The file contain®nly the
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values that are shown by the nodes for each sddtmtechnical document was found
during this research explaining how the transceiver applies these values during the
backscatter data processing.is assumed, from verbal discussions, that a spline is
applied, and an interpolated function is used refadriothe sonar reference framé&he

source levels for port, central, and stbd sectors are estimated asiB1257.4dB, and

216.9dB respectivelyA Bscorrfile for EM 710is attached i\ppendix9.3.

Predicted radiometric correction for very shallow single swath of EM
710
2
SL+217.6 dB SL+217.4 dB SL+216.9 dB
0 i~
-2 \
-4
/M
=
£ -6
=
.9
g -8
8—1 0 ——Port sector
1 ——Central sector
i —i=5tbd sector
-14
90 80 70 60 50 40 30 20 10 0 -10-20 -30 -40 -50 -60 -70 -80 -90
SRA in degree

Figure2.7: Graphical representation of radiometrarrection from Bscorr file for Very
Shallow single swathmodeof EM 710

Even though the manufacturer has accounted for atmads Tx RBP (only) and
develomd a method to apply it during the backscatter data processing, the values that are
in the Bscorr file can be updated by the user. There are no guidelines or field methods to
compute these values and most of the users continue using the default filenakiolot
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exactly account for the RBP of their unique sonar hardware combination. The aim of this
research is to develop a simplified method for users to compute values of RBP for their

individual sonar and software combination.

In the case of Kongsber@ particular nodinear TVGBS function is usedto make
the output backscatter image uniform acrtissk by substantialy reducinthe angular
dependency of BSThis processs equivalentto normalizing the ARC to ged uniform
mosaic of the survey are@o do this the manufacturer estimates the shape of the ARC

by fitting a simplified backscatter moda$ shown irFigure2.8.

The model is derivedbased on predicted average BS value at nadir (BSn) and at
predefinedobliqueangle (BSo)which is also called as crossover angligure2.8 shows
the modelwhere theBSn is -25 dB, andthe BSois -31 dB at the crossover angle 85°.
In this model, the BSn is assumed to varydmgwith the grazing angléom BSn to
BSo at a predefined crossover andlae BSthenchanges nonlinearlyusing Lamberés
law for grazingangleslower than crossover anglfHammerstad, 2000]The application
of the TVG-BS along with TVG for transmission losssslone in reatime to reduce the
dynamic range of the data and to provide minimum variation atradsin the swath
corridor. The angle to time conversion is done assuming a planar seafloor as shown in
Figure 2.9 at normal distance equal to the actual minimum slant range. An estimate of
BSn and BSo is derived dynamically from the immediately preceding recorded data in
real time. The predicted values used in the ehodowever, are preserved so that the

TVG-BS canbe removed in pogirocessing.
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Figure2.8: The manufacturer applied TVG to account for changing Bi& functionis
computed for 100m depth with crossovegke of 75° (15° from nadir as reported)
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Figure2.9: Minimum slant range and planar seafloor
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The insonified are& depends on GRA, pulse lengdind Tx andRx beam widths as
discussed earlier. As the exaopography is unknown in redime, aplanarseafloor
previously describeds assumedat the minimum slant rangand the approximate
insonified area is computedhe slope of assumed seafloor depends on the minimum
slant range; if the minimum slant ranigenot vertical the assumed seafloor is not diat

shown inFigure2.9.

As seen fromEquation10, there are many terms that needb® accountedor to
interpret the receged intensities correctlyBefore using thelerived backscattevalues
these corrections artle assumptions behind theneed to beainderstooccompletely.In
order to havehe mostaccurate estimate of Bflug severalresearchers have attempted
to undestand the limitations of assumptions behind the corrections and implemented
strategies toavoid those limitations[Beaudoin, 2005] The most commonly used
approachis to use theavailable acrosstrack and alongtradk topography in post
processingThe next sections will describe tle&orts implementedoy otherresearchers

and the current implementation in tBeean Mapping GrougfDMG) software pack.

2.4.1 PostProcessing of Backscatter @ta.

The neessityof multibeam bakscatter datgpostprocessings a well-acceped fact
by researchers antthe instrument manufacturefglammerstad, 1998; Hughes Clarke,

1993] Thepostprocessingorrectiors areleft to the userbecauseeafloor characteristics
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and geometry cannot be predictecturatéy in realtime. Users have to bparticulaty
careful in postprocessing to confirmfrom the manufacturér sspecificatiors, the
assumptiongibout therealtime corredions as not all corrections are applied by all the
manufacturerg§Beaudoin et al., 2002]n the case of the Kongsbegystemsthe received
intensities are alreadgpproximatelycorrectedfor all the factors mentiwed inEquation
10. The gainto account for energy lossdas automatically adjusted for thariation in
peaksource level, theestimatedattenuationand spherical spreadingdditionally the
variation in the pude length is accountefdr and the intensities are corrected for the
modeledseabed angular resporisé&ammerstad, 2000For all these reduction steps, the
validity is only as good as the re@he assumptions of ARGGRA, insonified area,

attenuationand predicted beam patterns.

The following corrections for further reduction of BS dat@ necessaryefore using

it for any classification

1) Measurement othe real seafloor slope to correct for actual insonified ajda
Moustier & Alexandrou, 1991; Hughes Clarke, 1993; Hughes Clarke et al., 1996;
Hellequin et al., 2003; Augustia Lurton, 2005]

2) Account for the variationbetween actual and predicted transipgam patters
[Hughes Clarke, 1993; Hughes Clarke et al., 1996; Hellequin, 419817]

3) Correcting \ariation between the apparent calculated wead grazing angle due to

refraction[Mitchell & Somers, 1989; Hughes Clarke et al., 1996]
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4) Irregular attenuation of theignal due to variation in the localatermass properties
[Hughes Clarke et al., 1996; Augustin & Lurton, 2005; de Campos Carvalho, 2012]

5) Removal ofanglevarying correction based on Lambertian model (FBS [Hughes
Clarke et al., 1996; Hellequin et al., 1997; Beaudoin, 2005]

6) Any asphericabpreading (focusing)f sound energy due to bending of sound waves
[Mitchell & Somers, 1989]

7) Source level variation between sectorssectofrspecific beam patterpAugustin &

Lurton, 2005; Llewellyn, 2006; Teng, 2011; Hughes Clarke et al., 2012]

It is important to mention that thequiredaccuracy of the backscatter data depends
on the purposeand degree of classificatiofror example reattime data with just the
simple assumptions can be ugedsuccessfully identifand classify thenajor seafloor
types that haventirely different ARC, for instan, rock and mudFor detectingmore
subtlechangegsuch as muddy sand vasssandy mudhese simplified assumptions are
inadequate. This thesis is intended to address these more demandind needis: here
is to computehemost accurat@RC as its shape providesluableinformation about the
seafloor propertiesThe maximumpossible correctionare donein this research witla

particularfocuson radiometric and geometric corrections.
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3 RADIOMETRIC BEAM PAT TERN AND GEOMETRIC

EFFECTS IN BACKSCATT ER DATA

In Section3.1 of this chaper, radiometricbeam patterfRBP) in backscatter data is
briefly explained followed byintroductionof motion stabilizationin Section3.2 It is
important to understand the motion stabilization mechanismuitibeam sonams it has
complicated modulation dRBP on the backscattered data as explaine®écttion3.3.

The g®metric effect is discussed ire&@ion 3.4. Seciton 3.5 reviews the existing OMG
algorithns. Section3.6 reviews the existing methods of backscatter data reductions.

Sections3.7 and3.8 presenthe research question and objective.

3.1 Radiometric Beam Pattern

3.1.1 Along- and AcrossTrack Transmitter Source LevelVariation

The red half circle irFigure 3.1A shows thedeal transmit source level across the
track. In reality, heintensity levelsshown by arrows ifrigure3.1A at 45°, 607 and 70°

with respect tonadir are smaller compared tothe peakintensiy at the nadir The
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approximate reductia in intensites shown in Figure 3.1A are taken from the

manufactureis technical notefHammerstad, 2005]

A D: Multi-elemen Tx

Element
radiation pattern

Beam pattern

correction Actual beam

pattern with
unequal intensities
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with equal intensities

1stside lobe (behind)
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—
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Figure3.1: Tx source level variation: A/ariation in the source level acresack. B:
Required acrossack correction for beam patteth Fading acrosfrack insonification
due to variale Tx source level (vessel going down the pdgeMulti-elementTx
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Due to this variation in the source level the seafloor is insonified at gradually
changing intensities Hgure 3.1C) when referenced to SRAThe typical intensity
variation in acros$rack direction is shown by the gray lobe kigure 3.1B, with
maximum intensityat nadir andeducing acrossrack, but it can be of anghape The
required correction is thaifference between ideal (even) and actual intensities as shown
by horizontal lines irFigure3.1B. This required correction is always referenced by SRA

as the beam patteis relative to sonar

The linear transmiarray consists of many elemeiits*n) as shown irFigure 3.1D,
both in along and acrosgrack direction. These elements/ork in synchronizatiorto
form the desired acrogsack main transmit bearwhich is a prodat of individual
element radiation pattern from 1 td" relement and possibly inclusleany applied
shading. The product also generates &ides as shown ifkigure3.1C. The side lobs
are in alongrack directionand do not contribute to the acrdssck beam pattern
(intensity variation) Each element hats inherentuniquedirectional radiation properties
which contribute tathe final sum ofdirectional actual beam pattern giventhg product
theorem [Urick, 1983] It is important to note that this acresack reduction in
intensities is not due to the attenuation or spherical spreading but because of beam

forming resulting from the acrogsack dimension of the linear tramit array.

The transmitted intensities also show sharp variation in the -&itaoky direction but
are not significanto this discussioms within a narrowtime slice defined by the pulse

annulus Figure 3.1C), the intensities are integrated along the transmit beam. However,
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when a transmit beam is steered in altmagk direction it may have alorigack variation
in the transmitted source lewslth respect to unsteered beaime to reduced directivity.
In this research, the aloAgack Tx beam patterrefers to the one caused blganging

directivity.

3.1.2 Along- and AcrossTrack ReceiverSensitivity Variation

For eaclRx beam, the peak sensitivity varies from beam to beam, generally dropping
with steering due to a cdsmation of both the individual element beam pattern and the
drop in directivity of the formed beam due to its broadening with stedfiggre 3.2
shows exaggerated effects of increased beam width and reduceiisedse to beam

steering(at nadir, 3@, and 49).

Reduced receiver

sensitivir{

45°

Wider across-
track receiver
beam width

45°

Nadir

Figure3.2: Rx sensitivity and beam width as a function of beam steering

46



A: Rx beam pattern obliq{ B: Front view ofRx C: Along and acrossrackRx
view beam pattern sensitivity

-3dB limit
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E: Rx beam pattern side view

Beam pattern
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Figure3.3: A: Oblique view ofRx beamB: Sidelobes inRx beam pattern G=ading
alongtrack Rx sensitivity ($arboard beam on vessel going down the pBg&long-
track Rx sensitivity variation
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The Rx sensitivity variation isanalogougo the Tx source level variation. ThBx
sensitivity varies in bothalong and acrossrack directions. TheRx uses the signal
received by many elements (m*n kigure 3.3D) placed acrossand alongtrack in the
Rx array to form a maiiRx beam along with side lobes as showrrigure3.3A, B, and
C. Each of the elements has its own inherent unique directional sensitivity pattern which
again contributes to the final directional beam sensitivity as per the product theorem
[Urick, 1983] The alongrack variation m sensitivity is a function of the fosat
dimension (product of individual beam sensitivity pattern of elementritin Figure
3.3D) of the Rx; the required correction is very similar to the acitoask Tx beam
pattern as shown iRigure3.3E. Generally the width of thBx fore-aft beam pattern is
narrow as it only needs to account for changes in pitch betwssrsmissionand
receptionfor single sector multibeam sgshs. As we shall see, for mudtector systems
with heavy transmit steering in the aletrgck direction, this has a big impact on

received intensities.

Within a single beam, the acresack Rx sensitivity also shows sharp variation in the
acrosstrack drection. On reception, the acrasack pattern within an individual beam is
sampled many timegeferred toas a snippgt This is not significant if beams are spaced
acrosstrack much tightethan3 dB limit. However, when &x beam is steered in the
acmosstrack direction, it may have acresack variation in theRx sensitivity with
respect to unsteered nadir beam due to reduced directivity. In this research, the across
track Rx beam pattern refers to the one caused by changing directivity and indlividua

element pattern.
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3.1.3 Multi -Sector Transmit Beam PRattern

Some of bday6s mu | ¢ enipleyacompleteomotaom stabilizationusing
multiple individual sectoras explained in Sectid®2 This introduces additioral factors
to be considered for beam pattern correctidnsan ideal situation, without any ship
motion, whenmultibeamsonar employs multiple transmit sectdvgo potential problems
can occur. Firstly each sector may have diffepaakTx source levendRx sensitivity
and secondly eachx sector may have different source lesabd Rx sensitivityvariation
across and alongtrack. The acrosgrack componentor multiple sectorss illustrated in
Figure3.4A. It shows aconstant shift ippeaksector source level at the sector boundaries.
Also it shows tansmit source level variation correctsomwhich is different for each
sector.Figure 3.4B shows the insonification geomng assuming no yaw or pitch and
actual insonification at the seaflodhree sectors can easily be identified with maximum

intensities at the center pointing angl€®A) and fading away.

The Tx source level pattern arilx sensitivity pattern can be moddl by knowing
wavelength or center frequency, width and length of the physical array, the element
pattern, and any shading function applied. The predicted models will always differ from
actual patterns due to different inherent properties of individuaiegies. The only way
to accurately define the patterns is to measure them in a perfectly known environment

like atankor estimate them using field methods like the one proposed in this research.
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Figure3.4: A: Tx source level differences and source level variation for rsatttor
multibeam sonar B: mulsector insonification

Although the acrossrack Tx and across$rack Rx RBP are two different functions,

they are dealt with together in this rasgh because they cannot be unambiguously
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separatedAdditionally, the acrossrack Rx RBP varies much more slowly with angle, in
contrast, as the transmit sectors are namomsstrack (for multi-sector systemsjthere
variation is much more noticeablEor the case of aloAgack RBP, the alongack

transmit RBP can be ignored as it is always integnatddalongtrack Rx RBP.

3.1.4 AcrossTrack and Along-Track RBP

As explained irthe above section, there are tworosstrack RBP components$tls
acrosstrack Tx RBP and second is acresack Rx RBP. The firstcomponents more
dominant as it is result afeliberate narrowing of sector to accommodate multiple sectors
in one swathwhereaghe secondomponents just the result ofmore slowlychanging
directivity. Similarlythere are twa@omponentgor alongtrack RBP 1%is alongtrack Rx
RBP and ¥ is alongtracktransmit variationThe firstcomponents moredominantas it
is again a result afarrow alongirack Rx beam pattern, whereas ¥ compmentis the

result ofslowly changing directivity.

Though the acrossack Tx and acrossrack Rx beam patterns, and aloftigick Tx
and alongtrack Rx beam patterns can easily be explained separately, in reality they are
hard to separate from each othershallow waters where the tweay travel time is very
small (fraction of a second), the changeaanoss and alongtrack SRA between transmit
time and receive time is not significant. Thus, their product as a single factor can be

considered. However, #his not strictly adequate for the deep water situation where two
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way travel timecan befew seconds, as it may involve large changeSRA between

transmit and receive time.

In this research they are dealith together as a product, acrdssck RBP beig
dominated by acrogsack Tx RBP and alongrack RBP being dominated by aletrgck

Rx RBP.

3.2 Motion Stabhilization

The evolution of motion stabilizationmethods reflectdhe result of continuous
development tdetter meetthe requirement ofequal soundinglensity on the seafloor
irrespective of shis motion This technology advancement was necessary to meet
InternationaHydrographicOrganizatiorstandards andlsoto increasecceptableurvey
line spacingand sounding densityThis section briefly intrducesthe mechanism of
motion stabilization followed by the section which will review the effect of motion

stabilization on the RBP.

3.2.1 Roll Stabilization

Roll stabilization iscommonin all available Kongsbergiultibeamecho sounders.

Roll stabilization ensres swath coverage over a constant vertically referenced angle as
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seen inFigure3.5. Roll stabilization ensures a uniform swath corridor which thus helps to
avoid any gaps between adjacent survey lines. Thishewed by dynamically altering
the steering of th&x channels with respect to the array. As a result, a ghsechannel

will be sampling the seafloor illuminated by varying parts offthdeam pattern.

Roll stabilization allows continuous maintenanéeadixed width swath which helps
to avoid any gaps between adjacent survey liHesvever,it does not solve the along

track density issues caused by pitch and yaw as shokigune3.6.

IEE==s

= Roll stabilization off

Figure3.5: Constant angular coverage due to roll stabilization
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Figure3.6: Along-track sounding density variations duentmpitch stabilization

3.2.2 Pitch Stabilization

The patche d high and low densitieseen inFigure 3.6 can be more equally
distributedby using pitch stabilization. Pitch stabilization can be achieved by stebang
transmit beam forward dyackwardsas shown irFigure3.7. It is important to note that
the pitch stabilization is done Isyeering théransmitbeamalongtrack and no action is
taken on theRx beans. As can been seen iRigure 3.7, when there isno pitch
stabilization the Tx beam always intersects with tRe beans in thecenterof thealong
track Rx sensitivity pattern where it ist its maximum (in shallow water) The dotted
vertical lines in Figure 3.7 show the acrossack centerline othe unsteered transmitted
beamandthereceived beamdypical maximumpitch stabilization is about £3°, which is

a relatively small change in alondrack Rx sensitivity consideringiow wide thealong-
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track Rx beamis. As the transmit beam is steered forward or backward, the transmitted
beam may ndonger intersect with the alongack center othe Rx beam(Figure 3.7

lower part) and this is a potential cgrhcation for backscatter data as explained in detail
in the next section.Though pitch stabilizationensuresthe equal density around the
reference angle# causes higheor lower densitie®f soundingsaway from the reference

angles due to single trang sectoras shown irFigure3.8.

Ship going from left to right

+ Pitch (nose up) 0° pitch (level) - Pitch (nose down)
RX beam

Pitch

stabilization

OFF

TX beam

Pitch
stabilization
ON

Figure3.7: Transmit and receive beam geometry and pitch stabilizédioited lines
shows peak response of unsteergé@ndRx beams).
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Figure3.8: Single sector sounding density wittilrandpitch stabiliation without yaw
stabilization.

3.2.3 Yaw Sabilization

For a single sector system, no yaw stabilization is poskibléongsberg raltibeam
systems Only by dividing a wideacrosstrack transmitsector into multiple sub sections
canyaw stabilization be achievedVith multiple transmit sectoysach sector can be
steered forward or backward independerntyachieve yaw stabilizationsashown in

Figure 3.9. Multiple sectors also help imore effective pitch stabilization byavoiding

low andhigh density patcheasshown inFigure3.8.
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= Ships heading

Line heading

Figure3.9: Multi-sector al motion stabilizedsounding with maximum equatiensity

The geometry of transmit sectors ard beans is shown inFigure 3.10. Similar to
pitch stabilizaibn, the yaw stabilization takes place witlk beams only and no action is
taken withRx beamsIn multi-sector systems, the typical extreme transmit sector steering
during yaw stabilization is about +10° compared to +3° during pitch stabilization in
single sector systems. As a result, the beams from difféseaéctors intersed®x beams
away from their alongrack sensitivity center as shownkigure3.10. This complicates

the final RBP agxplained irthenextsections.
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Figure3.10: Multi-sector yaw stabilization geometry

As each transmit sector onheedsto cover a subset of the full swath width, the

acrosstrack sector coverage by tiieansmittercan beminimized This has the benefit of

higher directivity and less sensitivity to noise coming from outside the sector of interest.

But the difference is that the acrdasack transmit beam patterns rollf ateeply with

elevation angle resulting in more pronoundsshm pattern residual©ptionally the

acrosstrack steeringcould be roll stabilized and that caseahe transmit beam pattern

would be vertically referencedut in the only opraional case built by Kongsberg, the

Tx beam patterns areported to bensteered and therefore sonar referenced.
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3.3 Motion Stablilization and Radiometric Beam Pattern

In the previous sectiorthe Tx and Rx beam patterrwere introduced along with
motion stabilization mechanismghis section reviews the effect of motion stabilizatio
on backscatter data in order to expldia imposed RBBn the actual seabed backscatter

caused by motion stabilization.

3.3.1 Multi -Sector Transmit Beam Pattern and Roll Stabilization

In roll stabilization no action is required on the transmission cycle. 3é&&tors are
transmitted with the predefined sector center pointing angle (CPA) shown in dashed blue
lines inFigure3.11A, B, C. The CPAs are relative the sonarTx activesurface(i.e., in
the sonar referenceraime) irrespective of the instantaneous roll. The sectors are
transmitted with peak intensity at tl#A and the intensity reduces away from the CPA.
There are no actual sector boundaries and all the sectors overlap. For illustration
purposes, however, amximately-8 dB sectorboundariesat about 30THammerstad,
2005]from the CPA are shown by dotted color lines for each sectéigure3.11A, B,

C. The vertically referezed Rx sector boundaries are shown in contiai dark black
lines whichconstrainthe portion of the transmitted sectbatis receivedto be used for

sonar operations (bathymetry and imagifigjesevertically referenced sector boundaries

59



are defined onreception of the signal by reditabilizedRx beams tuned to the specific

frequencies of the desired sector.

A i 0° Roll
Sonar reference Local horizontal reference
—_— e R
!
-8dB limits
Sector 3

L P
Vertically referenced
sector 3 boundaries

CPA for sector 2

Sector 1
Local vertical reference ——

|<—CPA for sector 1

B Sonar reference ! 10° Roll

Local horizontal reference

Vertically referenced
sector 3 boundaries

. “«—CPA for sector 2

Sector 1

«——— Local vertical reference

|
i
i
|
i
CPA for sector 1 . ; :
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Local horizontal reference
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Vertically referenced
sector 2 boundaries

T

Local vertical reference——

CPA for sector 3
Sector 1

CPA for sector 1

Figure3.11: Multi-sector transmit beam pattern and roll stabilization

In Figure3.11A the ship is perfectly aligned with local reference and roll is 0°. When
the vessel rollshe sector CPA (dashed blue linedigure3.11) rolls with the vessel as
they are enar relative, but the boundaries that define the utilized portion of the
transmitted sector (dark black linesHigure3.11) are vertically stabilized and do ol
with the ship. This is explaineid Figure 3.11B with 10° of vessel roll and ifigure

3.11C with -10° of roll.

The roll stabilization achieved in this mannbus uses a different portion of the
transmitted sector fdoathymetry and imaging depending on vessel roll. The consequence
of this stabilization is that the vertically referenced sectors experience different source

levels within the sector as the vessel rolls. This is shown using a synthetic Figded (
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3.12) created using heavily scaled up ship motion on a flat seafloor for illustration. The

model uses the beam pattern showRigure3.4A.

Rolling beam pattern

roll

Stabilized sector boundaries

Figure3.12: Multi sectorTx insonification and complications with raitabilization

Figure 3.13 shows an actual backscatter image which is compensated for seabed
angular response and transmissioasés. The manufactuéegpredicted beam pattern
correction function was scaled for specific sectors to magnify the effect of rotlitigeo

Tx beam pattern.
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Roll Rolling beam pattern

| Stabilized sector boundaries

Figure3.13: Multibeam backscatter data (ER10,d 200 m wat er dept h)
track beam pattern due to rolling

3.3.2 Multi -Sector ReceiverBeamPattern and Y aw, Pitch Stabilization

As explained in previous sectioragtive yaw and pitch stabilization is done using
multiple transmit sectors steered fordiasr backward The Rx, however,continues to
detectthe echo usin@ single sectowhich is not steered alongack. This geometry is
explainedin Figure3.7. The yaw and pitch both caute intersectiorof Tx bean with
the Rx beamto deviate away from thalongtrack center ofthe Rx beampattern This
means that th&®x sensitivity varies as the vessel pitches or yaws. As a result of this
mechanism, the received backscatleplays strips of strong and weak intgities as
shown inFigure 3.14. In the case of heavy yaw stabilization, the ouket beams will

show alongtrack changes in the intensities.
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Figure 3.14 showsthe actual da collected witha threesector system under heavy
yaw stabilization. Thenultibeam backscattemage shows the bright and dark pattern on

the outer sectors due to changing altnagk Rx sensitivity.

Along-track intensity pattern

Heading
240

Sector boundaries -17.5dB -30.5dB

Figure3.14: Multibeam backscattat at a ( EM 7 10, &kRowidgrmlongat er d
track beam pattern due to yaw stabilization

3.4 Geometric Effect in Backscatter Data

The geometrieffectis anartifact in the multibeam image data due to the gegnudtr
the intesection of the pulse annulus and stepe ofthe seafloor. For a nearly flat
seafloor the specular echo (shortest range) is very close to nadir beams under the ship. If
the variations in the slope of treeafloor changethe geometryas inthe case of aidge
or sand wave fieldhe specular echo is no longer from nadir beams but can be anywhere
in the swathln the case of foreaft slope of theseafloorthere may be no specular echo at

all. As a result of thisthe high and low intensity pattern appearsportional to low and
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high grazing angleespectivelyas shown irFigure 3.15. This pattern is a projection of

ARC that is modulated by locehanges imgrazing angle.

Specular
echoes

I — I
29 e

90° ™ 2im
Grazing angles Bathymetry Backscatter
0° M 28m

Figure3.15: Geometric effect on backscatter intensities

In an earlier empirical beam pattern correctiafgorithm (OMGL1 in section) he
apparent acrossack intensity modulations due to changing geometry haween
unavoidably mixed with the projeed radiation patternsThe real timeTVG for
minimizing angulawariationapplies corrections to tHeackscattedata assuminglanar
seafloorand thusfails in the case of uneven seafloostich asin Figure 3.15. The
geometric effect will be different othe same rough seafloor if surveyedingdifferent
line bearing because of differerglong and acrossrack slopes othe sedloor relative to

the beam vector

This geometric effect in backscatter datan beremoved by first removing the

manufactureiapplied reattime TVG for angularvariation of BS(TVG-BS) and then
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normalizing the datdy grazing anglesising theempirical method of generatingRC.
This method issuccessfullyusedfor a single sector systerand result§or a sand wave

field aredemonstrated biughes Clark¢2012].

3.5 Review of Current OMG Algorithms

This section discusses current methods emplage@MG algorithmsto do post

processing corredns to multibeam backscatwata listed irSection2.4.1

3.5.1 SourcelLevel

The source level is assumed to be constant for the duration of the survey and the
effects of any changes the source levelariation areassumed negligibleChe relative
changes in the source level are more commonly due to depth mode changes where the
pulse length is changed and the area calculation does not exactly compensdtetfos it.
case otthe Kongsberg system, these relative dpesin pulse lengths are recorded in the
runtime telegram, but compensatealy to a first order bythe manufacturels TVG in
real time. Often this compensation is imperfect. OMG algostiwave an option to
calculateany residual apparechange in BS les before and after a pulse length change

and apply them after according to the recorded seffing.relativesourcelevel between
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the sectors may be different and adjusted by takingéemof the differences during the
process of normalizing the imag#ata to form amosaic For asurveyto survey
comparison a stable seabed reference is required. Using that, overlapping segments of

successive surveys can be used to calculatesoteey differences.

3.5.2 Measurement of True Seafloor Slope

In theliterature many authorgstarting with[de Moustier, 198§]have mentioned the
importanceof calculating the actual seafloor slope that is required to compute the actual
GRA at which the incident sound wave strikes skafbor. At this point, it is important

to describehedifferent angles involved in the multibeam geometry.

Referring toFigure 3.16, incident angle— (range from port to stbd 90° to 90°) is
the angle of indent sound wave referenced from trestical at the source; sometimes it
is referenced from thleorizontal(90° at nadir and +0 at port/stbd). The important thing
to notice is that— is independent of seafloor geometry. In the OMG algorithm this
incident angle is calculated by a simplified assumption (ignoring dlacg distancend
refracted ray padhand is equal ttheinverse tangent of the ratio ahe depth to seafloor
(excluding sonar draftjo the acrosstrack distance of the bottom deten. The across
track distance is commonly stored with respecth@reference poin{RP) and hence
before the angle computatidhe offset between the R#® sonar isaccounted forin

reality the — at the sonar surface may be differdram — at the seafloor due to
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refraction of the ray along its path. At the moment thfsaction is ignored ithe OMG

incident angle calculations.

— is the sonar relative angle; it is the angle weénthe normalaxis (single dotted
line in Figure 3.16) of the sonar and the beam. The SRA depemeitheron the vessel
roll nor on the seafloor geometry. The SRA de furtherdivided into SRA at the time
of transmissiorand SRAat the time ofeception theRx formed beam angléSRA at the
time of reception is stored for each beam in the reported telegram. In the current OMG
algorithm as a simplification this angle is assumed equal to the incident angleeof th
beam plus vessel roll at the time of reception of the beesmwith — this does not
precisely reflect refracted angles and fafedistortions.The vessel roll at the time of
transmission and reception is assumed to be the, saméor deeper sdloor this may
not be a valid simplification and proper adjustmeraty berequired.For this research
SRA playsa very important role and new methods are implemented in OMG algorithms
to precisely define the SRA at Tx and Rx by using ship orientationw#éhdut using—
and hence avoiding the refraction issue. The detailed discussion is presented in the

methodology chapter.

The GRA(—) for theseafloor is the angle of intersection between the assptardr

seafloor (double dotted line Figure3.16) and the incident wave— for actual seafloor
can be very differenfrom — as it depends on alon@nd across$rack seafloor slope.

Figure 3.16 shows a simplified caswith acrosstrack slope only. In ideal conditions
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where the seafloor is flat and horizontal and there is n@rakfraction all angles will

be same for a given beam.

Actual seafloor

C —

R,, = Normal range Assumed planar s2afloor

8; = Incident angle
8, = Grazing angle for assumed flat seafloor
8; = Across track grazing angle for actual seafloor

0; = Sonar relative angle

Figure3.16: Grazing angle geometr

The true slope can be calculated using measured bathymetric data. The OMG
currently have an algorithrthat calculates the GRA accounting falong and across
track slope. In short this correction is incorporated in the OM¢&kdmatter processing
algorithm. The quality of the real surface normal is degradednbisy sounding.
Adjustments and improvements to this algoritara attempteds a part of this research.
As we shall seghebackscatter data is sorted in 1° bins by these angles in the developed

method and also for composing ARG#&nce accurate computation of all the angles is
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necessaryA detailed discussiorof the computationof these angless provided in

Chapter 4and Appendixd.1

3.5.3 Variation betweenthe Apparent Calculated and True Grazing Angle

due toRefraction

Figure3.16 assumes homogeneous seawater in which the incideist may refracted

In reality, layered seawater can bend the ray inward or auhaffecting the actual GRA.

Figure 3.17 shows the two different layers that refract the beam inward and outward
making—ee differentfrom —. The magnitude of the difference will depend on how wide
is the swath and how much variation is in the water column. Currently in the OMG
software this correction is implemented angsed during this researcKknowing the
sownd speed ahe surface and atéhsediment water interface, the alteratior-e€an be
estimated—eeis then combined with the seabed normal vector to compute the refraction

corrected grazing angles.
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O¢ = Across track grazing angle for actual seafloor

6; = Incident angle

0'; = Across track grazing angle for actual seafloor after refraction
8'; = Incident angle afier refraction

Figure3.17: Effect of refraction omgrazingangle.

3.5.4 Correction for Attenuation

As noted in thegrevioussection the attenuation is sensitive to frequency and changes
with salinity, temperatureand pressure. The temperature and salinity changesa are
function of depth. In currentpractice, Kongsber goés EM Bdebific appl i
attenuation considering the different operating frequencies and depths given the correct
salinity and temperature profile. In the case of wrong attenuation coefficiegt beed
in reattime, the OMG software is capable of correcting the backscatter data using true
value of attenuation coefficient in pgstocessingThe detailed work has been completed
on sectorspecific attenuatiorby the OMG group[de Campos Carvalho, 2012; de

Campos Carvalho et al., 2013]
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3.5.5 Removal of AngleVarying Correction (TVG-BS)

In order b get he ARC, the manufactur@pplied TVGBS hasto be removed. The
manufactureprovided specifications and the parameters stored in the datagearsed
to undo the compensation. The current OMG software has an algorithm that addresses the
specifics of thema n u f a cfunationdBeéudoin, 2005put more rigorous testing
performed as a part of this research to gain confidence in the ARC. Specifiqaibved
insonifiedarea calculations coping with local seaflstpe and varying beam width with

sector steerings attempted.

3.5.6 Compensation forPulseL ength

In order to keep the signal to noise ratio high while keeping the maximum possible
range resolution, sonar systeganincrease or decrease the pulse lengthhefsignal
The change in pulse length changes the insonified thegdnas tobe includedin the
calculation of the BSThe effect of changing pulse length ihe calculation of the
insonified area is currently implemented in the OMG software pack. Astaopthis
researchthis algorithm (particularly the crossover from beawidth limited to pulse

lengthlimited casewascarefully reviewed and no significant updates are required.
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3.5.7 Variation betweenActual and Predicted Beam Pattern

In the OMGalgorithm,there are two methods currently employed to deal with beam
patterns. In thefirst method, the residual beam pattern is removed along with the
normalization of the combined product of ARC and RBP. The multibeam backscatter
image made after the normalizatibhas minimum residual RBP amanimum angular
response of BSThe first methodwhich dates fronthee a r | ys a9ebnpirical method
used by researchers to ensure removal of the combined effect of actual angular response
and residual beam pattefiHughes Clarke, 2012]The normalized datare then
mosaicked and used for the sedimeharacterizationThe changing angular response
with different sediment tysas handled by separating the statistics for diffesmatiment
types from either @riori knowledge or using a rolling average looking at the responses
with a local area. The detailed description of this lwarfoundin Hughes Clarkg2012].

An extension to thdirst method was developed by Tef#011], which separates the

residual beam pattern for each distinct sector.

In the secondcase the product of ARC and RBP is comparedatbARC generated
using amodel for the known(or guessedysediment type. The difference between the
product of ARC and RBP and the model ARCattributedto the combinedRx and Tx
RBP[Hughes Clarke et al., 1997This estimated RBR then removedrom all data,and

ARCs with minimized effect afop are thereby obtained.
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The third and most recent method has been develbge@amsett and Hogarth
[2016]. This is a method to estimate the combiffedand Rx beam pé&ern using a
rolling motion of the vessel rather than using the generalized mibelrolling motion
allows separation of ARC from RBPs. The obtained sonar functions (RBRjs@deto

correct all the data, artienARCsare obtainedhat can be used fotassification.

3.6 Removing theBeamPattern from ARC : Problem Statement

As describedin the literature review(section 2.3), backscattebased seafloor
classification istypically done using eitheARC or mosaicsof multibeambackscatter
data. In any casét is crucial that ARCs are estimatedwith the highest accuracyThe
requiredpostprocessingof the reported multibeam backscatter data to oltarARC
was also summarizedh the literature reviewln order touse the backscatter data for
identifying small changes in the sediment type either temporally or spatiedigessed
backscattered dataith least remaining artifactsas to be obtainedne of the major
remainingsources of ambiguity in the processethdatheimproperlycorrected effect of
RBP [Lurton & Lamarche, 2015]The kst section described thetricate overprint of
RBP on backscatter data due to motion stabilizafidns section reviews the current
methoddogies for removing RBP and seabed angular variation from reported backscatter

data.Three different approachesere identifiedn thereviewandarepresented below
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3.6.1 OMG Method 1

In this methoddating fromthee a r | y , tHe @l§o@tbns deals with thedemmetric,
geometri¢c and BS angular variation effect in a single bundle in which a combined
product of ARC and RBRs estimated The basic assumption in this method is that,
averaged over a time peridthus overa large areag)the average differences tbaten
SRA, VRA, and GRAtends to zerandthusthe combinedRBP andangular variation
can beapproximated as aoostant for the area considered fbe calculation. The
removal of RBP and ARC happens when the backscatteadat@rmalized relative to
either VRA, GRA or SRA using the product of ARC and RBis method was
originally appliedto singlesectormultibeams but canalsobe applied separately the
individual sectors of muksectormultibeamgTeng, 2011] The result of normalization is
acombinedRBP andARC minimized mosaic of backscattératthen carbe usedor the
classification using spatial variation in the angtgmalized backscatter intensities. Some
error will remain wherelocally there issignificant ship motion and/or local seafloor

slopes thatauseSRA, VRA and GRA to diverge.

An example of this methodologwas shown byHughes Clarke[2012]. In this
method it is possible to suppress the dominaffect fadiometricor geometric) in the
mosaic. Using this method Brucker &t [2007] demonstratedsuccessful removal of
dominant geometric effect in Howe Sound by removing the combined product of RBP
and anglar variation referenced to GRA. Using the mosaic produced from this method

Hughes Clarkg2012] was able to identify sediment changesthe Bay of Fundy off
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Margaretville using data collected in 1994 afi®2 In an extension of this method, it is
possible to compensate for changhBC within a survey line by usintghe sequential

local computation of angular variatifdughes Clarke, 2012]

3.6.2 OMG Method2

The secad existing approach ithe OMG algorithm is to estimate the RBP by first
extracting the GRA referenced signature of an ARhg amodel of the backscatter
responsefor an estimatedsediment type. After the model ARC is applied using the
grazing angle, th remaining angular variation can be assumed to béhgstsidual RBP
effects. Once estimate®BP can then benforced with respect to SR#®& removethe
radiometriceffect from other data where the AR&as not previously knownThese
estimates of ARCthatnow do not have a significant RBP overprint can therusedor
characterizationln thismethod the user is required to haegcellenta priori knowledge
of the seafloobackscatter responder at least asmall subset of theurveyarea The
difference in actual seafloor properties and the properties used to form the model of
backscatter response will improperly attribute some GRA effect to RBP or vice versa.
Also, the estimated RBP ithe product ofalong and acros$rack RBP and separation

betweenthemhad not impgmentedn this method.

Despitethese limitationsthe ARCs produced by this methaere successfully used

by Hughes Clarke et §997]. The authors applied thismiethod to the oldEM 1000,
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which was a single sector system using a curved array. Th&dB®lwas unique ithat
the systemb6s RB Rariaians in therxmglentrartice. dhddx ghannels
were rollstabilized and thus the apparent RBP was applied vertically referecgdtt
ARCs for classification. For the more recent systems like EM 71E&@040Q which
aremultisectorsystemsthe RBP is dominated byariations in thel'x source level. For
thesesonars the obtained RBP by this method was applieldtive tosonar ad then

subsequently thARC wasobtained andisedfor classification by Hughes Clark2015].

Similar method has been applied by SonarScope, commercial software developed at
French research Institute for Erghtion of the Sea dealing with multibeam backscatter
data processingn this software, aneasured product of ARC and RBP is compared to
the model of the ARC for given sediment and RBPs are estimated. A parabolic curve is
fitted to the estimated RBP feach sector and a model@gddiation)directivity pattern is
obtained[Lurton & Lamarche, 2015]The offset values of RBP are obtained by visually
checking continuity of sectors and symmetry of response around a region
[Beaudoin et al., 2012; Lurton & Lamarche, 201A4$% a good estimate of the model of
ARC for theseaflooris required it is recommendedhatthis process islone by a well
trained personAugustin and Lurton[2005] have also usedthe same method and

demonstrated the results.
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3.6.3 Tamsett and HogarthM ethod

This method habeenvery recently developetbr swath bathymetric sidescan sonar
systems[Tamsett & Hogarth, 2016]The authors recognidethat the RBP is sonar
relative and rolls with the sonar. This relationship is used to estimate the sonar beam
pattern without requiring theise of any models of backscattARC. The basic idea
followed in this approach is that for a homogeneous seafloor, at a GiR&y the
seafloor backscatter strength is constant and thatadimyriven variations in the intensity

atthatGRA thus can be solely attributed to the sofar §ndRx) RBP.

This method is the first step towards unambiguous separation between the radiometric
effect and the ARC without requiring any assumptions about the shape of theOARC.
the three reviewed methods, this method shoulthbemostefficient in minimizing the
effect of RBP on ARCs obtained. It has the particular advantage that, thdikEMG
Method 2, it requires na priori knowledge of sediment type. However, it needs to be
modified and further developed to accommodate the additional catiptis due to the
multi-sector motion stabilization mechanism and its overprint on the received backscatter

intensities.

As this methodvasdeveloped for bathymetric sidescan sonars, it bundlesxizad
Rx beam pattern togethelt is a fair assumptioras theTx and Rx are paallel and
mounted togetheand share similar bearpatterns in the case of a bathymetric sidescan

sonars.However, in the case ad multibeam multisector systemTx and Rx beam
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patternswould ideally be calculatedseparately as th&x and Rx are separate physical
arrays which are mounted orthogonatiyd may havevery different intensity and

sensitivity variations respectively.

The authos recognizethat the methodioes not differentiate between tradl at the
time of transmissiorandthe roll at thetime of the reception of the signalhe transmit
beam pattern signature is imprinted according to the roll at the transmit time, whereas the
Rx beam pattern signature is imprinted according to the roll at the receptionTtinse.
will introduce some errornsito the calculation of beanpattern and the extent ofhat
errorwill dependon two-way travel time andateof vessel roll.Thus for shallow water
and short travel times the assumptioay beadequate, but for deeper water this rbay

a limitation.

3.7 Research Questions

Over the past 20years multibeam bathymetry and backscatter hgwevided
amazing insight intdhe geographic distribution of morphology and sediments on the
ocean floor Today however,going beyond justdentifying the seabed type twacking
seabed changes thenew paradigm. Given how the seabed used to loo&natepoch
can we detect whether it has changsdce” The use of bathymetry from repetitive
multibeam surveys to identify changes in the geometiy sgfdloor over short temporal

separation(a few hoursto a few day3 has beensuccessfully demonstratdéiughes
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Clarke et al., 2012]The confidencen these changes directly associatedvith how
accuratelythe bathymetry is measured using timegratedsystemfor each surveyThe
increased accuracy in positioning, orientation, tide models or measuream@ht®und
speedprofilershave contributed to increased accuracy of bathymetric measurements. The
availablemotion stabilizatiorin multi-sectormulti-swath multibeansystemsassureshe
highest andmost consistentdensity of soundings giving reliable bathymetmyth
maximum coveragerhehigh range and angular resolution multibeam systewailable

further fulfill the bathymetriaresolutionrequirements for repetitive mapping.

In a similar waymultibeambackscattedatahavebeen successfully used for seafloor
classification For a single survey, relativeeabedchanges can bdiscriminatedeven
with imperfectons in the absolute accuracy of the backscatter tidatifying smaller
temporaland spatialsediment changes still a challenge There are few examples of
sediment change identificatianth large temporal gag$iughes Clarke et al., 2012h
order to addresthe questiorof whether backscattefata obtained during the repetitive
surveyswith shorertemporalseparation (1 year to few houcgnbe used for identifying
changes in the sediment typdmckeatter data with least possible artifacts has to be
obtained. In this regards, this research focuses on reducing radiometric beam pattern in

the backscatter data to highest possible value.

The hypothesis that is being tested in this researahambigios along and across
track RBPs can be extracted fromaste gi cal 'y col |l ected backsce

motion. With the improved accuracies and confidence on the extracted, RBRs
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confident ARCs can be obtaine@ihe extrainformation that is provided by an ARC
allows a more detailed representation of #eafloor compared tangle normaliad
mosaics If ARCs can be computedwvith maximum accuraciewith minimal residual
RBP for backscatter data then smaller spatial or temporal sediment changes

sediment propertiesaybe moreconfidentlyidentified.

The corrections applied to multibeam datareviewed inthe previoussection.The
new improvedmotion stabilization hasignificantlycomplicated the effect dBPin the
backscatter dataRBPs need to be taken out completely in order to access the
uncontaminatetbackscatter signal from the daféhe unambigiousseparation of th&x
andRx RBP, as well as the separation of RBBm the ARC hasnot yetbeenachieved
however existing methods cdoe modified and further developed to achieve this
separationThe available three methodis remove beam patterehieveapproximate
estimation and eliminathe beam pattern up tocertain degreelfhese methods amnly
acceptable for the larggcale chssification of seafloor and to identify large temporal

changes in the sedimetype.

3.8 Research Objectives

The aim of this research is to improte fidelity of backscatter data by minimizing
artifacts due to RBPT o achieve tle objective understandinghe logical workflow of the

existingOMG software packages is important as they bhallsedas a platform for this
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research. The modulesr subroutines thahave been developedo dateneed tobe
reviewedfor anyembedded inadequate assumptionsubtle programming errorsThen
new methods need to be implemented initthe already available framework tfe

OMG software The research objectivesedividedinto two partsasdescribedelow.

3.8.1 Reviewing and Refining Existing Backscatter Data PostProcessing

Algorithms

All the corrections thaare appliedo the backscatter data need e understoodnd
discused in more detail. However it is not possible tevaluatealgorithms for all and
every aspect of the corrections applidd part of thisresearh, the computation of
grazing anglejnsonified area and removal of manufacturapplied gain is critically
examired However therecentlystudiedand modified correction algoritherior applying
correct attenuationcoefficiens to multi-sector multibeam sonaare believed to be
accurae andthus arenot citically reviewed. In short the following are the objectives to

minimize the error in backscatter data posicessing.

1) Review and refinement of thalgorithm that computesactual grazing angles and
modifyingit to consider refraction in the water column.
2) Review refinement and encapsulatiorof the algorithm (deTVG) that removes

manufacture@applied gain to remove angular variation of BS.
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3.8.2 DevelopingNew M ethod for Radiometric Beam Fattern Removal

Developmenof this newmethodand its implementation in the OM&gorithmsis a
significant contribution of this research. The limitations of the Tamsett and Hogarth
[2016] method to compute thBBP are discusseth the rewvew section A method to
overcome those limitations and¢ope withthe complications of multibearmulti-sector

sonars attemptedThis development cape dividedinto two parts

1) Developingan algorithm to computél'x beam patternacrosstrack RBP)from
backscatter data usirige rolling motion ofthe ship by extending the Tamsett and
Hogarth method to muksector multibeam sonars.

2) Developing an algorithm to computeRx beam pattern(aong-track RBP)from
backscatter data usirthe transmit steering due the yawing motion of ship for
multibeam sonars
Both the above objectives have been achieved during this researdheaneixt

chapter describes the detailed methodology that is used in this research.
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4 METHODOLOGY : DEVELOPING NEW METHO D TO

EXTRACT RADIOM ETRIC BEAM PATTERN

Themethodologyto achievethe research objective dividedinto two majorsections.
The first sectiondescribesthe fundamental principleunderlying this research; it also
describes th@reprocessingequired on the backscatter datfdre it is used for actual
RBP extraction. The second section describes the core methodologyrek#aschit is
further divided into two suksectionsonedescriling the procedure of extractingcross

track RBPandthe otherdescriling the proceduref extractingaong-track RBP.

4.1 Fundamental Principle and Preprocessing before RBP extraction

This sectionis divided into foursubsections.The first describes the data collection
strategy and the basic principle used in this research. The second eisicasgquired
preprocessing of the backscatter data which includes removal of manufappiied
TVG-BS and corrections for geometrical effect with review and refinement of existing
OMG algorithms. The third describes how different angles are compumigdow the
preprocessed data are sorted using those angles. The fourth describes the cleaning of

backscatter data by removing outliers.
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4.1.1 Fundamental Principle

The backscatter strength for a giveea containingjomogeneousedimentype at a
specificGRA is constantand should not change with the motiortloé vesselithis is the
fundamental principle used in this research. The RBP is independ&fAfand its
effect onlydependson SRA. The motion of the shighanges the SRA and hence the
effect of RBPon the backscatter data also changes proportional to thés shdation. In
this research the method is developed to extract this SRA dependent RBP by carefully

separating@nd sortinghe backscattered data by gextor GRA, and SRA.

During a regular suey campaign, initially collected survey datzas visually
analyzed to decide the patch of area that is suitable for the required data collection. For
example in Butg2014) the datacollectedin the first few dayswas usedo identify
locations withreasombly homogeneous material on a fairly flat seaflodr similar
strategy was used fdhe Squamish datasén 2015 An area containindgjomogeneous
material is required in order to fulfill the fundamental principle used in this mefinad.
data has to be dekted while underway to allow rollingzawing, and pitching.If the
material is changing within the survey line extent, the same grazing angle may have
different BS along the length of the line, which will introdwsseerror in the RBP data
extraction. Tle chosen test areas have gentle topography and any abrupt gewasetry
avoided. Test areas wemrveyed several times with different sonar settings and

appropriate depth modes (different pulse lengths and frequencies). The survey lines were
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run in oppose directions in order tdlistribute the effect of any slight sediment

differences in the test arédaroughout entire swath width of the sanar

For along and acrossrack RBP extractioescribed latter in this chapteiata were
collected asdescribedabove and shown graphically in respective secsiofhen the
backscatter data apreprocessetbr RBP extraction irthreesteps(seeFigure4.1). The
very first step is to remove manufactuegplied TVG-BS correctims to the backscatter
dataand apply correctiagfor actual insonified area accounting fbe geometric effect
For this step algorithms thahave beerdevelopedpreviously in theOMG are usedA
critical review and tests are performedetsure the coactnessThe secondstep is to
sortthe backscattered intensitidsy sector, GRAand SRA. Thehird step is to remove
any backscatter intensities (outliers) that are distinct from all other sorted backscatter

intensities from stepwo.
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Data collection

y

Remove manufacturer applied TVES,

ComputeGRAs

Correct for actuainsonified area

y

Compute SRAs (SRA's and SRARS)

Backscatter data sorting

Backscatter datautlier removal

Figure4.1: Flowchart showing major steps in backscatter data preprocessing

4.1.2 Removing Manufacturer-Applied TVG-BS and Correcting for

Geometric Effect

The first algorithmat The University of New Brunswick UNB) for removing
manufactureiapplied TVGBS was written in 2009Beaudoin, 2005] The algorithm
used system parameters that are stored in the data telegrams and the details from
technical notegHammerstad, 2000jo compute the redgime TVG-BS applied by the
system This TVGBS was then subtracted from the backscatter data in order to get the
TVG-BS free backscatter data. During this researtie existing algorithm is
encapsulated tenable detailed testing and integratiarsing agraphical user interface
developed as part of this researtheinterfacehelped to visualize components of TVG

BS and geometric correction
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Removingthe geometric effect involves computation of true GRA and ctingdhe
intensities for actual insonified area. Both the above steps are performed inside a single
OMG algorithm (deTVG). The latest update of deTVG algorithm includegxayrt
resolution of ranges and TVBS function parameters like BSn, BSand range d
normal incident as reported in datagrar®Bs Computation of TVG function once per
beam instead of @e per sample3) fixing a small error which was computing wrong
sample numbers in some casEgjure 4.2 showsthe TVGBS magnitudes subtracted

from the reported data. The figure is for a single profile collected using HEMat about

250m depth.

4 Predicted TVG-BS
_ 2 L ]
2 0
@ 2 i
@ B
g p \
Z 6

-8

-10
0.3 0.4 0.5 0.6 0.7 0.8 0.9
TWTT (seconds)
*  stbd = port

Figure4.2: Manufacturer applied TV@S for a single profile.

In orderto compute actual insonified area, the true GRA was first computed. A
detailed discussion of the GRA computation is given inAppendix9.1 The insonified
area calculation is explained in secti@rl.4 and the existing OMG code is used to

correct for the geometric effectSigure4.3 indicate the magnitudes of these corrections
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by comparing the manufacturer predictearedions assumindjat seafloor at the normal

incidencewith the actuabathymetry of the computedsonified area
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Figure4.3: Magnitudeof insonified area correction forsingle profile @ undulating
seaflor

Figures4.4 to 4.7 show theTVG-BS free and geometrically correcteldackscatter
intensity data along with the curves that dahe product of ARC and RBP dr various
test survey linesThe intensity variation visible along the drawn lines in the backscatter
images is the result of overprinted RBP; this intensity variation is used in the developed
method to extract the RBHhe aim of this research is to unaiguously separate the
RBP (along and acrosgrack) from the product of ARC and RBP in order to obttha
true ARC.The data shown ifigures4.4to 4.7 were collected for this research and the

RBP can be seen in the form of backscatter images and the curves as well.
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Location: Butelnlet, Depth: 100m, depth mode: Very Shallow
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Intensity variation
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Sector 5 CW id:2 SL:0.30ms CFreq:90.0kHz BW:5.0kHz

Figure4.4: TVG-BS-free backsatter intensitiesvith dominantacrosstrack RBP
collected in Bute Inletvith heavy roll
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Location: Howe Sound, Depth: 50m, depth mode: Shallow

Roll in degree
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Figure4.5: TVG-BS-free backscattemtensities with donmant acrossgrack RBP
collectedin Howe Sound (Squamiskith heavy roll
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