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ABSTRACT

Beyond ~ 60° incidence anglemany modern multibeam echo sounders have difficulty
maintaining sufficientdepth @&curacy and seabed target detectorcomply withInternational
Hydrographic Organization (IHO) standards. In some casesgattat sucla low grazing angle

is not detected du limitations of the existing bottom detection method and filters apphed b
the manufacturer. In lieu of clear positive bathymetric indicatarsdata gapwithin the
bathymetric surfacer a shadow in the backscatter image may be the only indicatioime
presence of that target.

This paper presents a refined bottom detection algorithm based on the Bearing Direction
Indicator (BDI) methodThe algorithm can be applied in post processing as long as the water
column data is retainedhis approach can markedly improve target detaat@pability at low
grazing angles in shallow waters by independe
irrespective of the beam spacing. Twest datasets were collected using an EM 2040D
employing angular sectors as wide as82?. Data weg acquired over a site with multiple IHO
compliantanthropogeniobjectsto assess the ability to detect low grazing angle targets prior to,

and after, application of the newtlieveloped algorithmResults obtainedlearly illustrate that

the BDI algorithmcan enhance low grazing angéeget detection capability

1. INTRODUCTION

Multibeam Echo Sounders (MBES), in comparison with Single Beam Echo Sounders (SBES),
provide larger seafloor coverage due to the use of multiple beams distributed over an angular
sector oriented transversally to the ship. This capability allows MBES tsezasonify the
bottomat incidence angles away from just thmedir direction. However, the data qualftpm

the inner beams, including both accuracy and resolut®igenerallysignificantly betterthan

those fronthe outer beams.

Most single head MBE&ave an angular coverage of around 130°. Dual head ionesntrast,
can potentially cover the whole sector (180°) undeatte the ship.Even with dual receivey
however,for the purpose of seabed mappingableangular coverage isainly limited dueto
sound wave attenuatiorefractionand weak low grazing angle backscatterimgshallow waters
(less than 40 m)sectors of up toaround 160° to 170&re possible Nevertheless, beyond
approximately 120°, both depth accuracy and target detectmability degradeapidly.

Imperfect compensation faefraction is the main factor degrading depth accuracy in the outer
beams Beams close to horizontalare more susceptible teerrors in depth measurement,
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especially in an environment witlapidly varying sound velocitystructure In this case, many

successive layers (with their own uncertainties) associated with high beam incidence angle leads
to greater depth errors. Also, particularly roll sensor errors have a great contribution to the depth
accuacy degradation away from nadir. Small roll errors are disproportionateigndatal to the
outer beam datd\evertheless, in stable water masses and with proper integritiOndepth

accuracy cansuallybe maintained beyond 6eyond that point, hoawer, the target detection
becomes the limiting factor

IHO requirements fotargetdetectionare orderdependenf{IHO special publication -84, 2008.

Table 1 presents the standards.

Table 1:Targetdetection standardsfter IHO special publication-84, 2009

detected

beyond 40 meters

Survey Order
Special la 1b 2
Minimum size of 2-meters cube up to 40
features to be | "M meters depth; 10% of dept| Not Not
cube required| required

Previous experiments have shown tli#D level multibeamtarget detection in shallow waters is
successfully achieved untapproximately 60° of incidence angle in most modern MBES
(Hughes Clarkeet al, 2013). Beyond that point, detection capabilitually degradesviany
factorsindividually or in combination are responsible for this difficulty. The botjonmjected

beam footprint, which is dependent on the beamwidth, deptlgeringangle, is one of the

major controls on the spatial resolution and therefore affects the $ysieitity to resolve small
targets. The greater the beamwidth, depth and incidence angle, the largeojtiotedbeam
footprint. Targetsat the size of or smaller thanthe beam footprint may not be adequately
resolved To work inside the dimension of that footpriquires bottom detection algorithms

that do not utilize the full beam echo time serl®st modern systems now typically provide

outer swath solution density much tighter than the projected physical beaniidthot clear,
however, whether such datysis alwaysjustified.

Other factors that limit outer swath detection incltigde widening effecof beamssteeredaway
from broadside to the receivewhich augments thdoss in spatial resolution. The across and

alongtrack sounding densities derivebiin the beam spacing and tbembination of vessel

speedping rateand yaw stabilization capabilityespectively, limit the feature detection capacity

as well

In addition to geometric aspectven when the systeembodieghe requirecangularresolution

to resolve small targets out of 60° of incidence arlgtgtations of the builtin bottom detection
algorithmsand appliedfilters may maskthem making it difficult to distinguish one within its
surrounding aredn most of the cases targetderived shadow in the backscatter image is the

only indication ttat some obiject is locatadhere shadow begin&ig. 1).

In order to cover more ground and therefore to reduce survey ttim&razilian Navy (lead
sponsor) i
Kongsber§, model EM 2040D to be applieih the shallow waters of Amazon River and
Paraguay River Basin¥he dual receiver version of the EM 2040 is particularly adaptedde
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swaths as the tilted receivers maintain narrower beatmwider incidence angles. Thus,
potentially wider swath angular sectors coudemployed.

C

P
<
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Feature Location im 25m

25m

Legend:

\ and - Ensonificationdirection

Figure 1: Example of a undetected dmeter cubeémagedwith 68° of incidence anglat 20 meterdepth (after

Hughes Clarke et al., 2013)

Acrosstrack cepth profile A), Digital Terrain Model (DTM) B) and backscatteimage C) on the vicinity of a 4

meter cube as seen with°68f incidence anglédy using a MBES Kongsbé&rgEM 2040D (set to 300 kHz) at 20

meters depth. Note that the object may not be considered detected. Data gap on DTM and shadow on backscatter
image bighlighted red circles) are a possiblget notnecessarilysufficient indication of the object presence

Motivated by that future acquisition, thissearch project worked on tissue of some MBES

not confidently detecting small targdisyondaround ®° of incidence angle (outer beams) in
shallow waters The project focus is omleveloping an enriched nanventional bottom
detection algorithm. The developed algorithm, based on the Bearing Direction Indicator (BDI)
bottom detection method, markedly enh c e s t ar g eat lew giiazingsangkesthusi t y 0
improving target detection capability.

This paperis structured in fivesections The current sectionintroducedthe problem being
addressednd the approach used to minimizeSection2 providesthe background related to
this research and discussiohprevious worksSection3 presentghe details and constraints of
the developed algorithnPerformel tests and achieved results are discusseddtion4. Section

5 finalizesstaing the conclusionsf this work

2. BACKGROUND
2.1 Review of multibeam bottom detection techniques

Three bottom detection methods are megtely used: Weighted Mean Time (WMT), Bearing
Direction Indicator (BDI) and Phase Detection (both zeinase and high definition).

WMT computation is based on tiensitytime seriegecorded within a single receivbeam
channel(de Moustier, 1993)Given the echo Direction Of Arrival (DOAnplicitly assumed to

be the maximum response axis of the steered pd@mTime Of Arrial (TOA) is calculated.
The goal of WMTis to determinehe instant when the boresite of the transmitter beam hits the
bottom. The most common approach to calculate cdrgam instant is to consider it as being
U.S. Hydrographi€Conference 2015 3 National Harbor, MD, March 189, 2015
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the center of mass of the echo envelope (weighted mean time) over a defined threshold. This
method dévers one solution per beam. WMT works well as long as the echo envelope is short
as the uncertainty in the time estimation remains [biereforeit is primarily utilized for close
to-normal incidence.

Second bottom detection method BDI is based oratigge serieat a specific Two-Way Travel
Time (TWTT). BDI has the inverse approach of WMT. Given the echo TOA, BD&(are
calculated(de Moustier, 1993)Its goal is to determine the directighfrom where acoustic
intensity is maximum, which repra#elocations on the seabed being ensonified at the TWTT
considered As the recorded directions from where echoes are received are restricted to the
discretely spacetleams axes, a curve fitting technique arounde¢peesentation of theeceiver
main lobe beamwidth in the angle series plot is needed in ordeort® preciselyestimate the
maximum acoustic directionin addition, unlike WMT, BDI is primarily usedfor oblique
incidence as the botteprojected pulse length is short as oppbsenormaincidence resuling

in lower uncertainty in angle estimatioBDI calculation delivers one or more angle solutions
per time slice.

The third bottom detection method is called Phase Dete¢titammerstadet al, 1991)
Similarly to WMT, Phase Btection also calculates the TOA, given the DOA. The calculation is
based on the echo phase difference between two overlapping and offset virtual array of
transducers elements arranged perpendicular to the ariamForeach time sample within a
beam, a pase difference computation is performed. Whiea value is zero, the signal is
assumed to be coming from the beam axis and this moment is recorded as beaigpr@A.
Zero-crossing Phase Detection yields one solution per beam as well.

By expanding Pree Detection method to values of phase difference other zéwm it is

possible to attain more than one depth per b@dimen, 2012) For instance, phase differences

ofi "/ 4, i+ /2,418 T/4A2,and + 3 /4 are val dlmwsec o mmo:
Detection method is called High Definition Beam Forming (HDBF). Phase Detébttim zere

phase and high definition$ primarily used for oblique incidence as the phase slope is gentle

under this circumstanaes opposed to normadcidence In that case, theero or any other angle

crossingis moreaccurately identified.

2.2 Discussion of previous works

Some authors recently addressed the issue -ofater object identification and tracking by
exploring Water Column (WC) data.van der Werf (2010) proposed a pastjuisition method to

identify the peak of any matike object inrbetween surface and bottom and afterwards translate

the correspondeWCihipi xel 6 to the geographic reference
and extemely useful for safety of navigation purposes where least depth determination is
critical, only inwater high aspect ratio (fraction of height over width) target identificatias w
addressed. In additiothe methodology is highly dependent on wiellined hydrographers.

Videira Marques (2012) went beyond van der Werf and implemented an automatigabeid
target detection and tracking, even though no seldwaded object identification technique was
approachedHis method involved picking a peak in im&ty in all of time, elevation angle and
alongtrack, making use of predicted pulse length and receiver and transmitter beamwidths. In
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this sense, the DOA picking is equivalent to BBough he did not interpolate the samples in
order t o e$ mmaximan azoustihdirection. e a

In contrast to iAwvater targetstihas been seeamongliterature investigation that so far shallow
waters seabed target detection in the very outermost beams (beyond 60° of incidence angle) has
been poorly explored. The iss of accuracy and resolution loss in the outer beams is well known

by hydrography community. However, very few works have addressed and explored those
sometimes disregarded data foalsed target detection purposes.

Specifically dealing with vertical accacy assessment and target detection capability in shallow
waters, Hughes Clarket al (2013) showed that both bathymetric tracking and feature detection
in compliance withHO Special Order standar@se only reliable until 60° of beam incidence
angle.In that study, they analyzed data collectedth®/MBES Kongsber§ EM 2040Dover a

site with lots of deployed unnatural targets in different sizes and sftdpghes Clarke2013)
According to themas KongsbefgMaritime (KM) uses both WMT and Phase Detection in its
MBES and knowing that the second method is the prefemedmost accuratene for grazing
incidence, phase disturbance is a potential indicator of target detection failure beyond around
60°. Although targetlerivedshadow is shown in most analyzed cases, that shadow by itself is
not an unquestionab&vidence of an object presence.

In fact, high aspect ratio targetsuch as dmeter cubesmay lead to awithin-beamlayover
geometry(the common slant range problemhen illuminated at low depression ang(Egy. 2).
Under these circumstanceabe sound wave front hits the inboard face of the feature practically
at a normal incidence and targebjected pulse length spreads out over a wide range of
elevation angles. Afose simultaneous echokesm the target and the seabed in frdigturbthe
phase calculation as more than one scattering point comes int@plasequent to the disturbed
echo, random phase in the shadow windeW further invalidate the phasdope The esultant
split-beam phase difference may be a meaningless value or a very misleadikggo8g The
adjustment curve through some phase difference samples around the intended-tedaésite
angle will be thentsongly biased by thafispiked. As the phase curve fitting is a mix of layover
echoes and noise in shadow, the resulting efirwariance is highThus, normally the bottom
detection is aborteqHammerstadet al, 1991; Nilsen, 2012) resulting in acharacteristic
sounding data gaff-ig. 1A).

In the event of a rejected Phase DetectibA’)VMT is used as the alternate method, multiple
beams around the target report the identical slant range resulting in a false arc of sdligions (
3A). The reason for that is that the relative level of the-spacular target strength, compared to
the surrounding seabed, is often greater than the sideslgimeession. Earlier bottom detection
implementations by KMprior to 2010(Fig. 3B) proved exactly that result (Hughes Clarke,
2009). Subsequent tests the same targetsith a modified algorithm indicate that WMT
solutions of similar slant range are now rejected leaving just a hole (Hughes Clarke, 2010).
Somehowthe KM current bttom detection algorithm filters out those unrealistic depths and
instead no solution is delivered. As a result, only a characteristic data gap remains.

While the current KM bottom detection algorithm might not identify an outer beam target, the
loggedWater Column Imagery (WCI) can be used to recognize its presé&inged]. The same
arc of potential solutions that corrupts the WMT is indicative of the target. If an alternate
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approach can be placed, then perhaps thgetacould be recoveredVCl data have many
applicationsand usegHughes Clarke, 2006). One of them is to calculate a new bottom pick.
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)

Figure 4: Acrosstrack Water Column Image (secion) highlighting the inboard edge (im@ of the non
detected dmeter cube presented &igure 1 (after Hughes Clarke et al., 2013)
Small blue crosses represent the higheshabeamaxis-direction echaamplitudes for each time slice

In the same 2013 study, Hughes Clagkeal illustrated that théBDI method(Satrianoet al,
1991 de Moustier,1993)could provide suclnalternate approach to ti&évl depth solutions as
a way of improving hip aspect ratio target definitio®y their proposal a composite WMT,
BDI and Phase Detectiadechniquevould be bestowedltogether

BDI methodiwas wused at a time for a minority of ME
(Lurton, 2010) For oblique incidencePhase Detection has gealy replaced BDI as finer
angulardiscrimination through muksample phase curve fittingnd more accurate selts are

possible This, however, is strictly only true in the absence of high aspect ratio targets. This
limitation becomes more acute at incidence angles beyondJeder ttat geometry,the target
Aappear anc e éndicatasthatVBDI is mbaso #Hected bylayoverand poor signatto-

noise conditions as Phase DetectisnBDI may thus potentiallybe utilized as aralternative

methodto revealany nd-previouslydetected abrupt seabed object

3. METHODS

In order to investigate and assess the potential BDI ability to improve multibeam shallow water
target defiition at low grazing anglesan enriched BDIbottom detection algorithm was
developed. Calculations are performed based on the recorded Water Q@@Gpmlata. Three

main resources characterize the algorithm: the echo DOA refinement, the compression or not of
the final depth solutionand the possibility of selectindpe detection threshold either mariyal
(userdefined) or automatically. The two lasesources allow the computation of the BDI
solutions in different fashions.

3.1 DOA refinement

The task of determining DOAOA pairs by applying the BDI technique, in principle,

straightforward Having the WC data, the algorithm just needs to sweep al siilces (TOAS)
and for each of them find the beartDOA9 with the highestamplitudes among their close
neighborsif over a defined thresholdn practice, bwever, this approachy itself results in

solutions withangular discriminatiomo finer than thephysicalbeam spacings, wthin a beam,
all echoes are storedtinthe WC data as coming from the beans.axi

In order to obtainan angular discrimination smaller than the beam spaa@ngurve fitting
techniquearound theepresentation of theeceiver main lobe beamwidth in the angle series plot
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was applied following the approach of Satrianet al (1991) The receiver beam pattern in
elevation vas taken into accourBy refining the DOA, more thaane solution per beam with its

own DOAs otherthan the beam axis can bemputed Under these circumstances, thager
footprints of the outer beams accommodate more time slices and consequently more BDI
solutions, resulting in an increased acroask sounding density and potentially better short
wavelength object definition.

A specific seabed scattering targetsensed by many surrounding beams and not only by the
closest beam. The receiver beam pattern in elevatiahmestsymmetric around its maximum
response axishus in a hypothetical nomoise environment with a strong echo coming from a
direction that coincidesxactlywith a beam axis at a certaintima nd t hat beamds
neighborshaving the same beam pattern, the central beam records a strong magnitude and its
adjacenmneighbors dower and equal ond-{g. 5). The previouseasoningnakes sense only gt

time t no other echas receivedby the transducer other than that one whose incoming direction
coincides with the considered cemtraam axis and equiangular beam spacing configuration.

In case of incoming energy direction not coincident with a beam axis, prior and posterior beams
store different amplitudes, the higher one associated with the closest neighborHiga6). (
Similar concept applies to other close beams other than the two immediate neighbors.

Hence following the model oSatrianoet al (1991) andSeaBeaffi (2000),it seems reasonable

to fit a parabola in the angle series plot over the highest amplitude beam and its close neighbors
to estimate the maximal amplitude direction. Having the fitting parabola equation, its peak point
determines thanterpolatediir e al 0 hi g h e snate) anchdrrespomcrg indoraimgd |
direction (abscissa), this last one being the refined echo DOA G-aysi6).

Sound wave
front at time

SEAFLOOR
‘\\ \‘\» \\\45'_3
s 9~
g Angle series plot S Peak
3 attimet “’ .....
5 ______________________________________________________________
.
~o‘°\r”
{7
L/
! al a2 a3 Angle

Figure 5: Angle series plot when echo directiooincideswith a bearraxis (3 beams illustration)
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The developed BDI algorithm applies, therefore, parabola fitting for the echo DOA refinement.
A parabola passing through 5 ampliteaiggle pairs (the highest intensity beam and its closest 2

adjacent beams in each sidaesumably associated with a detection is calculatetieast
Squares Approximation technique (Davis, 1975) considering all samples equally weighted was

implemented Based on thefitted parabola equatio®w
— represents the estimated and refined seabed echo DOA.
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Ww W, i
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al
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Figure 6: Angle series plot when echo directiismot coincidentith a beam axis (3 beams illustration)

verte

Fig. 7 showsan example otolutions for thesame seafloor section in two different fashions:

closest peaknd 5point parabola BDI.

" o il /i T s T B ' P ST NT Ty '
No parabolg fitting BDI 5-point|parabola BDI
a""*&“"‘*«f”“%“‘\wm"&? oy, i, e, PR B SIS W 04 A8 b
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Fiéure 7: Closest peak versugbint parabola BDI

Closest pealleft) and 5point (right) parabola BDIsolutions. Notice that-point parabola BDlyields a smaller
angular discriminationresulting ina more representative shape of the actual seafiopography

A parabola fitting technique for estimating the maximal amplitude direction is fundamentally an

attempt to model
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because in reality, due to the electronic beam steering processdajopfiat transducers (case of

EM 2040D) and its consequent beamwidth fattening effect with the increase of the steering
angle, each beam has its own pattern. Parabola fitting then is just an approximation as even
adjacentbeams have slightly different p@rnsas the steering islightly distinct In addition,

noise and water column and sbbttom backscatter strength variatiomsassthe whole angular

coverage at the considered titneaterfere and mix with the bottom return signal recorded by the

centa | beamdébs surrounding beams. This could bia
an apparent offset DOA. Interestingly, even if there is noise, as all beams are sampled at the
same instance, as long as the noise is not strongly directional| @verprint on all beams
identically, thereby not significantly distorting the DOA.

It must be added thahe viability of parabola fitting is dependent on the receiver main lobe
beamwidth and the beam spacing. In order to make sémese usingDOA pardola fitting as an
attempt to model the shape of the receiver main lobe beamwidth, a simple relation must be met.
The beam spacing must be smaller ttizan effective receiver main lobe beamwidth divided by

the number of beams usedthe fitting processH). In other words, alb beams must be within

the effective receiver main lobe beamwidth.

It is also important to cite that the tighter the beam spacing, the more the number of samples
within the effective receiver main lobe beamwidifheoretically the nore the number of
samples useth the parabola fitting with respect to the number of all samples within the physical
beamwidth, the better the modeéllso, the narrower the physical receiver beam, the more
confident the angle and the less likely that laowithin the beam will occuiTo this end for

high incidence anglethe tilted receivers of the EM 2040D asenificantly supeior to the
horizontalsingle receiveof the EM 2040S

3.2 Detection thresholding

While the echo of interess at the intended DOA, at all angles for a given TWTT, there will
always be spurious noise resulting in secondary pdaksrder to avoid mtakenly picking a

false detection, a minimum coff intensity value (detection threshold) must be <enly
samples above the detection threshold are considered. Its setting is crucial. It must be somehow
adjusted to a value greater than the background noise level and the peaks of the sidé&dobes.
main outcomes of incorrect threshold setting are loss of selitions and appearance of
undesirable (and sometimes unavoidable) outli€re developed BDI algorithm permits the
threshold setting either mantyal(userdefined) or automaticallyThe manual approach is
intended for development purposes to designmimal operational automatic threshold.

3.2.1 Manual thresholdng

Forthe userdefinedapproachthe user chooses a threshold value based on the previous analysis
of the extracted peaks from each time slice ofrttvamalized data (with th€VG, Time Varying

Gain implemented). The chosen value is then applied for all time sk¢és the swathThe

ideal thresholdnustclearly separate the peak echoes from the béidy.8 shows aiserdefined
thresholdexample applied for garticularEM 20405 swath
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Figure 8: Userdefined threshold example for a particular EM 284fwath
AT the blue and red lines represent the highest and lowest peaks, respectively, of each time slice of the recorded
WC datafor that particular swath The WC data has had a 30log®G appli@ (R is the range)The white
horizontal straight line represents the manually set threshold value. In this particular example case, only peaks
above that are solutions tme considered. B the correspondingVC time-angle plotfrom which the highest and
lowest peaks are extractedi the angle serieplot (across swath) for the time slice highlighted in red oiNBte
that the two peaks aroun@2° and +23° are the solutions to be considered in the BDI algorithm, meaning one
seafloor interactiorfor eachside of the swath.

3.2.2 Automaticthresholdng

Normally, as the seabed backscatter level varies spatially, the threshold should be adaptive.
Additionally, as the noise floor rises with time, the threshold should identify the cutoff of usable
data. Similarly, wkn shadows occur, the threshold criteria should identify and reject these time
windows.Thus, an automatic threshold algorithm must take into account all these requirements.

The automatic thresholding algorithndeveloped for this research al cul at es t he

appropriateo and wunique thr es hnputfomtha usere f or

Calculation is based on the side |l obesd6 strer
time slice datde.qg., Fig. 8C) The algorithm wdts as follows:

1% Step (Fig. 9 for each time slice, identify all peaks on the angle series aoidt their
maximum(é& ¢ yaand minimum(a "Qévalues as in Fig. 8A (blue and red lines, respectively)
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Figure 9: Automatic Threshold AlgorithinStep 1
Identification of all peaks (red dotsn right hand imageand their maximum and minimum values

2" Step (Fig. 10) calculate the mean of all peaks@® ¢ £), the mean of the maximum and
) and open up an interval of 10% a@f (® w & "Qtcentered on

whose limits are defined by){ € 0 Qi;6 n 1 Qi] where
OO ¥ d 0w a Qeand
Goom ¥ dowa Qe

minimum peaksd Q® ¢
GaQmE
aé o Qi
0N nQi

3" Step apply the following rule to define the threshoilda ¢ 0 Q106 Q® & 06 /) /| Q1 ,

which means that all peaks hawery similarintensities or thdéack ofo n e

or mor e

then the threshold is set & highvalue above which it does not expect any echo interisisg
which means that one or mosgrong peaks( i ma i n orl detecgosstare pushing the

GQwe upwards then

the threshold

is seto:

YOYO'YOU o '@ w1 ¥

a W a Q¢ In the firstcase, for the time slice considered, no detection is fdarttle second
one all distinct grouped samples above the threshmddolutiors to be considere(Fig. 10)
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This automatic thresholtiechnique is based on the significant difference in terms of intensity
between the main and side lobes. As for each time slice only a few detections (mostly two on
norttitted receivers or one on tilted ones) are expected amidst many almost with the same
strength side lobes, the mean of all peaks is slightly displaced upwards if compared with a
situation with no detection. An example of a case with no detection would be in the shadow
behind a target. Conversely, the mean of the maximum and minimum peakmgsly pushed
upwards when a detection is found. The proximity or not bet@ie®o ¢ anda Qe s,
thereforethe key to the threshold definition.

3.3 Compression

In normal mode, EM 2040D provides up to 256 depth solutions per receilih means a
maximum one solution per physical bedonming channelln high density mode, up to 400
solutions per receiver are provided, meaning approximately a maximum averagb6of 1.
solutions per physical beamith generally more per beam at higlcidence angles

One of the main characteristics of D@dfined BDI is the possibility of having as many
solutions as the number of time slices within the bottom interaction window for each beam
Depending on the applied amplitude threshold, the timgbag and the number of time slices
within all/l 2 projectece faotpints, reiined BDb method might deliver more than
400 solutiongper receiver An averagegreater than 1.56 solutioqer beamcan be achieved.
This augmented sounding denspwtentially improves short wavelength feature definition,
especially for those objects ensonified by the outermost beams where the density8Di the
solutions is higher due to the smaller pulse length footprint (considering a flat seaflaeris
essetially one of themain reasos why a BDI algorithm was developed for this research.
However, by sampling all time slices, some solutions may be contaminated by noise resulting in
misleading representation of the actual seabed topogr&fdmnce,it is necessary to find a
balance between finer sampling and averaging to promote noise suppression.

Given that some BDI solutioaveragingmight reduce noise on simooth seaflogrbuttoo much
averaging could dampeaut the expression of targets, whatassuitablelevel of sample
combination @ compression? Wat happens if the BDI solutions are compressed to deliver up to
the same number of solutiopsovidedby the manufacturer? Is the target detection capability
still improved? In order to answeredequestions andlsoto expand the range of this research, a
compression algorithm was develop#&dvorks as follows:

1% Step (Fig. 11)a flat seafloor is assumed.

2" Step (Fig. 11)the width of theacrosstrack swathbased on the angular sectorcadculated
at the approximate depth of thaminum Slant Range (BR).

3 Step (Fig. 11)the full acrosstrack swathwidth is divided in equally spaced (equidistant)
virtual beam footprintsn is defined by the user.

4™ Step n virtual beams are created based on the equidistant virtual beam footigntéd.
Thus, the virtual bearspacingis variable.For each virtual beam, an averaging angle is defined
based on the spacing. This is redel to as the virtual beamwidth. Virtuaddms close to nadir
are wider. As the beams move to the outer regionyithgal beamwidth reduces gradually. The
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idea is to obtain after compression a sampling of the bottom as equidistant as possible (limited by
the flat seafloor assumptionNote that the averaging is performed over a range of angles
significantly narrower than the physical beamwidth.

bt User-defined n
virtual equidistant
heam footprints are

< created

— o MSR
Py

Depth at MSR
Flat seafloor
assumed

JE e e tal nlal i

\ Across-track Swath Width \
Figure 11: lllustrating 1%, 2" and 3“ Steps of the compression algorithm

[l

User-defined n
virtual equidistant
heams are created

o
[=1
o
o
[=1
o
o

| Across-track Swath Width
Figure 12: lllustrating the 4" Step of the compression algorithm

5" Step for each virtual beam, two means are calculated for all BDI solutions enclosed by it: a
samplenumberbased mean (e and DOAbased mean @ye). Both statistics are weighted by

the sample intensity wittespect to mean backscatter level at the TWTT considered (mean of all
peaks in the angle series plot). The final compressed BDI TOA/DOA pair solution then for each
beam is the calculated coupl@mf Hangie (Fig. 13. The end result is a maximum one BDI
solution per virtual beam.

It must be noticed that the final angle result is not necessarily the virtual beam axis. In addition
to the flat seafloor assumption, this fietthevirtualbeamaxis solution degrades the tiai
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attempt to achieve an equidistant sampling of the bottom after compression. Also, unlike the
original SeaRanf (2000) approach, the solution angular spacisgnot equiangular anés
significantly finer than th@hysical beamwidth.

\).an@-\e \).Boﬁ\e

Legend: e —> BDI solutions before compression
Kiime — Sample-number-based mean of all within-virtual-beam BDI solutions
Hangle » DOA-based mean of all within-virtual-beam BDI solutions
® — unique BDI solution for the virtual beam after compression

Figure 13: lllustrating the %' Step (final) of the compression algorithm

4. TESTS AND RESULTS

Two datasets were used to test the algorithm develimpehis research. Thegonsist of a series

of lines of multibeam bathymetric surveys collected during the 2013 and 2014 summers jointly
bytheUni t ed St ates Navyods NavanttheGreaaMapping @rpup i c
(OMG) over a site with lots of deployed anthropogenijectgHughes Clarke, 2014Yhe lines

were run by using an EM 2040D in various swath aperture disposft#®12°, +/-75° and+/-

82°). The following configuration was set: 300 kHz, 8 knots, dual swath, three sectors and
HDBF mode.In both years, WC ata were retained.he test area is located at tBaanich Inlet

close tothe city of Silney, British Columbia, Canada

The assessed targetsmpriseconcrete cubes at the following sizesmgter cube at 40 whepth
1-meter cube at 20 mepthand 0.5 m abe at 20 mdepth The Xmeter cubes are IHO compliant
targets utilized to assess the target detection performance for a Special Order(susey
stringent requirementsBy turn, the 0.5meter cube is an opportunistiest of potentiaMine-
like Object(MLO) detection

The results presented in the next sections 4.1, 4.2 andligp8y the georeferencegun
illuminated grayscale bathymetric DTM (25mX25110.25m resolution) and thbathymetric
solutions(two-dimensional across and aletrgck sounding priles) aroundthe target vicinity
for the KM bottom detection methodnd the developed BDI algorithm in different fashions.
When compressing datar the BDI solutions400 virtual beams were utilized (same maximum
number of solutionprovided byKM in high-density mode A maximum one BDI solution per
TWTT was considered.
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4.1 1-meter cube at 40 m depth

The results for a-ineter cube at 40 m depth ensonified at 68° of incidence angle from the 2014
dataset are presentedrag. 14. A 72° swath angle was used.

Figure 14: BDI results for 1 m cube at 40 m deptB014 dataset, swath width 72°

By analyzingFig. 14, it is possible to conclude that the 1 m cube at 40 m depth seen at 68° of
incidence angle was not detected by the bnilKM bottom detection algorithmEor this
assessmerand all others in this resear@loose target detection criterion has beemptatblt is
primarily based on the visual analysis of the ‘mensional across and aletrgck sounding
profiles. A successful detection is made if a cluster of outlying soundings in the target vicinity is
observed. For that casthe real time KM solutin providedonly a bathymetricgap (nodata)

right after the target (shadow arealearlyseenin the alongtrack profile. Possible reasons for
this unsuccessful detection are those previously discussedtion 22.

Concerning BDI solutions, a successful detecti@s made for all different fashions. Although

some spuriouproud saundingsare noticedthe solutions over the targetich areabout 1 m

above the surrounding seafloor clearly show its existence. The compression applied to the data
somehow helps to eliminat®ise making the neighboring bottom smoother as it probably is.
The target appearaneghencompressing the data for a mewim 400 sandingsattests the BDI
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