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Abstract

Swath multibeam sonar systems (MBSS) are commonly described as being capable of
producing full-bottom coverage (100 % coverage). However, there isfinite dimension to
their multiple narrow beams, and therefore, this places alimit on the minimum target 9ze
that can be successfully detected. Multibeam sonars are being used more frequently to
provide information regarding short wavelength features on the seefloor, and since these
feautures are Imilar isSze or smdler than the beam footprint, their adequate detection is
not always possble. Numerous other issues inherent to the use of multibeams complicate
the successful detection and ddlineation of small scae features, including but not limited
to the changing size of the projected beam footprint tied to water depth, the nature of the
bottom detect dgorith used at nadir or obliques portions of the swath, and the difficulty
of maintaining high data sounding dengties from a moving platiform.

This papers explores the capabilities of two different multibeam sonars to detect short
wavelength features on the seafloor, whose dimens ons approaches that of or are lessthan
the beam spacing in the horizonta dimensions. The survey site was offshore of the
Bamfidd Marine gation, in aregion where an underwater pipeline had recently been
ingaled. Due to the shallow nature of the survey region, severd dives were conducted
using underwater video equipment to record the actua size of the concrete collars for
ground truthing purposes. This alowed for the comparison of the actua target Size with
the results provided from the MBSS, as a means of determining the effectiveness of
target detection of these two system
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Chapter 1: Introduction
Section 1.1: Using multibeam sonar to detect targets in shallow waters

Presently, swath multibeam sonar systems (MBSS) are commonly described as being
capable of producing full-bottom coverage (100 % coverage). However, the use of this
term to describe the capabilities of MBSS to potentid users, can be mideading. Having to
ability to achieve 100% coverage of a survey areathrough planned overlapping swaths, is
phenomenal, however, this does not ensure that dl targets large and smdl, will be
detected. Thisis because multibeam sonars have afinite dimension to their multiple
narrow beams, and therefore, thereis alimit to the minimum spatid resolution thet can
be achieved, and thus a corresponding minimum target size that can be detected by the
sonar (Hughes-Clarke, 1998).

Multibeam sonars are being used more frequently in roles where investigators are
atempting to derive information regarding short wavel ength features on the seafloor, and
there are great demands placed on these systems to succesfully detect these targets. Since
these shorter wavelength targets are Smilar is Sze or smdler than the beam footprint
dimengons of the multibeams systems being used to detect them, their adequate detection
isnot dways possible. Their successful detection is further complicated by numerous
other issues inherent to the use of multibeams, including but not limited to the changing
sze of the projected beam footprint tied to water depth, the nature of the bottom detect
agorith used a nadir or obliques portions of the swath, and the difficulty of maintaining
high data sounding densties from amoving platform (Miller et. d., 1997).

This paper explores the issue of smdl target detection in shallow weaters, using both a
Reson Seabat 8010 and a the Reson Seabat 9001 sonar. The survey site was offshore of
the Bamfidd Marine gation, St. Andrews, NB, in the St. Croix River (Figure 1). This
Ste was chosen because an underwater pipeline had recently been ingtaled offshore of
the Bamfidld Marine Station wharf. The pipdine consgsted of large diameter PV C tubing
that was anchored in place by severa equally spaced concrete collars. The survey
conssted of conducting muliple surveys over the region where the pipeine had been
ingdled.



Figure 1: &. Croix River and Bamfield Marine Station. Arrow delineates area of interest.

While the platic tubing of the pipeline offered very little acoustic impedance contrast,
the concrete collars themsel ves were excellent targets on the seabed Figure 2. In addition,
because of the shdlow nature of the survey region, severd dives were conducted using
underwater video equipment to record the actua size of the concrete collars for ground
truthing purposes. This alowed for the comparison of the actud target Size with the
results provided from the MBSS, as ameans of determining the effectiveness of target
detection of these two systems.

Figure 2: Sun-illuminated bathymetry over pipdine, highlighting concrete collars
positions.



Section 1.2: Background: Why is this investigation important.

Before the advent of swath mapping systems, hydrographers accepted that asingle
beam survey could not provide complete coverage of a survey region, and such surveys
were desgned in a manner to provide the most amount of sounding for a reasonable
period of time. This meant that only those targets, whether they be shipwrecks, or shodls,
that fell within the footprint of the vertical beam echosounder, would be detected. Any
targets located in regions in between where the survey lines were run, were left
undetected. Furthermore, the beam angle for atypica single vertica beam echo- sounder
was on the order of 5-20 °, making the ability to delineste the shape of atarget virtudly
impossible. To overcome the shortcomings, many hydrographic organizations
implemented the use of Sde-scan sonarsto help fill in the gaps between survey lines.

With the advent a swath sonar systems, the ability to achieve 100% bottom coverage
was grestly promoted, even though the meaning of 100% coverage was, and il is
poorly defined (Hughes-Clarke, 1999). Initidly, multibeam systems were deployed with
great success in deep water. Because of the water depths, the ability to resolve small
targets on the seafloor wasn't a consideration, nor was it even possible, given that the
ability to detect targetsis limited by the Sze of the beam footprints. Asthe size of these
footprints are greatly influenced by the tota water depth (generdly 1-10% of water
depth), the ability to detect a5 m or even 25 m target was not of grest importance when
operating in waters onthe order of 1000 m to 3000 m. IHO standards themselves
advocate that when working in waters < 30 m deep, an error of +/- 1 % of water depth
was exceptable in the vertical domain. This error budget done is greeter than the size of a
5-25 meter target, when working in ~3000 m waters.

Asthe capabilities of swath sonars improved, their deployment in shalow water
environments became more common, and we as hydrographers have become more rdiant
on their ability to detect any and al targets, that may pose a potentia hazard to
navigation. However, the use of multibeam sysemsin shalow water specificdly for the
detection of short wavelength features raise quite a number of issues. In shdlow waters,

the tolerance for errorsis much smdler, as shallow water targets represent potential



hazards to the safety of navigation. Multibeam systems in operation in shdlow waters are
potential being pushed beyond the capabilities, and it behooves us as end users to have
better understanding of the practicd limitations with respect to their ability to resolve
gmadl scale features.

There are anumber of factors that influences aMBSS ability to resolve atarget.
However, the most fundamental parameter that needs to be considered when attempting
to resolve atarget of a gpecific Sze, isthe sounding density. Any factor that dtersthe
sounding dengity, will have an effect on the minimum spatial dimensons of a target that
can be reasonably be detected. One of the smplest factors that will dter the sounding
dengty of asurvey, is the beam footprint dimension, and its' depence on beam width and
water depth. The greater the water depth, the greater the footprint size, and the fewer
number of soundings that will be received from the seefloor.

While we arefairly confident that we can successfully detect targets whose physica
dimensions are greater than the beam footprint, targets smaler than the beam footprint
may either, remain hidden to us, or their geometry in the sounding dataset will be
erroneous. Thisis by no means afailure of the MBSS, but highlights the importance of
understanding the minimum spatia resolution of the systlems, and the limitations that this
may place on detecting small scale seefloor features.

Section 1.3: Quantifying the limits on Spatial Resolution of a Sonar

The intent of this paper isto explore the capability of the sonars to detect short
wavelength features on the seafloor whose dimensions gpproaches that or are less then
the beam spacing in the horizontal dimensions. In so doing, we can potential establish the
gpatia resolution achievable with these sonars, in these particular water depths.

When atempting to quantify a sonars ability to resolve fine-scale morphology, there

are two approaches:

- gynthetic modelling of the reponse of the sonar, or,
- conducting repetitive benchmark surveys over terrain of known physical dimension
(rare because it require very detailed knowledge of seafloor morphol ogy)
(Hughes-Clarke, 1998)



The S. Andrews survey, and the ability to conduct several underwater dives over the
pipeline, provided arare and unique opportunity to quantify the spatia resolution
limitations of the two sonars. This was a unique opportunity because this method
involves having detailed knowledge of the true morphology of aregion, information that
israre to have access to, given that most morphologica information derives from remote
sensing techniques. Here we have the opportunity to investigate the ability of these sonars
to detect targets of known size, and compare the fina bathymetric data products with our
knowledge of these targets dimengon. In so doing, we can quantify both the horizonta
and verticd extent of the detected seafloor anomaly, and compare these values with the

target’ s actud dimensions.



Chapter 2: General Principles of Multibeam Sonar Systems

Section 2.1: Overview

Bathymetric swath sonar measure the oblique dant range to the seafloor of distances
beyond thefirg arrival of echos from nadir, by using severa beams oriented both
verticdly and obliquely. Typicaly thesebeamsare 1 ° - 2 ° in both fore-aft and
athwartship directions and are much narrower than the 5-25 ° beams employed by earlier
sngle beam systems. This means that MBSS sonars are very capable of resolving targets
that are much smdler than those detected by narrow vertical beam sonars, yet the
dimensions of target capable of being detected, are limited to those targets equa to or
larger than the beam footprints. As these footprint dimensions are generaly 1-10% of
water depth, the total water depth will have a sgnificant impact of the ability of the sonar
to detect very small seabed targets. (Hughes Clarke et. d., 1998). Those targets whose
physcad dimensons are smdler than the beam footprint may not be adequately resolved.

Multi narrow-beam sonar systens are typicaly based on a cross fan beam geometry
generated by two transducer arrays mounted at right angles to each other either inan L of
T configuration (Figure 3) (de Moustier, 1988). Each array produces abeam which is
narrow in the direction of its short axis, and the intersection of the two resultsin abeam
pattern that is deimited by the narrow widths of these beams (Figure 4).

Figure 3: The orthogond orientation of the Figure 4 : The intersection between
transmit and recelve beam the two transducer arrays of a
patternsin in multibeam multi-beam system
system (Nishimura, 1997) (Grant & Schreiber, 1990)



In practice, these arrays are made up of anumber of identica transducer e ements that
are equally spaced. In the trasmit array, these dement are placed pardle to the ship's
ked and project avertical fan beam, that is narrow in the aong track direction and broad
in the across track (Farr, 1980). The typica beamwidth for atransmit array is1° to 3°in

the along track direction and up to 150° (or more) in the across track direction.

In order to obtain the necessary angular resolution of the non-nadir beams, the receiver
array conssts of a series of hydrophones mounted orthogondly to ship’s directions of
travel. The receiver array generates a series of fan-shaped receiving beamsthat are in
planes pardld to the ship’ s direction of travel, and the system is sendtive to the narrow
rectangular window on the sesfloor that is formed by the intersection of the transmit and

receive beams (Fig. 5). Typicaly, the receive beamwidths are 1° to 3° in the across track

direction, and 20° in the dong track direction in order to accomodate the pitch attitude of

the boat. The large width of the receive beam in the dong-track direction ensuresthat the
receive array will be oriented properly to detected the return Sgnd regardiessisthe
ship’'s motion.

Figure 5: Reaionship of the transmit and receive beams in the Sea Beam Swath
Bathymetry sysem. A) Transmit beam B) Recaive Beams C) Intersection
of the two (Renard & Allenou, 1979).

Because of the finite beam width, the acoustic footprint from an oblique beam
ensonifies an area of the seafloor whose sizeisafunction of the beam angle, and the dant
range distance aong which the acoudtic pulse must travel before interacting with the



sedfloor (Figure 6). The acoudtic Sgnd fluctuates in arandom fashion over the area of
ensonification due the random nature of the scattering of sound off of the seafloor. The
object isto determine the best possible estimate of the true arriva time at the point
corresponding to the boresight of the beam, determined by the specific angle of that
particular beam (Figure 6) (Farr, 1980). This best estimate of time arriva is determined
by the bottom detect dgorithm being employed by the system. The output for each
acoudtic ping, isacoordinate pair for each beam, which provides the depth and the
horizontd distance from the ship dong aline perpendicular to the ships heading, from
which a swath bathymetry map can be generated.

- RECEIvING
- BELM

L—

L+

Figure 6: Recalving beam and subsequent recording of sgnd energy, as afunction of
time.

Most conventiond vertical beam echo sounders determine the travel time of the
acousdtic pulse by detecting the position of the sharp leading edge of the returned echo
(amplitude detection) (Mayer and Hughes-Clarke, 1995). Once this is determined the
two-way travel, and hence depth, can be caculated. This process is much more complex



with a multibeam sonar. In a MBSS, where the angle of incidence for the beams formed
to each side of vertical (nadir) increases, the returned echo loses its sharp leading edge
and the accurate determination of depth via amplitude detection becomes more difficult
(Fgure 7). An dternate solution is to use phase detection, an interferometric principle, as
ameans of determining the range to the seefloor for these oblique beams. In theory, this
isachieved by creeting severd narrow beam bathymetric Sidescan sonarsthat arein
paralel with each other (de Mougtier, 1998). A two row split aperture Sidescan sonar
configuration can be duplicated by a multibeam system by generating two beams pointing
in the same direction through beamforming, and measuring the phase difference between
these these beams over the duration of the return echo envelope. The point at which there
is no phase difference, corresponds to the maximum response axis of the beam, providing
ameasure of the two-way trave time for a known angle (pointing direction) from which
adepth to the seafloor can be determined (Mayer and Hughes-Clarke, 1995). Both
amplitude and phase detection are performed on each beam within the swath, and the
system software salects the best detection method for a given beam and uses thisin
caculating depth. Nadir (near-vertical) depths are primarily caculated based on
amplitude detection, while oblique beam depths are usudly determined through phase
detection methods.

Beam

Axis

Two Way
Travel Time

Figure 7: Nadir and Oblique Return Echo (after de Moudtier, [1998, p.6] ).



Section 2.2: Different Methods of Generating A Series of Beams

Although the design of multibeam transducers varies widdly from manufacturer to
manufacturer, the principles behind their design remains the same. Typicaly, multibeam
sonars use different transducer arrays for generating the transmit and receive beams. The
tranamit array is usualy mounted with its length axis parald to the ked of the ship and
the receive array is mount at right angles to the tranamit array. The objective isto create
beams which are narrow in both the fore-aft and athwartship directions.

However, this design requires the use of alinear array of dements to generate the
required transmit and receive beams. Typically beams are formed broadside to the array
through a process called beamforming. In the case of aflat linear array, through
beamform, only one beam oriented broadside to the array, or nadir, will be formed. In
order to generate the oblique outer beams, beam steering must be gpplied. Thisisa
process of forming a beam a a given angle q from broadside. Thisis achieved by
incrementaly phase-shifting the contribitions of the transducer dement dong the array 0
asto create avirtua array whose face is perpendicular to the desired steering direction
(de Moustier, 1998)

As beams are steered away from broadside, the width of the steered beam increasein
inverse proportion to the steering angle. Thisis because the gperture of the virtud array
shortens asiit is projected onto the plane perpendicular to the steering direction (de
Mousdtier, 1998). Because the beam width of the outer beams formed through beam
geering, are larger than the nadir beam width, their corresponding footprint Sze will aso
be larger. This complicates the detection a small scale festures in the outer portions of the
swath.

However, difficulties associated with beam steering can be avoided by using a series
of elements placed dong a curved array, as opposed to alinear array. Both the Reson
9001 and the Reson 8101 utilize such a configuration. Beams can be formed broadside to
the tangent to the face of the array by using the subset of eements which are closest to
this tangentid point (Figure 8). Thus since dl beams are formed broadside to the tangents
around a curved array, no beam steering is required (except in the outermost portion
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where not enough dements exist) and dl beams will have the same beamwidth. This
configuration has the added advantage of being insengtive to errors in the surface sound
speed at the array face, a vaue that needs to be rigoroudy monitored when gpplying
beam steering principles,

)

I

Beams Steered for % oy |
e \ Beam formed at

outer portion of swath
tangent to array face,
no steering required.

Figure 8: lllugration of the design of a curved array of eementsin amultibeam sonar
(Kammerer, persona communication).

Section 2.3: Description of Reson Seabat Multibeam Sonars

2.3.1 Reson Seabat 8101 Multibeam

The Reson Seabat 8101 multibeam operates at 240 khz, generates 101 beams per ping
and has an angular sector of 150 °. However, the usable angular sector derived from
internal quaity flags generated by the sonar, typicaly islimited 125 ° and 130 °. Inthe
shdlow waters offshore of the Bamfield wharf, the sonar was capable of providing swath
coverage up to 7 x water depth. The maximum ping rate for the 8101 system is 30 pings

per second.

The beam widths in both the fore-&ft direction and the port-starboard direction are 1.5
°, and are of equd angular size regardless of whether they are nadir or outer beams. This
is because the design of the Seabat 8101 utilizes a curved array, and unlike aflat array,
does not require the use of beam steering to generate the non-nadir beams, except in the
outer most beams. The curved array dlows the system to generate beamsthat are
orthogond to the face a al orientations (orthogond to the tangent of the array at any
given point). The 8101 is capable of both amplitude and phase detection methods, for
depth to the seafloor determinations. Typicaly, for the inner beams, amplitude detection

11



method is used, while the outer beams utilize phase detection to determine dant range

disance.

RESON Seabat 8101 (240kH2)

- centre frequency: 240 kHz
- angular sector (deg.) 150°

- sounding per swath: 101

- foresft beam width 15°

- port-stbd beam width 15°

- active roll compensation? No
- active pitch compensation?  No

Figure 9: Attaching the Reson 8101 transducer to poll mount, St. Andrews Hydro Field
Camp (photo courtesy of Dr. D. Wells).

2.3.2 Reson Seabat 9001 Multibeam

The RESON Seabat 9001 is the most widely used high resolution bathymetric sonar on
the market (Hughes-Clarke, 1997). It is designed for short range (<100m) bathymetry and
backscatter imaging. Operating at 455 kHz using beamsthat areonly 1.5° by 1.5° in
Sze, it generates 60 soundings per swath per ping within a90 ° wide sector. It is capable
of generating 15 pings per second.The swath width indicated by the manufacturersis
listed as between 2x to 4 x water depth. . Like the Reson 8101, the beam widths in both
the fore-aft direction and the port-starboard direction are 1.5 °, and are generated by a
curved array aswell. However, unlike the Reson 8101, the 9001 makes use of only the
amplitude detection method for determine the arriva time of the firg return. Thisis
because of the narrower swath width, and the magnitude of the echo return envelope of
even the outer most beams, is sufficient enough to utilize the amplitude detect method.

12



RESON Seabat 9001 (455 kH?2)

- centre frequency: 455 kHz
- angular sector (deg.) 90°

- sounding per swath: 60

- foresft beam width 15°

- port-stbd beam width 15°

- active roll compensation? No
- active pitch compensation?  No

Figure 10: Securing the the Reson 9001 transducer to Mary O vessdl, Burton bridge
Hydro Field Camp (photo courtesy of JV Martinez).
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Chapter 3: Beam Footprint Dimensions

The diiferent beam footprint dimensions of multibeam system are afunction of the
beamwidth, the grazing angle of the transmit beam with the seabed, and the water depth.
The rdationship is summarized asfollows: the smdler the beamwidth, the greater the
grazing angle (closer to nadir), and the shalower the water, the smaller the beam
footprint. These footprint dimensons play afundamenta role in controlling the overal
resolution of a multibeam system. Obvioudy, those beams closer to nadir will be capable
of better resolutions than the outer beams, because of the different beam footprint sizes.

For those system that utilize amplitude detection methods for determining bottom
detection, the minimum spatia resolution can theoretically be calculated based on the
footprint sizes controlled by beam spacing specifications. However, because the beam
footprint Sze is dependent on water depths, such caculations assume aflat seafloor. Such
edimations of minimum spatid dimensions based on the beam footprint dimensions can
only be considered for systems that utilize amplitude detection, because defining an
equivaent beam dimension for a phase detection system is much more difficult (Miller
et. d.1997). Thisis because unlike amplitude detection, phase detection takes many
measurements of the phase difference over the length of the acoudtic return within an
outer beam footprint. The point at which there is no phase difference corresponds to the
maximum response of axis of that beam, and an estimate of arrival time for that beam
pointing direction is provided (de Mougtier, 1998). Since severd measurements of phase
are taken over an individud footprint, it is much more difficult to define ageometric Sze
for each sample taken across the width of an individua footprint.
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Section 3.1: Principles of Calculating the Footprint Size Based on
Beamwidth

The transmit beam is narrow in the dong track direction and broad in the across track
direction in order to ensonify the full angular sector of the swath. In terms of defining the
horizona spatial resolution of aMBSS system, the fore-aft beamwidth of the tranamit

beam will control the aong track dimensions of the beam footprint, and the port-
gtarboard beamwidth will control the across track dimensions of the beamwidth.

Assuming aflat seefloor, the dimension of the fore-aft beam footprint is equa to
twice the dant range distance times the tangent of haf the beamwidth, where the dant
rangeis afunction of the beam angle and water depth.

Beam Footprint Size Along Track = (2 X (SLR(tan(*2x F/A BW)))

For those systemns that use amplitude detection methods, the port-starboard beamwidth
can be used in combination with the water depth and the beam angle (different for nadir
or oblique beams), to determine the dimensions of individua beam footprints across the
width of the swath. This across track beam footprint dimension is equd to the TAN of the
beam angle + Y2 PIS beamwidth minus the TAN of the beam angle — 2 PIS beamwidth,
multiplied times the water depth.

Beam Footprint Size Across= Depth* ((tan(b + % PISBW) - (tan(b - 2PISBW) )
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3.1.1 Determining Along Track Footprint Size

Bow Stern (view of portsde outer beam)

f = beamwidth

Slant Range Length
(SLR)

Z = water depth

b=30°
f=15°
Z=20m

Beem/

Footprint
Size

Figure 11: Cdculating the dimensions of the dong track beam footprint.

Beam Footprint Size in dong track dimenson equas:
BFS = 2* (SLR(TAN(f /2))) wherethe Sant Range (SLR) isaf(n) of beam angle
and water depth
= 2*((Z/COS (b))(TAN (0.75°)))
2* ((20/COS (30 °)( TAN (0.75°)))
2* ((23.094)( TAN (0.75°)))
0.60463433 m

So the beam footprint Sze in the dong track direction for abeam oriented 30 ° from
nadir equals 0.60 m, in 20 m of water.
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3.1.2 Determining Across Track Footprint Size

Port Starboard

f:beamwidth\ bt |
= beam angle

/ (horesite)
Slant Range Length

(SLR)
Z = water depth

- b=30°
Beam / —————————————— f=15°
ootprint Z=%0m

Size

C = across track distance

Figure 12: Cdculating the dimensions of the across track beam footprint.

Beam Footprint Size equas.

BFS = ((TAN(b+(f/2)*2) - (TAN(b-(f/2)*2))
= ((TAN(30.75))* 20) - (TAN (29.25) * 20)
= 11.89875 - 11.200538
= 0.6982119 M

So the beam footprint Size in the across track direction for abeam oriented 30 ° from
nadir equals 0.70 m, in 20 m of water.
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3.1.3 Footprint Dimension Calculations for Both Systems

5m Water Depth 10 m Water Depth 15 m Water Depth
Beam
Angle Along  Across Along  Across Along  Across
___________________ (inmeters) _______(inmeters) ______ (inmeters) _
Limits of Reson 8101
Outer Beam 70 038 x 112 077 x 224 115 x 336
60 026 x 052 052 x 105 079 x 157
S 0__ 020 x 032 04 x 06 06l x 0%
Limits of Reson 9001 40 017 x 022 034 x 045 051 x 067
30 015 x 017 030 x 035 045 x 052
20 014 x 015 028 x 030 042 x 044
10 013 x 013 027 x 027 040 x 040
Nadir Beam 0 0.13 x 0.13 0.26 x 0.26 0.39 x 0.39
10 013 x 013 027 x 027 040 x 040
20 014 x 015 028 x 030 042 x 044
30 015 x 017 030 x 035 045 x 052
Limits of Reson 9001 40 017 x 022 034 x 045 051 x 067
R 020 x 032 041 x 063 061 x 095
60 026 x 052 052 x 105 079 x 157
Outer Beam 70 038 x 112 077 x 224 115 x 336
LimtsofReson8tor ~ -~~~ -~~~ ~~ -~~~ ~~“~“~"~"&~F"~F"~"" """ /"™/"™"/"™"/"//"™""™"/"™"/"™/"/7/"/"/"™"™/°
Approx Swath Width Coverage
Reson 9001(~90°) 10m 20m 30m
Reson 8010(~150°) 37m 75m 112 m
2* (TAN (Angular Sector) x Water Depth
20 m Water Depth 25 m Water Depth 30 m Water Depth
Beam
Angle Along  Across Along  Across Along  Across
(in meters) (in meters) (in meters)
Limits of Reson 8101
OuterBeam™ ~ 70 T 153" x 448~~~ T 191" x 560~ 230" x 6727~
60 105 x 210 131 x 262 157 x 314
50 081 x 127 102 x 158 122 x 190
“Limitsof Reson9001 40 068 x 08 ~ 08 x 1127~ 103 x 134
30 060 x 0.70 076 x 087 091 x 105
20 056 x 059 070 x 0.74 084 x 089
10 053 x 054 066 x 067 080 x 081
Nadir Beam 0 0.52 x 0.52 0.65 x 0.65 0.79 x 0.79
10 053 x 054 066 x 067 080 x 081
20 056 x 059 070 x 0.74 084 x 089
30 060 x 0.70 076 x 087 091 x 105
Limits of Reson 9001 40 068 x 089 08 x 112 103 x 134
____________ 50 081 x 127 102 x 1588 12 x 190
60 105 x 210 131 x 262 157 x 314
Outer Beam 70 153 x 448 191 x 560 230 x 6.72
“LimtsofResongtor — -~ -~~~ ~ ~~ -~~~ ~~“~“~~“~"~F"FF"~F""®=>""®™"~=""™""™"/""™"/""™"™"™>"™7"™=7"
Approx Swath Width Coverage
Reson 9001(~90°) 40m 50 m 60 m
Reson 8010(~150°) 150 m 187 m 225m

2* (TAN (Angular Sector) x Water Depth

Table 1: Beam Footprint dimengons for varying water depths assuming aflat sesfloor.
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Chapter 4. Sounding Density and Target Delineation
Section 4.1: Vessel Parameters that Affect Sounding Density

Determining the location of a potentid target on the seafloor isthe first step in target
detection, however, more importantly is establishing the vertica and horizonta extent of
the target. The knowledge of both vertica and horizonta dimensons, dlows for the
proper assessment of risk potentia that the targets may pose to navigation. The ability to
determine the extent of atarget is controlled by the sounding dengity, and more
gpecificaly, how many individual discrete beams actud interrogated atarget (number of
hits), dlowing it's shgpe to be ddineated. Sounding density isin essence, the number of
discrete data points that interrogate the seafloor. Because a multibeam sonar is physicaly
mounted to the hull of avessd, any parameter that dters the vessdl position, and hence
the location of the swath, can vary the sounding densty.

Section 4.2; Effects of Vessel Motion on Transmit and Receive Beam

For MBSS systems, we derive a measure of the TWTT for nadir and oblique beams
that are narrowly constrained. Each of these narrowly constrained beams are formed by
the product of two planar like beams, the outgoing-transmit beam, and one of the receives
beams. Therefore, in making our TWTT measurement of nadir or obliques beams, any
vessd motion that influences the pogtion of ether the tranamit or receive beams, can
affect the sounding dengity.

Thisis because the multibeam sensor, since it is physicdly atached to the vessd,
experiences dl motions that vessel experiences. Some multibeam systems utilize
sophigticated beam steering configurations to modify the orientation of the tranamit and
receives beamsin red time, in order to minimize this effect. Thisis performed through
activeroll, pitch and yaw compensation, which atempts to maintain a verticaly oriented
swath, that is nearly perpendicuar to the direction of travel. However, neither multibeam
sonars evauated in this paper utilize roll, pitch or yaw compensation, and thus the
orientation and pogition of their respective swaths is sengtive to dl motions experience
by the ves.
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In taking sounding measurements along a swath, there are two component; firs, the
areamust be ensonified by the transmit beam, and secondly, energy from the seafloor
must be reradiated back towards the source and detected by severa narrow receive
beams. Thus, we can discuss how vessal motion effects the orientation of the transmit and
receive beams, seperately.

4.2.1 Effects of Vessel Motion on the Transmit Beam

The most important factor to remember with regards to transmit beam, isthat the
region of seafloor from which atarget can be detected is limited to those portions of the
sedfloor ensonified by transmit beam. Since the MBSS sonar is physical mounted to the
survey vessdl, and in our case, no activeroll, pitch and yaw compensation is applied, any
changes in vesd orientation will affect the transmit beam.

Vess orientation is monitored by measuring the roll, pitch, yaw as well as heave of
the vessdl, and each parameter will have a different affect on transmit beam footprint.
Although these effects are discussed individualy, one must keep in mind thet at any
given time, it istherr cumulative effects thet dter the swath geometry, and hence
influence data sounding dengity.

- Changein Rall & Tranamit:
(Assuming the use of mbss that do not have roll nor pitch stabilization)

Changesin roll with affect the across-track position of the transmit beam. Should the
vess roll sharply to starboard, the transmit beam beneath the vessdl will extend further
to port in the across track dimension than to starboard. The transmit beam is unaffected in
the foresft direction by changesinroll.

Changesin Fitch a Tranamit

Any pitching motion of the vessal will trandate the transmit beam footprint in the
aong track direction. For example, should the vessdl pitch bow down, the transmit beam
beneath the vessdl will shift further towards the stern. In severe pitching conditions, this
can create bands of tightly spaced transmit beams followed by regions where very few
transmit beams have interrogated the seafl oor, generating inter- ping gaps.
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Changesin Yaw a Transmit
Yaw isameasurement of the pointing direction of the vessd. Changesin yaw will
rotate the position of the transmit beam around the vertica axis of the transducer. If the
heading changes dramatically enough between pings, it is possible that the oblique beams
in the outer portion of the swath will contain inter-ping gaps.

Heave
Changesin heave will dter the dtitude of the sensor above the seefloor. As the beam
footprint on the seafloor is dependent on the water depth, changes in heave will ether
enlarge or shrink the size of the tranamit beam footprint on the seafloor depending on the
heave experienced. Thiswill have the effect of increasing or decreasing the total swath

width as the vessd moves up and down.

4.2.2 Receive Beam Issues

Effects of Roll

It isthe geometry of the recelve beams that allow for numerous soundings across a
swath to be determined. While for the case of the transmit beam there is only one beam,
the receive beams differ in that there are numerous beams equad to the total number of
soundings per swath. When avessd ralls, the number of receives beams oriented towards
port and starboard changes. This effect is particularly noticesble in the outer beams where
the swath coverage oscillates from side to side. If avessd rolls to starboard, more
soudings will be detect to port at greater dant ranges than if the vessel experienced no
roll. This pattern will then swing to the port Sde as the vesse returns to an upright
position and then rolls to starboard.

Effects of Pitch and Yaw

The receives beams themselves are commonly quite large in the fore-aft direction to
dlow for changesin pitch and yaw between the tranamit and recelve intervas, but are

very narrow in the across-track direction. Any changesin pitch or yaw of the vessd, will
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have very limited impact on the orientation of the receive beams since they are broad in
the along track direction to accommodate changes in vessd orientation, and the position
of soundings on the seafloor have dready been determined at the time of tranamit. As
mentioned previous, changes in pitch will dter the fore-aft digplacement of beam
footprints, whereas changesin yaw can dter the positions of sounding solutionsin the

outer portions of the swath.

Effects of Heave

As heave will change the dtitude of the sonar wrt to seafloor, there is a noticeable
affect on the receive beams. As the footprint Sze varies as afunction of depth, for fixed
angular sectors, the swath width will increase or decrease in the sonar rises or fdls. This
phenomena can be easly demonstrated by the scenario where a sonar (using a fixed
angular swath) passes over an incised canyon on the seefloor. That system will
experience an increase in the swath width as it passes over this morphological festure,
and a subsequent increase in the beam footprint dimensions. Thisis Smilar to what
would occurred if the vessel where to experience heave that increased the depth of water
benegath the sonar transducer.

4.2.3 Other Factors that Influence Sounding Density
In the dong track direction, the amount of distance travelled between pings, is of great

importance to the overdl data density. The two key factorsthat contral this distance are
the shot repetition rate (ping period) and the vessal speed.

4.2.3.1 Effects of ping period.
Thisisrefered to as the amount of time taken in between success ves measurements of

depths across the swath. The ping period must be greater than or equa to the amount of
time taken for sound to propagate to and from those targets that are the furthest avay
from the sonar. This distance, and hence travel time, will depend on the water depth and
the obliquity of measure of outer most beam. Processing CPU congiderations gpply an
addition congtraint on the ping period for multibeam sonars operating in shdlow waters
(Miller et. d., 1997). Since soundings from across the entire length of the swath cannot
be determined ingtantaneoudy, there is a finite amount of compute time required by the
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sonar processing unit to caculate dl these values. Typicd, this compute time, rather than
the TWTT limits the ping period to between 0.5 and 0.1 seconds. Most modern day
sonars have a compute time of 0.1 s, hence can ping a 10 Hz in shalow waters. (Miller
et. d., 1997)

4.2.3.2 Vessel Speed, and influences of local tidal and current conditions.

The vessdl speed can dso influence the dong track data dengty, insofar that faster
peeds will generate larger gaps between successive swaths than dower speeds. This
affect is compounded by the position/heading of the vessel with respect to any loca
tidal/current phenomena. For example, moving with the current will increase the vessdl’s
relative speed over ground and generate a greater gap between succesive pings than when
the vessd is steaming into the current.
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Chapter 5: Evaluation of Reson Multibeam Systems

Section 5.1; Actual Dimensions of Concrete Blocks

From the dive conducted over the pipdine, we know the physica dimensions of the
concrete blocks. Each block is about 1m (height) x Im (length) x 0.2 m (width). Each
block is seperated from the next block by about 3 m, but their spacing does vary.

Figure 13: Various underwater perspectives of concrete collars being sought.

The following section explores the ability of the two sonars to detect these concrete
blocks. In order to compare the ahilities of the two sonars, only asingle line for each
sonar, collected in a North — South orientation over the pipeline was used. This alowed
targets detected in both nadir and outer beams from both sonars to be examined .

24




Section 5.2: Evaluating the data from the Reson 8101 Multibeam

5.2.1 Vertical and Across Track Extent of Anomalies from Target Strikes

Figure 14: Geosweth editing display of a series of pings collected over the pipeline,
illustrating the vertical relief of the concrete collars.

Figure 14 display the geographic location of 80 swath profiles, stacked one upon the
other, and depicts the vertica extent of the concrete collars on the seafloor. The blue
horizonta linesin the right hand window, are seperated by 1 m, and the concrete collars
in the MBSS dataset appear to be 1m high and gpprozimately 3m meters gpart. In this
view it is difficult to determine the horizontal extent of the targets, particularly in the
aong track dimension. The image on the left illustrates where the soundings displayed
are located, and are superimposed ontop of the sun-illuminated bathymetry for that area

In the nadir region, there are fewer hits per target in comparison to the outer beams.
This may be afunction of the shape and Size of the targets, the orientation of the
ensonification swath, and the interaction of the individua beams with the targets. Recal
from the footprint dimensons table that for 15 m weter, the nadir beams had a dimension
of ~0.4 m aong track x ~ 0.4 m across. Sincein the nadir regions, the beams are literdly
ensonifying the targets from directly above, the width of the targetsis very smal (~ 0.2
m) with respect to the beamwidth in the across track dimension, and fewer beams
actualy interrogate the target (Figure 15).
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Figure 15: The orientation of concrete targets being interrogated by nadir and oblique
beams, illudtrating the relatively larger target Size of a concrete block in the
outer region.

Since the orientation of the swath is perpendicular to the face of the targets, the outer
beams have an easier target to detect. Thisis because the faces of the concrete collars
presents alarger surface for incident energy to be reflected from and more beams will
interact with atarget in the outer range, generating more hits per target then for the nadir
region. The low grazing angle of these outer beams will aso generate shadow zones on
the lee sde of the targets, from which little information about the seafloor will be
acquired (Figure 16).

Figure 16: Diagram depicting the latitude, longitude positions of soundings from Reson
8101, demonstrating the shadow zone created on the lee side of the concrete
targets, aswell asthe limited number of discernible targets in the nadir region.
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Figure 17 displays the target strike posgitions and heights viewed from the south (right

window), as well as the location of soundings displayed (left window) . The target strike
window (right) indicates that the vertical extent of the targetsis on the order of 1 m, and

that the horizontd extent in the across track dimension is less than 0.5 m. However, this

across track dimension and spacing is mideading because of the orientation of the swath

with respect to the target. Since they are perpendicular to each other, the lee Side of the

target is actualy in a shadow zone of the concrete collar, and a return from the seefloor

on the lee Sde of the collarswon't occur until a beam is able to pass overtop of the

concrete collar and interrogate the seafloor beyond the shadow zone. Thiswill distort the

sze of the targetsin the across track direction, making them appear larger than they

actudly are, depending on the grazing angle.
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Figure 17: Location and digtribution of target strikes from Reson 8101 data over

pipdine.

Fgure 17 better illustrates the uneven distribution of target strikes between nadir and

outer regions. Furthermore, the vertical extent of anomalies in the outer region appear

greater than the nadir target stikes. As dl concrete blocks are of the same dimension, this
vaiation in height is an artifact of the multibeam data, and could potentialy be the result
of refraction due to the use of an imperfect sound veocity profile, or it could be
representative of achange in the bottom detection agorithm used by the multibeam

processor, from amplitude to phase detection. In this view, we cannot determine the along

track dimensions of the targets.
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5.2.2 Along Track Extent of Anomalies from Target Strikes

Figure 18 displays the location and distribution of the targets strikes of an inner beam
viewed from west. This orientation depicts the horizontal extent of the target in the along
track direction. This dimension gppears to be on the order of 0.5 m to 1m, and the target
has avertical extent of over 1 m. The square shape of the target iswell defined by the
soundings that interrogated the it.

View from West, vertical linesare 0.5 m apart.
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Figure 18: Didribution of soundingsin the dong track direction, viewed from the west.

5.2.3 Summary of Target Dimensions as Determined from Reson 8101 Data

Ovedl, the number of target strikes in the nadir region is much lower than for the
outer beams. Furthermore, the outer beam target strikes appear greater in height than
target strikes for concrete targets located in nadir region. As these blocks are the same
Sze, ether the sounding solutions from nadir or the soundings from outer beams are not
representative of the true target geometry. Still, one must point out that the detection of
targets less than 1 n? across the entire width of the swath is quite impressive. The
bathymetric data suggests that the targets are between 1 — 2 min height, and have a
length of 0.5—0.75 min the dong track domain. Because of the perpendicular
orientation of the faces of the concrete blocks with respect to the ensonification swath,
the horizonta extent of the targetsin the across track direction is difficult to accurately
determine. The target widths as they appear in the digital eevation modd, are much
larger than their actud width of 0.2 m.Evauating the data from the Reson 9001
Multibeam
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5.2.4 Vertical and Across Track Extent of Anomalies from Target Strikes

Figure 19 below consst of 80 consective pings from the Reson 9001 MBSS over a
portion of the pipeline. The narrower swath width of the Reson 9001 isimmediately
goparent. Furthermore, this diagram highlights the sengtivity of the swath to vess
motion. The effects of pitching, aswell asthe vess roll are visblein the geosweth
editing window (left Side). Extreme pitching motion between pings can cregte inter ping
gaps in the data in the dong track dimensio, as the vessd ralling from Sde to Sde causes
the swath to oscillate from side to Side. The target strikesin the right hand window
indicate thet the vertical extent of the anomay detected by the Reson 9001 is on the order
of 0.5to 1 meter. Figure 20 and Figure 21 better illugtrate the horizontal and vertical
extent of the anomaly in both the across track and along track dimensions
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Figure 19: Geoswath editing window of swath ping locations and the sounding solutions
from a Reson 9001 dataset.
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View from South: Vertical lines 2.5 meters apart.
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Figure 20: Across track distribution and vertica extent of target strikes of Reson 9001.

Vigblein the target strike window of Figure 20, are the concrete targets on the
segfloor seperated by ~ 3m. The vertica extent of the targetesremainsrdaively
consistent between solutions from inner beams and solutions from outer beams. In this
close up view of target strikes, the height of the concrete collarsis between 0.5—1m. In
the nadir region of the swath, fewer sounding hits on the target occured in comparison to
number of hits per target in the outer region of the swath. The was dso observed in the
sounding solutions for the Reson 8101, but is not as pronounced in the Reson 9001 data
because of its narrower swath width.

Figure 21 isadifferent illustration of the vertical extent and horizonta extent of
targets across the entire width of the swath.

View from south: Vertical Lines 2.5 meters apart N

Figure 21: Digtribution of targets strikes across entire width of swath.
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5.2.5 Along Track Extent of Anomalies from Target Strikes

Fgure 22 displays the soundings solutions viewed from the west of the Reson 9001 as
it passes by one of the concrete collars, highlighting the dong track dimensions of the
target. The target appears to have an dong track dimension of 0.75— 1 m, and rises
amogt 1 m above the surrounding sesfloor.

- 43 ko View from West, vertical lines 0.25 meters apart
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Figure 22: The adong track extent of concrete target as determined by Reson 9001.

5.2.6 Summary of Target Dimensions as Determined from Reson 8101 Data

Like the Reson 8101, the Reson 9001 had very few target strikes on the concrete
blocksin the nadir region of the swath. As previoudy illugtrated in Figure 15, thisis
likely the result of the rdatively small target width with repect to nadir beam footprints,
as compared to the relatively large target face that is visible to low grazing outer beams.
However, unlike the Reson 8101, the vertical extent of the strikes across the width of the
swath appear to be consistent (much narrower swath). The sounding solutions indicate
that the targets are between 0.75 - 1 min height, and have alength of 0.75— 1.0 minthe
aong track domain. Like with the Reson 8101, the perpendicular orientation of the faces
of the concrete blocks with respect to the ensonification swath makes the determination
of the horizontal extent of the targetsin the across track direction difficult.
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Chapter 6: Data Presentation
6.1.1 Gridding Bathymetric Data

Given the large volume of data collected by a multibeam sonar, it is not feasble to
graphicdly display al soundings solutionsin the find digital product. Insteed,
bathymetric datais gridded at an appropriate resolution depending on the water depth, to
create adigita terrain modd of the surveyed region. This grid size (resolution) is based
on the average water depth and typicaly is about 10 % of this depth. The basic principle
of gridding bathymetric data, isto take a dataset that has an uneven digtribution in the
density of sounding data points, and generate an orthogond, regularly spaced series of
nodes (Hughes- Clarke, 1998b). These node val ues are determined by an averaging
procedure that takes into account the different influences of inner and outer beam
soundings that fall within a certain radius corresponding to the grid Sze. Once the datais
gridded, the digita terrain modd can be sun-illuminated to the display the seafloor
geomorphology. Gridding is carried out by the UNB — SwathEd multibeam post-
processing software

Figure 23: Sun-lllumination of digita terrain mode over pipeline, gridded at 0.5 m
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Figure 23 illugtrates the varying footprint Szes, and boresite locations of nadir and
outer beams. In the outer beam region, because of their low grazing angle, the distance
between the boresite of neighbouring beams increases. In this representation, the grid size
is0.5 m, and depth dataiis only assigned to those grid nodes that are intersected by the
boresite of a beam, and the area of influence corresponds to the grid size. Thus, if the grid
node sizeis smdler than the beam footprint, the seperation between beams becomes
visible in the outer portions of the swath. The effect is more gpparent for systems that
utilize awide angular sector, like the Reson 8101. The sinuous nature of the outer beam
data points reflects the influence of vessel motion on the orientation of the swath.

Idedlly, the design of a survey will provide a certain amount of swath overlap between
pardld lines. In most cases, this overlap will provide adequate cover in the outer regions
of the swath, preventing this phenomena. However, should it be necessary to produce a
final product using data smilar to that displayed in Figure 23, there are some gridding
options available to usin the OMG swathed suite of tools to minimize such effects.

6.1.2 Effects of Anomalous Sounding Solutions on a Regular Digital Terrain
Model

Although reducing multibeam data into a regularly spaced grid is a common method
used for building digital terrain models, there are some disadvantages to this approach.
Some of these disadvantages are particularly apparent when using such adigita terrain
mode to visudly display the didribution and extent of small scae fegtures. A regularly
gridded digitd terrain modd, is a smoothed surface representation of the true sounding
digtribution, which in itself, may not necessarily represents the true seafloor because of
sounding noise (Hughes-Clarke et. d., 1997). Because building aregular grid is a process
by which severd neighbouring data points become represented by a single node within
the regular grid, devations whose vaues differ greetly from their nearest neighbours are
suppressed by the more dominant eevation vaues. Solitary vaues, like those
representative of sngle strikes off a concrete target, may not be adequately represented in
aregular digita terrain moddl. Even if such data points do influence a grid node vaue,
the resulting geometry in aregular grid can differ greetly from the red world.

33



This problem is gpparent in both Reson datasets as there are very few sounding
solutions that result from inner beams intersecting the concrete collars. Because these
individua grikes are amilar to outliers, their influence on the digital terrain modd is
suppressed, and subquent targets in the nadir region are poorly represented in the
resulting sun-illuminated image. Below are a series of images that illudrate this effect,
the first image depicts the location of al srikes across the width of the swath, and the

second window displays the digitd terrain surface derived from the sounding solutions.
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Figure 24: Soundings and resulting DTM illustrating the smoathing effect of gridding.

— LU - ‘1%
+

Figure 25: Soundings and resulting DTM illudtrating the suppression of devation points
that differ from the dominant values.



Obvioudy, this smoothing of the data will distort the vertica and horizonta extent of
the target geometriesin the digitd terrain model. This makes the accurate determination
of the Sze of smd| scaetargets from aregular DTM, very difficult.

Another option isto generate adigita terrain modd that honours as many eeveation
data points as possible. Instead of generating a three dimensiond surface from aregularly
spaced series of nodes, an gpproximation of the surface for aregion of unevenly
digtributed data can be built usng atriangular irregular network. In this manner every
elevation point will be represented in the digita terrain modd, whether it beasingle
drike from a concrete collars, or an devation value derived from an outlier. While
building a TIN modd may make it eader to discern small scaletargetsinaDTM, it does
have the disadvantage of being more memory intengve. Furthermore, it isamuch noiser
representation of athree dimensona surface, snce al eevation points are honoured,

induding sounding noise and outliers, which aregular DTM would suppress

Figure 26: A TIN modd of the pipeline, highlighting the locations of the concrete collars.
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Chapter 7: Conclusion

The purpose of this paper was to explore the capabilities of two multibeam sonarsin
detecting concrete blocks on the seafloor whose dimensions approached that of beam
footprint.. The reason to conduct such astudy is that multibeam sonars have been
described as being capable of providing 100% coverage. However, there is afinite
dimengon to their multiple narrow beams, and therefore targets may have to be larger
than aminimum spatid dimension before they can be adequatdly resolved. Since
multibeams are being deployed more frequently is shalow waters specificaly for the
detection of short wavelength features, it behooves us as end users to have better
understanding of the practicd limitations with respect to their ability to resolve smdl
scale targets.

There are anumber of factors that influencesaMBSS &hility to resolve atarget. Two
of the most important factors are the physical beam footprint dimensions and the overal
sounding density. Because a multibeam sonar is physically mounted to the hull of a
vessd, any motion experienced by the vessdl, will ater the swath orientation and
subsequently influence sounding dengity.

Overdl, the number of target srikesin the nadir region was much lower than for the
outer beams for both mulitbeam sonars. Thisislikely the result of the rdatively small
width of the concrete collars with respect to nadir beam footprints, as compared to the
relatively large targets (faces of the concrete blocks) that are very visible to the outer
beams.

The targets dimengons as determined from the sounding solutions of the two different
sonars were not dramaticaly different. The Reson 8101 sonar performed such that the
targets could be reasonably described as being 1 — 2 min height, and had alength of 0.5
—0.75 minthe dong track domain. The Reson 9001 provided sounding solutions that
indicated that the targets were between 0.75 - 1 min height, and had alength of 0.75 —

1.0 minthe dong track domain. Because the perpendicular orientation of the concrete
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blocks created shadow zones from which no depth data could be gathered, it was difficult

to accurately determine the target dimensionsin the across direction.

While complete delinegtion of the actud shapes of the concrete targets was not
achieved by either sonar, one must point out that the detection of targets less than 1 7
across the entire width of the swath by both sonars, is quite impressve. In terms of
quantifying the minimum spatiad dimensions of these multibeam sysems, the unique
irregular shapes of the targets makesiit difficult to indicate any vauesfor aminimum
gpatid dimension. One would expect that smal scae targets would be more difficult to
detect in the outer regions of the swath, where beam footprints are larger, then targets that
were located in the nadir regions. In this study, the oppositeistrue. It can be stated that in
the nadir regions, the smdl target width is gpproaching the minimum width of what can
be successfully detected, given the few number of target strikes in the nadir region.
Should these blocks have been any narrower, it is possible that they woud have gone
undetected.
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