Geometric Corrections on Sidescan Sonar Images

based on Bathymetry.

Application with SeaMARC II and Sea Beam Data

PIERRE CERVENKA', CHRISTIAN DE MOUSTIER? and PETER F. LONSDALE
Marine Physical Laboratory, Scripps Institution of Oceanography, University of California, San Diego,

9500 Gilman Drive, La Jolla, CA 92093-0205, U.S.A.
(Received 10 February 1993; Accepted 17 August 1993)

Key words: Bathymetry, Sidescan sonar, Pixel relocation,
Acoustic backscatter image, Seafloor.

Abstract. Acoustic backscatter images of the seafloor obtained
with sidescan sonar systems are displayed most often using a flat
bottom assumption. Whenever this assumption is not valid,
pixels are mapped incorrectly in the image frame, yielding
distorted representations of the seafloor. Here, such distortions
are corrected by using an appropriate representation of the
relief, as measured by the sonar that collected the acoustic
backscatter information. In addition, all spatial filtering opera-
tions required in the pixel relocation process take the sonar
geometry into account. Examples of the process are provided by
data collected in the Northeastern Pacific over Fieberling Guyot
with the SeaMARC II bathymetric sidescan sonar system and
the Sea Beam multibeam echo-sounder. The nearly complete
(90%) Sea Beam bathymetry coverage of the Guyot serves as a
reference to quantify the distortions found in the backscatter
images and to evaluate the accuracy of the corrections per-
formed with SeaMARC II bathymetry. As a byproduct, the
processed SeaMARC II bathymetry and the Sea Beam bathym-
etry adapted to the SeaMARC II sonar geometry exhibit a 35m
mean-square difference over the entire area surveyed.

1. Introduction

In seafloor surveys, classical sidescan sonars derive
their information from the amplitude of echoes
backscattered by the seafloor through a combination
of the roughness of the water-seafloor interface, and
of the geoacoustic properties of the bottom. Rough-
ness is a multi-scale parameter defined with respect to
the wavelength of the transmitted sound, and for
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most sidescan sonar systems, small scale (i.e. sizes of
wavelength order) ranges from millimeters to deci-
meters, whereas large scale corresponds to dimen-
sions from 10 m on up. As a result, large-scale
seafloor features contribute highlights in the echo
amplitude sequence, whereas the micro-roughness
provides textural information in the sidescanned
acoustic image of the seafloor.

In such images, the backscattered amplitudes are
represented by pixels that are displayed as a function
oftime of arrival (slant range) or horizontal range ina
raster format, where each scan line corresponds to one
ping. Typically, pixels are square-shaped and have the
same size throughout the scan line. However, the
projection on the seafloor of the transmitted pulse,
bounded by the sonar beam pattern, dictates that
pixels should have an along-track versus across-track
aspect ratio that increases away from nadir. The cross-
track dimension of a pixel is proportional to the
effective length of the transmitted pulse. It is several
times smaller than its along-track extent which is a
function of the horizontal width of the sonar beam
pattern. Furthermore, the along-track extent of pixels
in the raster image is constrained by the pulse repeti-
tion rate and by the forward speed of the platform.

The anamorphic distortion, introduced by form-
ing the image with pixels of identical size and shape,
is usually compensated to first order by appropriate
duplication of scan lines in the display raster. How-
ever, when going from this relative raster formattoa
representation in geographic coordinates, as re-
quired for example when several tracks are merged
into a mosaic, proper mapping of the echo ampli-
tudes on the plane of the image becomes crucial.

The most common translation from slant ranges
to athwartships horizontal ranges on a map relies



366 CERVENKA ET AL.

on a bottom represented by a horizontal plane
referenced to the altitude of the sonar above the
seafloor. Whenever the actual cross-track profiles of
the seafloor relief differ from ideal flat horizontal
lines, the result is distorted images that are poten-
tially misleading for geomorphological interpreta-
tion. A number of methods have been devised to
alleviate these distortions by modifying the hori-
zontal plane assumption to a sloping plane, or
preferably by using available bathymetry of the
area derived from the same sonar system, e.g.
SeaMARC II (Reed and Hussong, 1989; Stewart,
1989), Sys09 (Sternlicht, 1992) or from a gridded
bathymetry data base (e.g. Sea Beam bathymetry
with SeaMARC I (Lau and Fox, 1991), or Sea Beam
bathymetry with GLORIA (Mitchell, 1991).

In this paper we present an analytical formula-
tion of the mapping translation based on knowl-
edge of the bathymetry in the area imaged, and of
the acoustic radiation pattern of the sonar. The
intent is to model the acoustic backscatter measure-
ment geometry from the perspective of the sonar,
and to use this geometry as a transfer function to
reposition pixels within the image originally
created using a flat horizontal bottom assumption.
This process is only meant to bring pixels as close as
possible to their true geographic position. Except
where this pixel mapping process involves interpo-
lations or compressions, it does not deal with the
magnitude or grey level of pixels as done for exam-
ple in the stochastic backprojection scheme devel-
oped by Stewart (1989).

The method is tested on sidescanned acoustic
images of Fieberling Guyot, a submerged volcano
rising about 4000 m above the surrounding seafloor
in the Northeastern Pacific (32° 5 N, 128°W).
These data were collected with the SeaMARC II
bathymetric sidescan sonar system during a joint
Sea Beam-~SeaMARC 11 survey (de Moustier et al.,
1990). The sloping relief of the Guyot, helps high-
light the distortions caused in the acoustic images
by the flat bottom assumption. Post-processed Sea-
MARC 1I bathymetry and gridded Sea Beam ba-
thymetry of the Guyot are used for the terrain
model. In both cases, the bathymetries have spatial
resolutions that are commensurate with the large-
scale seafloor roughness observed in the image, and
are roughly of the same order of magnitude. The
Sea Beam bathymetry is used here as a reference
because it covers roughly 90% of the Guyot and it is
more accurate than SeaMARC II bathymetry. By
comparing the output of the relocation process
based on this reference bathymetry with that based

on post-processed SeaMARC II bathymetry, we
can obtain a quantitative measure of the perform-
ance of the method using SeaMARC II data alone.
Although this pixel relocation technique has been
developed for the SeaMARC II sonar system, it is
generally applicable to other sidescan sonar sys-
tems provided bathymetric coverage of the area
surveyed is available at an appropriate resolution.
A theoretical description of the pertinent geome-
tries and of the processing method is given in
Section 2. In Section 3, the technique is applied to
SeaMARC II and Sea Beam data. Geological impli-
cations of the results are discussed in Section 4.

2. Theory
2.1. SipEscAN GEOMETRY

The geometry of the problem is depicted in Figure
1 where we define a right angle reference frame with
axes x across-track, y along-track and z depth. The
seafloor is insonified athwartships on either side of
the sonar platform within a wide fan of fixed
azimuthal width (e.g. 2°), whose footprint broadens
with increasing range. The basic problem is to map
the amplitude, g(?), of the echoes backscattered by
the seafloor according to classical geometric projec-
tions. In the slant range representation, the echoes
are simply displayed linearly with time ¢, refer-
enced to the instant the pulse was transmitted.
Assuming a constant sound speed c¢ through the
water column (no refraction), the slant range s(2) is:

s(ty=ct/2. (1

For a sidescanned acoustic image of the seafloor,
data are displayed starting at the first bottom re-
turn, at time ¢,, corresponding to the slant range,
s = h, of the closest distance from the sonar to the
insonified seafloor:

t, = 2hlc. (2)

This representation requires essentially no pro-
cessing and the incoming data stream can be fed
directly into a graphic line-scan recorder, in analog
or digital form, to produce a real-time acoustic
image. Such a display is very useful to monitor data
acquisition, and it is sometimes the only output
available for small sidelooking sonar units. How-
ever, it gives a distorted image of the seafloor.

To overcome this distortion, a model of the
seafloor relief must be assumed. A horizontal plane
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Fig. 1. Geometry of insonification. The beam footprint widens along-track away from nadir, implying that tappered windows of
commensurate width should be used in along-track filtering operations. The coordinate reference frame is given by x across-track, y
along-track and z depth.

is the simplest surface for this purpose, and its
intersection with the assumed vertical plane of the
sidescan acoustic beam is a straight horizontal line.
The distance between this line and the sonar is the
altitude, 4, and the time series g(¢), recorded by the
sonar during one ping, is viewed as the amplitude
of echoes reflected by targets whose abscissa from
nadir, x(t), vary according to the elementary time
law:

=3[ =" ¢=1) O

The horiontal scanning function x(¢) is monotoni-
cally increasing with time so that the grey levels g(¢)
can be mapped isomorphically across-track accord-
ing to g(x). Displacements of pixels between the
slant range and the horizontal range mapping are
most pronounced in the near nadir region where
x(t) varies the fastest (Figure 2).

The time of first bottom return, ¢,, is a critical
parameter in the flat bottom geometry (Eq. 3). It
varies along-track and must be determined for
every ping either by analyzing the sidescan sonar
signal itself, or through extrapolation of measure-

ments made with independent devices (e.g. a 3.5
kHz subbottom profiler, etc.). Even for an ideal flat,
horizontal seafloor, the finite time resolution of the
bottom detection process and the constant sound
speed assumption lead to inaccurate estimations of
the altitude, 4, resulting in a pixel positioning error
Jx. This error decreases with the athwartships dis-
tance, x, as shown by the approximation obtained
by taking the derivative of Eq. (3) with respect to
the first arrival time, #,, and substituting for 4 in
Eq. (2):

oh

6x=—tan6’

4

where 8 is the angle of incidence such that tan
0 = x/h (Figure 3). Eq. (4) is valid provided the
relative position error remains small, i.e. dx<x.
With this condition, Eq. (4) also applies to the more
general cases where the lateral displacement dx is
caused by a depth error = 6k when mapping the
echo from a target area located in the incident
direction 6 (Figure 3).

When data have been displayed according to the
flat bottom assumption, altitude corrections can be
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Fig. 2. Dynamic evolution of the lateral position of the pulse footprint on the seafloor (flat bottom assumption). In this example, the
altitude of the fish is # = 2890 m, and the sound speed is constant, ¢ = 1500 m/s.
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Fig. 3. Effect of seafloor slope on the position of pixels in the image. The x axis lies on the reference horizontal flat bottom. The sonar
platform F is at altitude # above this plane, and depth d below the sea surface. The slant range s to the seafloor, with local slope angle ,
is oriented at an angle # from nadir. The seafloor profile can be locally described in parametric coordinates: w(8).

applied during post-processing of the data. Im-
provements can be obtained by taking into account
the true sound speed profile in the water column,
and by smoothing the sequence of along-track alti-

tudes, 4 (y), over a number of pings. The underlying
assumption is that, from one ping to the next, the
small-scale variations of the altitude are not likely
to be representative of the across-track relief aver-
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aged over the swath width. Hence, the high spatial
frequency components in 4(y) must be removed.
This assumption is predicated on the fact that the
sonar platform is decoupled from the heave motion
of the towing ship. For deeply towed systems, that
are directly attached to the tow cable, the ship’s
heave will contribute significant high-frequency
components in A(y) that must be taken into ac-
count before filtering 2(y). Altitude corrections are
then translations applied on a ping-by-ping basis.
The exact correction involves shifting each pixel
from location x, calculated by using Eq. (3) with the
original altitude 4, to a new position x, deduced
from the same formula but with the filtered and/or
corrected altitude A:

X =[x+ k= R (5)

As a verification, the approximation given in
Eq. (4) is consistent with this equation whenever
|x —x|<|x].

For real-time display applications, it is usually
convenient to represent the data according to a
regular horizontal spatial sequence, with step 4x,
that requires sampling the data with a variable-step
sequence t[i]. From Egs. (1-3), the corresponding
sequence is written:

ti]= [} + QiAx/c)]"? i=0,1,..,n. (6)

The resulting images are much less distorted than
the direct slant range output. However, the method
is based on the assumption that the along-track
relief can be modeled by a ruled surface with
horizontal generating lines. This assumption can be
refined somewhat by modeling the relief with a
ruled surface generated by straight lines whose
slope may vary from one ping to the next. Then, for
each ping the correction can be performed in two
steps: (1) data are displayed on an inclined flat
bottom profile, and (2) the resulting sequence is
projected onto a standard horizontal map plane.

These ‘flat bottom’ methods are quite acceptable
when the relief in the survey area is relatively
smooth and when the slope estimations are well
founded. As a result, large features are displayed at
their correct location in the image. However, when
the cross-track bathymetric profiles cannot be rea-
sonably modeled by straight lines, distortions will
still remain over extended areas.

Moreover, these corrections do not address the
smaller features whose relief happens to be locally
rough. A quantization of this phenomenon can be
evaluated simply by considering a seafloor that is
horizontal on average at the scale of a swath width,

but rougher locally. Such a profile is described by
means of the local bottom slope angles y, refer-
enced to the elevation 6 (Figure 3). The condition:

w<6 (7

is assumed in this example to avoid the ambiguity
problem which is addressed later. The local defor-
mation &(6,y), representing the relative error made
on the length of a small lateral segment Ax,, when
mapped with the idealized straight horizontal line
approximation instead of the actual local slope, is
equal to:

_é)i=tany7
Ax, tanf’

This relative error might not always be very small
compared to unity. This means that, although large
features might be properly located in the images,
the textural information can be incorrectly dis-
played.

In this work, the images of seafloor acoustic
backscatter amplitude are processed by using a
more realistic and accurate seafloor surface model
that takes into account a complete bathymetric
representation of the area surveyed and the geome-
try of the sonar. This is achieved by performing a
sequence of operations, described in greater detail
in subsequent sections, starting with spatial filter-
ing of the bathymetric data and transforming them
to produce a relief model as viewed by the sidescan
sonar. Then, data are processed on a ping-by-ping
basis. The bathymetric profiles filtered across-track
are analyzed to flag geometries responsible for si-
multaneous echoes from different targets. Each
scan line of backscatter amplitude data is re-
arranged from the original array of equidistant
pixels, sampled according to the flat bottom as-
sumption, to a new array that is stretched and
compressed according to the corresponding trans-
formed bathymetric profile. Finally, this new array
is interpolated to rebuild a regularly spaced scan
line. At that point, the resulting relocated sonar
image can be subjected to a variety of standard
image processing techniques and merged with simi-
larly processed adjacent tracks into a mosaic.

e(0,y) = ®)

2.2. PROCESSING PROCEDURE

2.2.1. Bathymetry Conditioning and Filtering

A bathymetry map is normally used to describe the
relief of a given region of the seafloor. In such a
map, the accuracy and the meaning of each datum
are closely related to the tools and techniques used
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to acquire, process and present this information;
the size of the incremental insonified area contrib-
buting to the instantaneous return and the spatial
sampling density are pertinent parameters. How-
ever, for our intended application, the bathymet-
ric data that we use are not meant to produce a
user-oriented description of the relief. Rather,
they are used to provide pertinent information on
how the relief affects the time series of echo arri-
vals and hence their mapping in spatial coordi-
nates.

Depending on the quality of the bathymetry data
available, the first processing step usually consists
of low-pass filtering the data to reduce its noise
content. This is done across-track, using median
filters plus convolutions with conventional tapered
window functions (Hamming, 1973). Moreover,
before entering the relocation algorithm, a careful
data analysis must be performed to convert the
bathymetric map into the relief actually sensed by
the sonar. If the bathymetry data were low-pass
filtered too severely, only large-scale features of the
backscatter amplitude image would be relocated.
Conversely, using smali-scale bathymetry, whose
resolution is far beyond that of the sidescan sonar,
would produce irrelevant and incorrect pattern
changes.

The instantaneous bottom echoes received at the
arrays are backscattered by patches of seafloor that
are each delimited across-track by the projection of
the transmitted pulse on the bottom, and along-
track by the horizontal width of the beam pattern of
the acoustic arrays. The intersection of this beam
pattern with the seafloor is a footprint whose along-
track dimension increases with increasing slant
range. Therefore, a pixel relocation scheme based
on a bathymetry whose resolution is uniform
across-track would not be consistent with the
resolution of the arrays. The location of the corre-
sponding pixels must be derived from a bathymetry
that is convolved along-track with window func-
tions whose length depends on the slant range and
accounts for the horizontal width of the beam as
- well as the uncontrolled angular variations of the
attitude of the fish (Figure 1). Consequently, the
size of the window need not be very accurate, and
the convolutions are not applied along contour
lines defined by strictly constant slant ranges. In-
stead, for convenience they are applied at constant
athwartships distances x, dividing the surveyed
area into smaller portions whose relief is uniform
enough to define an average altitude /. Practically,
we use parabolic tapered window functions whose

length w(x) equals:
w(x) =[x*+ " Q,. 9

©,, expressed in radians, denotes the sum of the
characteristic aperture of the azimuthal fan of the
sonar (e.g. 1/20 radians for SeaMARC II) and an
estimated upper limit on the angular variations due
to the attitude (yaw, pitch ...) of the fish.

2.2.2. Ambiguities

After filtering by convolution with parabolic win-
dows, the reconditioned bathymetric data are
scanned again on a ping-by-ping basis. Individual
profiles are analyzed to detect and flag geometries
responsible for simultaneous echoes arriving from
different parts of the profile. In the following, for
each side the profiles are described by athwartships
sequences of slant ranges {(s,x);}, or depths
{(z,x);}, i=0,1,..,n. It is assumed that these
sequences are properly ordered to follow the bathy-
metric profile, i.e.:

X;=Xx; whenever j>i. 10)

Using the set {(s, x)}, a pair indexed i is part of
an ambiguous portion of the profile if, and only if,
another pair indexed j exists such that:

S—8)G—0=<0 (G=#i). (11)

Relocation of backscatter amplitude data coming
from these areas is rather arbitrary, and the greater
their lateral extent, the more arbitrary the result.
However, depending on the bathymetry input,
simply omitting the associated backscatter data
would yield patchy images or it would remove large
areas from the image.

To cope with these ambiguous areas but still
display all the recorded backscatter data, the ‘am-
biguous’ pairs found in a sampled profile are first
discarded, thus providing monotonic sequences
{(s, x)}. Then, interpolation between the remain-
ing valid adjacent pairs can be applied as de-
scribed in the next section. Interpolation between
the valid boundaries of an ambiguous section of
the profile (e.g. points 4 and B in Figure 4) seems
to be the more natural option where the echoes of
the temporal sequence are monotonically as-
signed to increasing lateral distances. Unfortu-
nately, elementary geometrical considerations
show that ambiguities are more likely to occur
near nadir, a critical region where lateral shifts
usually have the largest amplitude (Figure 2).
Furthermore, there is no way to interpolate the
backscatter amplitude data if nadir is part of the
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Fig. 4. Example of ambiguous area. Points A and B, at slant

ranges s, and sg, respectively, bound a section of the bottom

profile from which multiple synchronous echoes are received
(SA =S5p SSFSSC<SE =SB).

Fig. 5. Ambiguous area starting from nadir. A fictitious bathy-
metric profile includes segment FH. An interpolation scheme is
then applied between point H and the first valid boundary B.

ambiguous area, because one of the valid bounda-
ries is missing.

When an ambiguous area starts from nadir (Fi-
gure 5), we ‘unfold’ the sequence of backscattered
echoes outward, beginning near the origin of the
first bottom return, H (point of the bottom profile
nearest the sonar). This is done automatically, by

simply starting the bathymetric sequence at the
position of the fish, F. This provides a robust
algorithm, because the straight line F'H is now part
of the solution and the first backscatter amplitude
data are always ‘pushed’ away from nadir and
mapped according to the actual first step of interpo-
lation lying between point H and the outward valid
boundary, B.

When the profile is smooth enough, echoes com-
ing from the nadir area contain a superposition of
two segments of images, growing from the ‘nearest’
summit H, toward opposite directions H4 and HB.
There is no way to separate these two embedded
image segments. Here, we have chosen to display at
the correct location the outer portion, HB, that is
contiguous with the remaining part of the image,
although the ghost of the inner part, H4, may be
also perceived.

2.2.3. Pixel Relocation, Interpolation Scheme

The previous step yields complete sequences
{(s, x);} that are montonic and strictly positive,
Le.

XxX;=Xx; and s;>s; whenever j>i. (12)

To tie the backscatter amplitude data to these
sequences, an interpolation scheme is required.
Here, the speed of sound in the water column is still
assumed to be constant, so that ray paths are
straight lines. Every pixel sampled at time, ¢, is
assumed to be representative of a target M, located
at the corresponding slant range s(¢) given by Eq.
(1). Asillustrated in Figure 6, the lateral location x,,
of this pixel is interpolated between the two nearest
elements, M,=(s,x), and M,=(s, x),, of the
bathymetric sequence such that:

5 <85 <$y. (13)

An easy and natural implementation of this
scheme consists in performing linear interpolations
directly in the (x, z) plane (Figure 6), i.e. assuming
straight lines between elements of the {(z, x)} se-
quence. This operation involves finding the ab-
scissa, X, of the intersection, M, between the
segment [M,M,] and the circle of radius s centered
at the fish location F. This requires solving the
quadratic equation:

(s* — Xag) 200 — x) — Xy(2 — zy)

=Xz, —d) — x(z, — d),

in which d is the depth of the sonar. This is equiva-
lent to the method used by Lau and Fox (1991) to

(14)
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—> X

Fig. 6. Geometry of the pixel relocation process in the (x, z)
plane. In the flat bottom assumption, an echo with slant range s,
received by the sonar at altitude / above the bottom, comes
from point N. If the seafloor is not flat, the pixel is relocated to
point M with lateral location x,, derived by linear interpolation
between the two nearest available points M, and M, whose slant
ranges are such that s; < (s= FM) <s,, which is verified
whenever « = /2,

. process SeaMARC I data with Sea Beam bathym-
etry.

However, this interpolation scheme is not al-
ways valid. Eq. (12) implies that angle FM M, is
always greater than angle FA,M,, but Figure 7
shows that whenever angle FM M, is smaller than
n/2, the slant range of any point on the chord M, M;
along the secant |M Af,[ of the circle of radius s,, is
smaller than s,. Consequently, performing the in-
terpolation in the (x, z) plane will necessarily relo-
cate all points with slant range s satisfying Eq. (13)
in the portion JM; M,[ of the original segment. This
will yield a gap over |M,M;] appearing as an arti-
fact in the image. In such a case, the linear interpo-
lation must take place in the (x, s) plane (Figure 8).
This is always possible because the sequence
{(s, x)} is strictly monotonic. The pixel position is
then simply defined by:

(26 — X1)8 + X185, — X8,
8§ — 8 ’

(15)

.xM=

This process amounts to describing the profile
between points M, and M, in the (x, z) plane by

Fig. 7. Limits of the linear interpolation geometry of Figure 6

when « << n/2. The segment |M M, [ corresponds to slant ranges

that are always shorter than s,. This case must be solved in the
(x, s) plane as shown in Figure 8.

S
A

0 X, —>X

Fig. 8. Geometry of the pixel relocation process in the (x, s)
plane used when the angle o defined in Figure 6 is less than 7/2.

means of a portion of ellipse whose equation is:

(x — x)° +(Z —d)? _

R? R? L
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with
(2 — x)R?
2= - > R, = >
Re = x5 = %8y R, (s~ X)) = (5, — 8))°
(s, ~ s)R?

*0 (6 — x1)* = (8, — 81)? (16)
Although processing in the (x, s) plane looks more
convenient because it can be applied in every case
and because the computation of Eq. (15) is easier
than the solution of Eq. (14), these portions of
ellipse introduce a slight ‘wavy’ distortion over
areas where Eq. (14) applies (e.g. a flat bottom).
Hence, Eq. (15) is only used in the few cases for
which it is actually needed, and the profile domain
(x, z) is preferred otherwise.

3. Application to SeaMARC II Data

The theory developed above is applied to data collect-
ed over Fieberling Guyot, where SeaMARC 1I data
were recorded concurrently with Sea Beam bathym-
etry which, combined with additional Sea Beam
bathymetry available from earlier surveys, provided
90% coverage with multibeam bathymetry data.

Fieberling Guyot is a 4 km-high extinct volcano
in the Pacific basin 800 km west of San Diego
(Carsola and Dietz, 1952). Hotspot volcanism built
this feature above sea-level about 20 m.y. ago, as an
island on the flank of the Miocene East Pacific Rise
(Lonsdale, 1991). Its summit was planed off by su-
baerial and littoral erosion, and has subsided so that
its shallowest point is now at a depth of 438 m. The
Sea Beam bathymetry (Figure 9) shows that the side-
slopes below the 650~750 m deep rim of the summit
plain have concave profiles; average gradients de-
cline from 20-30° in the upper kilometer to 7-15° at
depths of 3000-4000 m. The relief of the side-slopes
is complicated by numerous spurs and rows of sec-
ondary cones inferred to have grown along flank rift
zones, by isolated parasitic cones, and by a subma-
rine canyon network which leads down to a sedi-
ment fan on the north side of the Guyot. A thick
sediment apron surrounds the Guyot, in some sec-
tors completely filling the encircling structural moat.
Seismic reflection profiles record sediment thick-
nesses of more than 500 m at the inner part of the
apron, contrasting with the 100-150 m thick pelagic
cover of the abyssal hill terrain beyond its outer
margins. The generally smooth surface of this apron
is interrupted by several sediment-covered satellite
cones (Figure 10).

3.1. SEAMARC II DaTa

The SeaMARC II system is described in detail
elsewhere (e.g. Blackinton, 1986); here we only
recall the parameters pertinent to the processing
described below. This shallow tow, long-range
bathymetric sidescan sonar system outputs images
of seafloor acoustic backscatter amplitude over a
swath 10 km wide, and bathymetry over a swath
whose width is the lesser of 3.4 times the altitude of
the fish above the seafloor, or 10 km. The bathym-
etry is limited to roughly 60° from vertical down by
the onset of the first bottom multiple which, in
most cases, overcomes bottom echoes from the
outer angles and invalidates the corresponding dif-
ferential phase measurements used to derive such
angles. Likewise, the sea surface reflection of the
nadir bottom returns causes similar interferences
in the phase data and, due to the comparatively
large area insonified by the pulse near nadir,
bathymetry is usually not reliable in the central
region bounded by nadir and the surface reflection
multiple. As a result, the bathymetry swath exhibits
a central gap covering roughly * 16° about vertical
for a tow depth of 100 m. The gap decreases with
tow depth.

A similar gap is found in the sidescanned acous-
tic images. Assuming a flat horizontal bottom, for a
given transmitted pulse of length t (e.g. 1 ms for
SeaMARC II), as mentioned above the nadir bot-
tom return comes from a region bounded by the
intersection of a spherical shell, of thickness ¢t/2,
with a plane. This return is inherently ambiguous
because the region spans both sides of vertical and
is much larger than the spatial resolution of the
pulse once it propagates along the bottom interface.
In order to avoid this problem, the first 40 samples
after bottom detection are skipped. Each backscat-
ter amplitude record consists of 984 pixels per side,
sampled according to Eq. (6) which assumes a flat
bottom and a fixed horizontal step (e.g. Ax = 5m).
Therefore the acoustic image is made of two rectan-
gular strips separated by a central gap roughly 400
m wide. The altitude and the depth of the fish are
recorded in an ‘attitude’ file, which contains also
other information such as time stamps and system
engineering parameters.

For SeaMARC II bathymetry, an athwartships
bottom profile is created for each ping as a se-
quence of (z, x) pairs where the depth z and the
lateral distance x have been computed from range
and elevation values given by the sonar. These
profiles are not equally sampled athwartships and,
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Fig. 9. Bathymetry of Fieberling Guyot displayed at 100 m contour intervals showing the track (dashed line) of the SeaMARC II
sidescan survey displayed in Figure 10, and identifying the location (stippled area) of the image segment used to illustrate the results of
the processing techniques presented (Figure 15).

as mentioned above, data are usually not available
over the entire backscatter amplitude image. More-
over, the number of samples (typically 100 pairs
per side) and the z-variations between adjacent
pairs are not representative of the actual accuracy
or reliability of these data. This original bathym-
etry is usually too noisy and must be processed.

In this paper, this processing involves a selection of
valid data points based on confidence criteria, deci-
mation, regridding on a rectangular array, interpo-
lation of nadir values, extrapolation of gaps in the
coverage, and low-pass filtering across-track. In
addition, along-track filtering is performed as de-
scribed in Section 2.2. Figure 11a shows the ba-



GEOMETRIC CORRECTIONS ON SONAR SIDESCAN IMAGES 375

Fig. 10. SeaMARC 1II sidescan mosaic of Fieberling Guyot. Pixels in this image have been relocated based on Sea Beam bathymetry
transformed to reflect the sidescan geometry. Contrast enhancement and image processing techniques applied are described in
Cervenka and de Moustier (1993).

thymetry that is obtained after such processing but that matches the corresponding backscatter ampli-
the areas to be extrapolated are left blank. Naviga- tude raster line.
tion is not taken into account (rectangular format), At Fieberling Guyot, SeaMARC 1I bathymetric

and each horizontal line is an athwartships profile and backscatter amplitude data were collected on



Fig. 10. SeaMARC II sidescan mosaic of Fieberling Guyot. Pixels in this image have been relocated based on
Sea Beam bathymetry transformed to reflect the sidescan geometry. Contrast enhancement and image processing
techniques applied are described in Cervenka and de Moustier (1993).
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Fig. 11. Bathymetry of a segment of the flank of Fieberling Guyot. (a) Processed SeaMARC 11 bathymetry: The display is cropped at the

original outer limits of the data. (b) Sea Beam bathymetry: A rectangular array is built by flying a fictitious but theoretically exact

bathymetric sidescan system over Sea Beam bathymetry gridded with square cells 200 m wide. The color scale bar represents a depth
range of 2000 m.

tracks spaced 10 km apart in a nested pentagonal
pattern, over the upper slopes of the volcano at an
average depth of 2000 m, the mid-slopes at 3500 m,
the basal slopes at 4200 m and the apron at 4300-
4600 m (Figures 9 and 10).

3.2. SEA BEaAM DaAaTA

As nearly complete Sea Beam coverage of Fieber-
ling Guyot was available, the corresponding ba-
thymetry has been used here in the pixel relocation
process. The multibeam geometry of Sea Beam
produces up to 16 pairs of depth and horizontal
distance with beams roughly 2.7° wide, yielding
depth estimates with accuracies of about 10 m rms
(Renard and Allenou, 1979). The original Sea
Beam data have been regridded with square cells
200 m wide. This size is consistent with the lower

limit of the lateral resolution of the system given by
the footprint of each beam at the average maxi-
mum depth (4000 m) in this region. Such a sam-
pling density is also higher than the ultimate
horizontal resolution derived from SeaMARC II
bathymetry because the original real-time se-
quences of (z, x) pairs computed by the system
must be edited on a ping-by-ping basis to retain
only data whose slant ranges increase monotoni-
cally across-track from nadir out (Cervenka and de
Moustier, submitted). This decimation process is
predicated by the sidescan sonar geometry that
cannot resolve echoes arriving simultaneously
from different directions. Hence, in areas with
more than a few hundred meters of relief across the
swath, this edited SeaMARC II bathymetry is
usually sparser and more uneven than the original
real-time sequence.
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Fig. 12. Systematic correction applied on SeaMARC II bathymetric profiles. Correction toward shallower values are counted positive.

In order to apply the gridded Sea Beam bathym-
etry to the pixel relocation process, it must be
transformed to be representative of the relief as
seen by the SeaMARC II sonar arrays. To this end,
it has been convenient to resample the Sea Beam
grid into the SeaMARC 1I format covering the full
image swath whenever possible. This was done by
using the attitude and position of the tow fish to
“fly’ it above the grid and sample a 10-km swath.
The lateral x-spacing was uniform and with 128
points across the swath, the data were oversampled
with regard to their actual information content
(Figure 11b).

3.3. COMPARISON OF BATHYMETRIES

A meaningful comparison between Sea Beam and
SeaMARC 1I bathymetries can only be performed
provided the latter is further corrected to remove
systematic errors. An important step in the process
used to compute SeaMARC I bathymetry involves a
table to convert electrical angles to elevation angles.
This table is built on a statistical basis over an area
assumed to be a horizontal plane. Because of the
large depth differences (over 4000 m) existing in the
survey area, such a table computed on the seafloor at
the base of the Guyot is obviously inappropriate and
is responsible for consistent across-track biases. In an
effort to approach a zero mean difference between

Sea Beam and SeaMARC II bathymetries and still
simulate a correct conversion table, the average
difference profile over the whole Guyot has been
calculated (Figure 12) and subtracted from the Sea-
MARC 1I bathymetry data. Despite its empirical
nature, this method manages to reduce the mean
difference to a few meters. A quantitative estimate of
the relative accuracy of the SeaMARC Il bathymetry
is then given by the mean square difference between
the two processed bathymetries. The result is about
35 m rms over the whole Guyot.

3.4. PixXEL SHIFTS AND IMAGE RECONSTRUCTION

An example of a SeaMARC 1I sidescan image
whose pixels are displayed using a flat bottom
assumption is shown in Figure 13a. This image is
still in a rectangular format, i.e. without corrections
taking into account navigation information. On the
other hand, various image enhancements described
elsewhere (Cervenka and de Moustier, 1993) have
been applied: across- and along-track median fil-
tering, destriping, compensation for systematic
across-track variations due to incorrect time vary-
ing-gain or angle varying gain, and contrast en-
hancement.

The original recorded backscatter amplitude
data have been sampled according to the flat bot-
tom methodology described in Section 2. As a first
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Fig. 13. SeaMARC II backscatter image of a middle slope segment of Fieberling Guyot (Figure 10). The image is contrast enhanced, but

not navigated. The corresponding terrain slopes up on the left side of the track and down on the right side. (a) Pixels displayed with the

original flat bottom assumption; (b) Pixels relocated according to SeaMARC II bathymetry; (c) Pixels relocated with transformed Sea
Beam bathymetry as viewed by SeaMARC II.

step in the pixel relocation process an inversion
from horizontal range to slant range (Eq. (6) and
Eq. (1)) is performed to find the actual mapping of
the original data. Pixels are then relocated and
interpolated according to the methods presented in
Section 2.2.3. The resulting lateral shifts are
smoothed by convolution with a [1/4, 1/2, 1/4]
window, before computing the final grids. Such
low-pass filtering is justified by the finite duration
along which the signal is integrated to determine
the intensity of each pixel. This limits the largest
variations occurring in the pixel relocation and
reduces occasional intense moiré effects that might
occur in areas of the corrected image that were
stretched the most.

To monitor the effects of the terrain model in the
pixel relocation process, a mapping of the pixel
migrations is stored with the same format as that
used for the backscatter amplitude data. Figure 14
presents a comparison of pixel migration results
obtained for a single swath (Figure 13) with edited

SeaMARC II bathymetry (Figure 14a) or with Sea
Beam bathymetry transformed to SeaMarc II char-
acteristics as described above (Figure 14b). The
difference between these two mapping functions is
shown in Figure 14c, indicating that most of the
discrepancies are found in the near nadir area
where large variations are more likely to occur as
predicted by Eq. (4). As expected, discrepancies are
also noticeable in the outer parts of the swath where
SeaMARC II bathymetry is not available and
where a linear horizontal extrapolation from the
last valid sample has been applied.

Once the corrected horizontal locations of the
recorded data have been assigned, the image is
rebuilt with equi-spaced pixels. This is done by
projecting the relocated values onto the original grid
using linear interpolations. Relocated data that are
compressed within a smaller interval than the ele-
mentary step are replaced by their average. Pixels
moved outside of the outer limits are discarded. In
principle, pixels that have been migrated towards
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Fig. 13. SeaMARC II backscatter image of a middle slope segment of Fieberling Guyot (Figure 10). The image is
contrast enhanced, but not navigated. The corresponding terrain slopes up on the left side of the track and down
on the right side. (a) Pixels displayed with the original flat bottom assumption; (b) Pixels relocated according to
SeaMARC II bathymetry; (c) Pixels relocated with transformed Sea Beam bathymetry as viewed by SeaMARC 1.
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the central gap can be retained. However, we have
chosen to crop the images at nadir to prevent pixels
from migrating from one side to the other so as to
maintain independence of the two sides of the
image that represent different acoustic frequencies
(11 kHz on port and 12 kHz on starboard).

The effect of the complete pixel relocation pro-
cess is displayed in Figure 13b for SeaMARC 11
bathymetry and in Figure 13c for transformed Sea
Beam bathymetry. As described above, the most
noticeable changes are found in the central region
of the swath where artifacts seen in Figure 13a have
been eliminated in Figure 13c, but some artifacts
remain in Figure 13b. Likewise, the effect of
straight line extrapolation of the SeaMARC 1I ba-
thymetry, from the last valid sample to the edge of
the swath, is well illustrated by the difference in
location of features on the outer left side of the
swath. Figure 13c is based on the more reliable Sea
Beam bathymetry and therefore closer to the true
mapping than Figure 13b. This can be verified by
merging the backscatter amplitude data with navi-
gation data and by scaling the corresponding raster
displays to match the contoured gridded Sea Beam
bathymetry as was done in Figure 15.

"The navigated backscatter amplitude image (e.g.
Figure 15b) can be integrated into a complete
mosaic of the survey (Figure 10). Because we have
kept the same format for the backscatter amplitude
image and for the transformed Sea Beam bathym-
etry, a similar navigation and scaling process is
applied to the bathymetry and the two data sets are
co-registered. It is then a simple matter to overlay
them and/or to produce perspective views with the
backscatter amplitude data draped over the relief
(Figure 16).

4. Implication for Geological Interpretation

The salient features of the sidescan mosaic of the
whole Guyot (Figure 10) are: (1) low reflectivity of
most of the gently sloping summit plain, except for
some central rocky areas and a linear target that
parallels the rim and is interpreted as a former sea
cliff, (2) a complex pattern of high and low reflec-
tivity on the volcano’s side slopes; (3) wavy concen-
tric bands of high reflectivity on thick slope-foot
sediment lenses which have hummocky surfaces
because of progressive slumping; (4) the low reflecti-
vity of most of the surrounding sediment plain,
except where it is interrupted by satellite volcanic

cones; (5) the lineated north-south pattern of thinly

sedimented abyssal hills beyond the sediment plain,
seen at the western and eastern margins of Figure 10.
Our procedure for pixel relocation is of greatest
benefit to the geological interpreter on the steep
side slopes. Comparison of ‘before’ and ‘after’ images
of part of this terrain (Figure 15a, b) shows gapsin the
nearfield on the uphill side where ambiguities, of the
type illustrated in Figure 5, exist and have been
removed. Artifacts appearing as mirror images near
nadir on either side of the track have been properly
eliminated, retaining only the primary component.
Evidence of feature migration through the relocation
process is best illustrated by the easily identifiable
sattelite cones that have been shifted several hundred
meters, and match their bathymetric expression (Fi-
gure 15c). Without knowledge of the bathymetry
provided by Sea Beam, the cone lying in the center of
the image could not have been detected in Figure 1 5a,
but it was well revealed through the relocation pro-
cess. Overall, there has been general removal of
extraneous and misleading information contained in
Figure 15a. In addition, correct positioning of the
backscatter amplitude pixels allows them to be accu-
rately registered with the bathymetry, which in turn
allows the effect of local relief on backscatter ampli-
tude to be recognized, and distinguished from the
effects of varying composition. For example, the
lightly shaded areas of Figure 15 have low backscat-
ter either because they are slope facets inclined away
from the sonar, as on the backsides of several para-
sitic cones on the upslope (left) half of the image, or
because they have been smoothed with relatively
low-reflectivity sediment, as on the talus ramps.

Conclusion

We have shown that several factors must be consid-
ered carefully when relocating the pixels in a side-
scanned acoustic image of the seafloor by changing
the relief representation from the conventional
ruled surface with horizontal generating lines at the
altitude of the sonar platform, to a more accurate
bathymetric surface. (1) The bathymetry must be
transformed to reflect the sidescan sonar geometry
that constrains slant ranges to increase monotoni-
cally athwartships from the first bottom arrival
(specular direction), and that produces a beam
footprint whose along-track extent widens away
from nadir. (2) The spatial resolution or scale of the
bathymetry must be commensurate with the gen-
eral spatial resolution of the image and thus it may
not be uniform across-track. Of course, regardless
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of scale, the more accurate the bathymetry the better,
and we have preferred the Sea Beam bathymetry over
that produced by SeaMARC II because of its greater
reliability and more complete coverage of the Guyot.
Horizontal differences of several hundred meters
were found between the relocation resulting from
SeaMARC 11 bathymetry and those obtained using
transformed Sea Beam bathymetry.. (3) Geometric
corrections are usually done in the athwartships (x, z)
plane, however it is sometimes necessary to work in
the (x, ) plane to avoid creating unwarranted gaps in
the image.

Aside from positioning image features at their
correct geographic coordinates, an important benefit
of the relocation process is removal from the image of
most of the extraneous and misleading information,
such as ghost features or ambiguous areas. In addition,
the backscatter amplitude data and the bathymetry
are fully registered at the end of the process and it is
relatively straightforward to display pseudo-3D per-
spective views of the backscatter amplitude data.
With the newer bathymetric sidescan sonar systems
that retain the complex waveform for the echoes
received, this co-registration is directly obtainable (de
Moustier ef al., 1991) and integrated bathymetry and
acoustic imaging should alleviate the need for much of
the post-processing efforts required here. Also, recent
advances in multibeam swath bathymetric sonar sys-
tems have resulted in the real-time output by these
systems of geometrically correct acoustic images of the
seafloor (Hammerstad et al., 1991; de Moustier, 1993)
in addition to high-resolution bathymetry (rms error
of less than 0.35% of water depth) over swaths up to
150° wide. Consequently, for such systems, post-
processing efforts will be concentrated on navigation
and image processing issues.
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