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Geometric Distortions in Side-Scan Sonar
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Abstract—A new procedure is introduced for the estimation
and correction of geometric distortions frequently observed in
side-scan sonar images as a result of motion instabilities of the
sonar towfish. This procedure estimates geometric distortions
from the image itself, without requiring navigational or attitude
measurements. Estimates of the local degree of geometric distor-
tion are obtained by cross-correlating segments of adjacent lines
of the image. A mathematical model for the distortions is de-
rived from the geometry of the problem and is applied to these
estimates to reconstruct the sampling pattern on the seabed,
under the assumption of a planar bottom. The estimated sam-
pling pattern is then used for resampling the image to correct
the geometric distortions. The model parameters may also be
used for calculating approximate estimates of the attitude pa-
rameters of the towfish. A simulation is employed to evaluate the
effectiveness of this technique and examples of its application to
high-resolution side-scan sonar images are provided.

Keywords—Image processing, geometric distortion, side-scan
sonar.

1. INTRODUCTION

E development of diving and submersible technol-

ogy has made the bottom of the sea and other bodies

of water stages for a large variety of enterprises, generat-
ing an increasing need for underwater remote sensing. In
the aquatic environment, sonar provides remote sensing
at ranges far beyond those afforded by optical means, and
has acquired an important role in underwater exploration.
Side-scan sonar provides acoustic imaging of the bottom
at rates of up to several thousand square kilometers a day.
Its wide range of applications includes mapping the seabed
as an aid to the production of nautical charts and for
oceanographic and underwater archeologic research,
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search and location of objects on the bottom, fishery
studies, support for submersible operations, and off-shore
mining and engineering surveys. A review of the history,
principles of operation, and applications of side-scan sonar
can be found in [1].

A. Distortions in Sonographs

Fig. 1 shows a side-scan sonar image, also known as a
sonograph. Such images are often affected by two kinds of
distortions: intensity distortions, which are deviations from
the ideal linear relation between image intensity and
backscattering strength of the materials on the bottom,
and geometric distortions, which correspond to discrepan-
cies between the relative location of features on the
image and their true location on the seabed. Various
specific types of distortions can be identified in each of
these two categories [2]-[4].

Geometric distortions in sonographs are caused by a
number of different sources. One of them, the so-called
slant-range effect, is inherent to side-scan sonar, and is a
consequence of the cross-track coordinate of sonographs
being range to the sonar towfish rather than horizontal
distance on the bottom [5]. Another source of geometric
distortions is variations of the speed of sound in the
water, caused by differences in water temperature, pres-
sure, or salinity. Gradients in the velocity of sound in the
water cause the sound waves to be refracted, a phe-
nomenon known as ray bending [6], [7]. Distortions caused
by changes in the velocity of sound are usually observed
only at longer ranges and are less common in high-
frequency sonographs.

An important source of geometric distortion in sono-
graphs is variations in the trajectory, speed, or orientation
of the towfish. It is this type of geometric distortion that
the techniques presented in this article seek to estimate
and correct. Ideally, the towfish would be towed above the
bottom at a constant speed, on a straight path, and with
the heading always aligned with the trajectory. In practice,
however, the towfish is often subject to motion instabili-
ties. Its speed and course may vary, for instance, as a
result of the effect of wind and sea currents on the
deploying vessel, causing variations in aspect-ratio and
other large-scale geometric distortions in the image. Geo-
metric distortions may also be caused by the action of
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Fig. 1.

Example of a side-scan sonar image, covering an area of 100 X 200 m of a fairly flat stretch of seabed consisting of a

field of boulders with cables laid on the bottom.

Fig. 2. Rotational instabilities of the towfish: pitching and yawing
produce geometric distortions by causing the beams to scan ahead or
back, either simultaneously on both sides, in the case of pitching (top),
or alternately on the port and starboard sides, in the case of yawing
(middle); rolling (bottom) does not produce geometric distortions, since
it only causes the beam to rotate within its own plane.

underwater currents on the towfish itself or by the ship
sway communicated to the towfish through the tow cable.

Motion instabilities may be divided into two types:
translational and rotational. Translational instabilities
correspond to lateral and vertical displacement of the
towfish from the desired straight path, and to variations in
speed. Rotational instabilities are illustrated in Fig. 2.
Pitching and yawing cause geometric distortions, while
rolling may result in intensity distortions in the area
immediately below the towfish and at the maximum range
due to the rotation of vertical sidelobes. If pitching and

yawing are severe enough, the sonar beam may scan
backwards over a previously covered area. Objects in a
backscanned area appear in triplicate on the sonograph:
one image corresponding to the first time they were
scanned, followed by their mirror image reversed in the
along-track direction resulting from backscanning, and,
finally, a third image produced when the beam starts
scanning forward again.'

Marking the points on the seabed plane that corre-
spond to points in the digitized image, we obtain sampling
patterns such as those shown in Fig. 3. Fig. 3(a) depicts
the ideal case where the towfish follows a straight trajec-
tory at a constant speed and with no pitching or yawing.
The scan lines on the bottom are bent forward because
the receiving beam keeps moving ahead with the sonar
during acquisition of each line. However, if the maximum
range of the sonar is much larger than the spacing be-
tween scan lines in the along-track direction, which is
usually the case, then the resulting sampling pattern ap-
proximates a rectangular grid. Fig. 3(b) indicates how the
sampling pattern is distorted when the towfish is subject
to translational and rotational instabilities. In this case, it
may depart considerably from the ideal rectangular grid,
causing geometric distortions in the resulting image. In
areas where the sampling distance is smaller the image
will look “stretched” with respect to areas where the
sampling distance is larger. The image will look skewed
whenever scan lines are shifted in the cross-track direc-
tion.

B. Correction of Geometric Distortions in Sonographs

For about a decade after the invention of side-scan
sonar, the only types of geometric distortions that were
corrected were those caused by variations in ship speed
and by the slant-range effect. More advanced techniques

1 Towfish instabilities do not produce backscanning in the cross-track
direction, since they cannot cause the propagating wavefront to reverse
its course.
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Fig. 3. Top view of sampling patterns on the bottom. Under ideal
conditions (a) the scan lines are slightly curved due to the forward
motion of the towfish, and the sampling distance along each line varies
according to the slant-range effect. When the towfish is subject to
motion instabilities (b) the sampling distance between corresponding
points of successive scan lines varies, producing geometric distortions.
Scan lines may cross, resulting in backscanning.

for correction of geometric distortions became available
with the introduction of digital processing of sonographs.
Paluzzi et al. [8] used existing software developed at the
Jet Propulsion Laboratory of the California Institute of
Technology for processing images from unmanned plane-
tary exploration missions, and adapted it for sonograph
processing. Their system employed navigational data for
correction of large-scale geometric distortions and pro-
duction of sonograph mosaics. That software package was
also used and extended by Luyendyk, Hajic, and Simonett
at the University of California, Santa Barbara [9]. Similar
sonograph-processing systems have since been developed
at the National Mapping Division of the U.S. Geological
Survey, as reported by Chavez in [4], and at France’s
Institut Frangais de Recherche pour I’Exploitation de la
Mer, as reported by Augustin in [10]. Other instances of
digital processing of sonographs that include correction of
geometric distortions are described in [11]-[19].

Accurate correction of geometric distortions caused by
towfish motion instabilities requires knowledge of the
attitude parameters of the towfish during acquisition of
the the image. These are available only in the case of a
few more sophisticated units, equipped with attitude sen-
sors. When attitude measurements are not available, geo-
metric distortions have been corrected by assuming that
the towfish follows the variations in course of the deploy-
ing vessel, which are determined from navigational mea-
surements, and then by resampling the image accordingly.
In this article, we present a new technique for correcting
geometric distortions caused by towfish instabilities that
requires neither navigational nor attitude measurements.

C. Experimental Methods

The sonographs shown in this article were collected
during a survey conducted from the Woods Hole Oceano-
graphic Institution (WHOI) on August 15, 1987. Fig. 4
shows the location of the surveyed area off the island of
Martha’s Vineyard, MA.

The survey was conducted aboard the R. V. Asterias
with a high-resolution 500-kHz Klein model 422S-001E
towfish and a Klein mode! 521 recorder operating at a
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Fig. 4. A survey area was chosen where utility cables were known to be
found on the bottom. Although the technique developed for corecting
geometric distortions does not make any assumptions about or rely in
any way on the presence of such objects in the image, such features
facilitate the perception of geometric distortions and can provide some
visual indication of the effectiveness of this technique in correcting
them.

maximum range of 100 m, the upper limit afforded by that
high-frequency unit. The demodulated signal was recorded
on magnetic tape and was later digitized through a per-
sonal-computer system equipped with a “frame-grabber”
card. The sonar firing rate, the vessel speed, and the
sampling rate were chosen to result in sampling distances
of 20 cm in both the along-track and cross-track directions
(in the absence of motion instabilities). Before digitiza-
tion, the signal was filtered with a low-pass circuit of
appropriate bandwidth, to prevent aliasing. The size of the
digitized images is 512 X 1024 pixels, corresponding to an
area of approximately 100 X 200 m. Though the sea con-
dition during the survey could be described as only mod-
erately rough, the small size of the vessel (46 ft, 20 long
tons loaded displacement) resulted in enough swaying to
generate a significant degree of geometric distortion in
the images. To that was added the effect of fairly strong
undercurrents prevailing in Vineyard Sound.

In Sections II-IV, we carry out the mathematical analy-
sis of the problem and development of the algorithm. The
estimation and correction of geometric distortions in the
sample sonograph of Fig. 1 is presented in Section V. The
reader may want to refer ahead to that section while
progressing through Sections II-1V.

II. MATHEMATICAL ANALYSIS OF THE PROBLEM
A. Assumptions

A digitized sonograph can be viewed as a mapping onto
a monochrome digital image of the backscattering strength
of materials on the seabed. We denote the digital sono-
graph image by s[m, n)], where [m, n] are the coordinates
of the image matrix,? and the backscattering strength of
the seabed by b(x,y), where x and y are part of a

% The square brackets are used to indicate that m and n are discrete
rather than continuous variables.
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rectangular coordinate system (x, y, z) defined in the wa-
ter, as illustrated in Fig. 5.7

In analyzing the geometry of the problem, we make the
following assumptions.

e The bottom is assumed to be planar and horizontal
(corresponding to the plane defined by z = 0). This
assumption is commonly made for the correction of
geometric distortions in sonographs, since in stan-
dard side-scan sonars variations in bottom elevation
are undetermined for lack of information on the
bearing of the returned signals.

o It is assumed that the wavefront propagates through
the water at a constant speed and that ray-bending
does not occur.

e The towfish roll angle is assumed to be zero, since, as
pointed out in Section LA, rolling does not con-
tribute to geometric distortions.

e The towfish is assumed to remain stationary from the
moment a pulse is fired until the return from the
maximum range is received. This implies that the
scan lines defined by the intersection of the beam
pattern axial plane with the seabed plane are approx-
imated by straight lines, as shown in Fig. 6. See [20]
for an analysis that does not rely on this assumption,
and is more suitable to long-range sonars operating
at low firing rates.

e We assume that the sonograph has been processed to
correct the slant-range distortion. This is a straight-
forward operation, assuming a planar bottom. Denot-
ing by 5[/, n] the original image and by hln] the
height of the water column in pixels at the nth line,
we have

s[m,n] =51, n]li- frtaem? 1)

for m=0, +1,+,+ (N, — D and n =0, 1, N,
— 1, where N, is the number of (horizontal) lines in
the slant-range corrected image and N, is the num-
ber of pixels per line on each side. Since the value of
I corresponding to m will in general be noninteger,
this equation assumes the use of an appropriate
technique for interpolating the lines of the original
image at noninteger coordinates.

B. Geometric Framework

Ignoring intensity distortions, the mapping from
backscattering strength on the bottom to points of the
slant-range corrected image can be described by

s[m, n] = b(x, y)lx-x,[m,n]’
y=ym,nl

where x[m,n] and y[m,n] are the coordinates of the
point on the seabed that was sampled to produce the pixel
located at [m,n] in the image. To correct geometric

3 b(x, y) is the backscattering strength for the particular incident angle
at which the wavefront reaches point (x, y).
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Fig. 5. Coordinate systems defined on the seabed and on the sono-
graph. The coordinate system defined on the seabed plane may, in
principle, have any arbitrary orientation. However, it is useful to align
the y direction with the trajectory of the towfish, as shown here, so that
it may be referred to as the along-track direction and x as the cross-track
direction. In the sonograph, the n direction is defined to point up,
coinciding with the direction of scanning, while m is defined to be
positive on the starboard (right) side and negative on the port (left) side
of the image.

Fig. 6. By assuming that the towfish remains stationary between succes-
sive pulse firings, we approximate the scan lines on the bottom by
straight lines. This results in a simpler model for the geometric distor-
tions.

distortions in the sonograph, it is necessary to determine
the inverse mapping [m, n] — (x, y).

The geometry of the problem is depicted in Fig. 7. The
projection of (x,[n], yn], z/[n] onto the line defined by
the intersection of the beam plane and seabed plane
defines the point x[n], y,[n]) that will appear in equa-
tions derived later. The instant at which acquisition of the
sonograph was initiated corresponds to n =0, and thus
([0}, y,101, z/[0D) is the starting point of the towfish tra-
jectory.

C. Sampling Displacements

Our measures of geometric distortion in sonographs are
based on estimates of the differences in the values of
x,[m,n] and ym,n] between sampling points at fixed
values of m from one line of the image to the next. These
differences are denoted by

A,x[m,n] 2x[m,n+1] —x,[m,n]

Aan[mvn] ys[m’n + 1] _ys[m’n]

and are illustrated in Fig. 8(a). We call them the sampling
displacements in the cross-track and along-track direc-
tions, respectively. In the absence of geometric distor-
tions, we have

x[m,n + 1] =x,[m,n]
y[m,n + 1] =y[m,n] + vT;

for all m and n, where v is the speed of the towfish and T;
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Fig. 7. The position of the towfish during acquisition of the nth line of
the sonograph is (x/[n], y/[n], z;[n]. Its orientation is described by the
pitch angle, ¢[n], corresponding to elevation measured with respect to
the horizontal seabed plane, and yaw angle, 8[n], corresponding to
azimuth measured from the y direction towards the port side.
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Fig. 8. Sampling displacements in the original coordinate system (x, y)
(a) and in the auxiliary coordinate system (x’,y’) that follows the
changes in towfish attitude (b).

the sonar firing period. Therefore,
Anxs[m’n] =0, A,,y_\-[m, n] = ‘UTf.

Towfish instabilities cause A, x,[m,n] and A, y[m,n] to
depart from these values, producing geometric distortions.

It is useful to introduce an auxiliary rectangular coordi-
nate system, (x', y'), shown in Fig. 8(b), with the x' axis
located on the line defined by the intersection of the axial
plane of the effective beam with the seabed plane, and
with the y’ axis pointing in the direction of the towfish

heading during acquisition of the nth line. Thus, the axes
of this new coordinate system are rotated with respect to
the original coordinate system by an angle equal to 6[n]
and its origin is translated to point (x,[n], y,[n].

In the auxiliary coordinate system, the sampling dis-
placements are denoted by A, x/[m, n]and A,y.[m,n]. In
Section III, we will consider how these quantities can be
estimated from the image by cross-correlating segments of
adjacent lines.

D. Linear Model for the Sampling Displacements
From Fig. 8 we see that
x,[m,n] =x,[n] + m(cT./2) cos 6[n]
ylm,n] =y,[n] + m(cT,/2)sin 6[n]

(2a)
(2b)
where ¢ is the speed of sound in water and 7, is the
(constant) sampling period used in digitizing the returned
signals. The lines of the digitized image were interpolated
to correct the slant-range distortion, as described in (1).
Therefore, if the sampling points of the resulting image
are plotted on the seabed, they are separated along each
scan line by a constant distance cT,/2.* The first-order
Taylor-series expansion of (2a) and (2b) yields the follow-
ing expressions for the sampling displacements:

A,x[m,n] = Ax,[n] — m(cT,/2)sin 6[n] A6[n]
A,y,[m,n] = Ay [n] + m(cT,/2) cos 6[n] A8[n]
where
Ax,[n] 2 x,[n + 1] = x,[n]
Ay,[n] £ y,[n + 1] = y,[n]
A0[n] & 0[n + 1] — 0[n].

It is straightforward to show that in the (x', y’) coordi-
nate system these equations become

A,x{[m,n] = Ax;[n],
A,y;lm,n] = Ay,[n] + m(cT,/2) Ab[n],

(3a)
(3b)

where Ax)[n] and Ay)[n] correspond to Ax,[n] and
Ay,[n] in the (x’, y') system.

With the linear model of (3a) and (3b), our task is now
reduced to the estimation of three model parameters,
namely Ax,[n], Ay.[n], and A@[n], for each line of the
sonograph, from the estimates of sampling displacements.
The resulting estimates of model parameters will then be
used for estimating the sampling point coordinates for all
points in the image. We will see in Section IV how that
can be accomplished.

Fig. 9 illustrates the overall process of estimating the
sampling point coordinates. First, the height of the water
column is measured in the original sonograph 5[/, n] and
is then used for correcting the slant-range distortion to
produce a new image s[m, n], from which estimates of the
sampling displacements A,x][m,n} and A,y/[m,n] are

“cT, is divided by 2 to account for the two-way travel time of the
sound pulse.
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Original sonograph
3[l,n]

|

Measure height
of water column

Correct slant-
range distortion hr]

(Eq- 1)

s{m,n]

Estimate sampling
displacements
(Section III)

Bzim, ), Baglm, n]

Estimate model
parameters

(Section IV.A)

&2} fn}, &yi[n), Af(n]

|

Estimate attitude
parameters

(Section IV.B)

|

#y[n), 9y(n], 8(n}, d{n)

Estimate sampling
point coordinates
{Section IV.C)

2,[m, n], §[m, ]

Fig. 9. Technique for estimating sampling point coordinates. (See ex-
planation in the text.)

obtained by techniques introduced in Section II1. In order
to reduce the estimation error, the linear model of (3a)
and (3b) is then applied to the estimates of sampling
displacements, yielding estimates of the model parameters
Ax![n], Ay.[n], and A6[n]. As indicated in the figure, it is
possible to use these estimates for estimating in turn the
towfish attitude parameters. Though this is not necessary
for correcting the geometric distortions, it is convenient to
obtain estimates of parameters that describe more directly
the location and orientation of the towfish. From the
estimates of model parameters, we obtain new estimates
of the sampling displacements, which are converted to the
(x, y) coordinate system and added recursively to yield the
final estimates of sampling point coordinates, as we will
see in Section IV.
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The assumption that the backscattering function is
wide-sense stationary may not hold if there are significant
variations in the morphology of the bottom. The assump-
tion of isotropy is valid if there is no systematic orienta-
tion of the features on the bottom in some direction, but
it may not hold in areas containing sand dunes or other
formations shaped by undercurrents. However, the tech-
niques presented here may still be applied in such cases if
the image is divided into areas where the morphology is
uniform enough for the assumptions of wide-sense sta-
tionarity and isotropy to be locally valid.

Based on the assumptions above, in the absence of
geometric distortions the digitized sonograph is in turn
assumed to be a two-dimensional wide-sense stationary
discrete-space sequence with isotropic autocorrelation se-
quence. In that case, the shape of the autocorrelation
sequence of small areas of the image is radially symmetric
and is constant throughout the sonograph. However, when
geometric distortions are present, the shape of the local
autocorrelation sequence varies from one part of the
image to another, reflecting the local degree and orienta-
tion of the geometric distortion. These variations provide
our measures of geometric distortions in sonographs, as
explained in the next sections.

B. Estimation of the Normalized Covariance Sequence

To account for local variations in the mean and stan-
dard deviation of the image intensity, we use a local
normalized covariance sequence rather than the local
correlation sequence. Denoting by u,[m,n] and om, n]
the mean and standard deviation of the image at point
[m, n], the local normalized covariance sequence is de-
fined as

p[Am,An; m,n]

2 E{(s[m,n] — u[m,n])

(s[m + Am,n + An] — p[m + Am,n + An))}

III. MEASURES OF GEOMETRIC DISTORTION IN SONOGRAPHS

A. Assumptions on the Statistical Properties of the Image

Estimating geometric distortions in a songraph from the
image alone requires that certain assumptions be made
about the imaged scene. The basic assumption we make is
that b(x, y), the backscattering function of the seabed
plane, is a two-dimensional wide-sense stationary random
process with isotropic autocorrelation function, i.e., that
the correlation between any two points of the seabed
depends only on the distance between them. Thus, if
R,(Ax, Ay; x,y) denotes the autocorrelation function of
the backscattering function at point (x,y) and at lags
(Ax,Ay), we have

R,(Ax,Ay; x,y) = R(YV(Ax) + (8y)°)

for some one-dimensional function R( ).

/(o[m,nlo[m + Am,n + An])

where E{ } denotes the expected value.®

We estimate p,[Am, An; m, n] through the sample cor-
relation coefficient of a block of pixels centered at [m, n]
with respect to neighboring blocks. In principle, the aver-
aging could be carried out over blocks extending over two
or more lines of the image, but single-line segments are
used because geometric distortions can be expected to
cause greater variation in correlation in the along-track
direction than in the cross-track direction, as a result of
the raster-scan fashion in which the bottom is sampled.
Assume that the line segment extends for M pixels on
each side of the point being considered, as seen in Fig. 10.
Then the local sample mean and standard deviation of the
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Fig. 10. The local normalized covariance sequence p[Am, An; m,n]is
estimated by calculating the sample correlation coeffiecient between line
segments of length (2M + 1) separated by lags Am and An.

image over that segment are
M

[ 2 = 37 1 + k’
plmon) = oy T slm+ ko]
. 1

almrl = |1

M 172
: —ZM(S[m + k’n] - i:":[m’n])z

and the sample normalized covariance sequence is given

by
plAm,An; m,n]
1 M
—-_ + —
ST k};M(S[m k,n] = ,[m,n))

(s[m+ Am + k,n + An]

—bh[m+Am,n + An])]

/(8,[m,n]lé[m + Am,n + An)).

C. Estimation of Sampling Displacements in the
Cross-Track Direction

In lines of the sonograph where the towfish was subject
to lateral displacements (i.e., in the x' direction) the
normalized covariance sequence p[Am,An;m,n] be-
comes skewed in the cross-track direction, and its contour
lines, which would be concentric circles in the absence of
geometric distortions, become elliptical, as shown in Fig.
11(a). The displacement of the maximum point of the
sample sequence pl[Am,An;m,n] at a lag An =1 is
used as an indicator of how much line (n + 1) of the
image was shifted relative to line n at a cross-track
coordinate m, therefore providing an estimate of the
sampling displacement A ,x/[m, n], as shown in Fig. 11(b).
Thus

T,
——arg nAlaxﬁ,[Am,l; m,n].

B xim,nl = =

5 Notice that plAm, An; m,n] is the correlation coefficient between
slm,n) and s[m + Am,n + Anl.
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Fig. 11. Lateral displacements of the towfish cause the local covariance
sequence of the image to become skewed. The displacement of the
maximum point of the sample covariance sequence at a lag An =1
provides the estimate of the sampling displacement in the cross-track
direction, A, x,[m, n].

The (cT,/2) factor is again required for the conversion
from m (image coordinates in pixels) to x’ (distances on
the seabed in meters), and the negative sign is included
because if line (n + 1) of the image seems to be shifted in
one direction with respect to line n, then the sampling
points must have shifted in the opposite direction on the
bottom from one scan to the next. To avoid coarse quanti-
zation of the estimates of sampling displacement, the lines
of the image are upsampled (i.e., their number of samples
is increased through band-limited interpolation) before
the local normalized covariance sequence is computed.

D. Estimation of Sampling Displacements in the
Along-Track Direction

In the along-track direction, distortions are caused by
variations in the towfish speed and by pitching and yaw-
ing, which affect the sampling distance on the bottom by
disturbing the constant pace at which the sonar beam
would ideally move. As a result, the image looks
“stretched” in areas where the sampling distances are
smaller and “compressed” in areas where they are longer.
A similar effect is observed in the shape of the local
autocorrelation sequence of the image, as indicated in
Fig. 12(a). The width of the main peak of the local sample
normalized covariance sequence at Am = 0 reflects the
distortions in the along-track direction by becoming nar-
rower or wider in different areas of the image. In our
algorithm, the width of the main peak is measured through
the correlation lengths L}[m, n]and L;[m, n], which are
defined to be the lags at which 5[0, An; m,n] falls to a
given threshold p,, as illustrated in Fig. 12(b). Thus we
have

5[0, L7 [m,n];m,n] = p,
5[0, =L, [m,nl;m,n] = p,.

This time the columns of the image are upsampled before
the correlation lengths are calculated, to avoid coarse
quantization.

Relating Correlation Lengths to Sampling Displacements:
Obtaining estimates of sampling displacements in the
along-track direction from the local sample normalized
covariance sequence is complicated by the fact that the
width of the main peak of p[Am, An; m, n]is not directly
related to A, y/[m, n], but rather to the sampling distance,

2 /(A xIm,n])? + (A,y[m,n])* (4)

P[m,n]
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Fig. 12. Stretching and compression of the image in the along-track direction are reflected on the shape of the local sample
covariance sequence. The positive- and negative-lag correlation lengths, L}[m,n] and L;[m,n), are measures of the width
of the main peak-of the sequence with respect to a given threshold p,.

(zs[m,n + 1), g[m,n + 1)) \

!

Anzy{m,n)

y1 (z4[m, 0], ys[m, n]) /

T

Fig. 13. Correlation lengths are related to the distance P,[m, n] that
separates corresponding points of adjacent scan-lines (i.e., points with
same range coordinate m).

illustrated in Fig. 13. Thus, to obtain a direct measure of
A, y!Im, n), we first process the image to make A, x;[m, n]
approximately equal to zero. To that end we calculate the
estimates A _x![m, n] as described in the preceding sec-
tion. Then, starting from the bottom of the image, we
compute the average value of A,x;[m,n] for each line
and shift the line above it by the corresponding number of
pixels in the opposite direction. Since the desired shift in
general corresponds to a noninteger number of pixels, it is
accomplished by adding to the Fourier transform of the
line the appropriate phase shift and then taking the
inverse transform. We thus assume that A, x;[m, n] has
been reduced to zero in the resulting image, so that (4)
becomes

P,[m,n] =14,y,[m,n]. %)

Let us consider for now only positive-lags, for the sake
of simplicity. Let L,[m,n] denote the correlation length
of the seabed backscattering function b(x,y) at point
(x,[m, n), yIm, n). Since b(x,y) is assumed to be
isotropic, its correlation length equals L,[m,n] in all
directions. We have seen that L}[m, n] is the number of
pixels that we have to travel from point [m,n] in the
positive n dirction before the local sample covariance
sequence of the image drops to the threshold p,. Simi-
larly, L,[m, n]is the distance the sonar beam has to travel
on the seabed from point (x,[m, n], y,Im, n] before the
local normalized covariance function of b(x,y) falls to
that same threshold. Thus, assuming for now that
L;[m,n]is an integer number of pixels (that is, that the

columns of the image are not upsampled), L,[m, n] equals
the sum of the L;[m, n] next sampling distances P,[m, n]
from point (x,[m, n), y,[m, n)), ie.,

LYlm,n}-1

Lb[m’n] = Z

i=0

P[m,n +i].

(6)

Incidentally, notice that this equation may also be written
as

Ly[m,n} =L} [m,n]P;[m,n]

where P[m,n] represents the average of the L, [m,n]
sampling distances after point [m, n]. Thus, if L,[m,n]is
constant, or at least fairly uniform throughout the sono-
graph, then, as expected, the positive-lag correlation length
at point [m, n] is inversely proportional to the sampling
distance, or, more accurately, to the average of the
L[ m, n] sampling distances immediately after that point.

Now, let L, [m] represent the average value of the
correlation lengths over all lines of the image if it were
not affected by geometric distortions.® In the absence of
motion instabilities the sampling periods equal v7; and
(6) yields

L,[m,n] = vT;L,,[m].

Substituting this expression and (5) into (6) we obtain

L}[m,nl-1

VL dml = L

1Ay [m,n +i]l.  (7)

This is the desired expression relating the correlation
lengths, L;[m,n), to the sampling displacements in the
along-track direction, A, y[m, n].

For convenience, we define

. 18,y/[m, 7]

q[m’n] - vaL,,o[m] . (8)

® Strictly speaking, the average correlation length should be denoted
L,,{1], since the sonar beam paitern causes it to vary with range rather
than with the horizontal distance on the bottom. However, we denote it
by L, [m] for the sake of simplicity, with the conversion from / to m left
implicit. Also, no superscript is used in L,,[m] because it represents the
averages of both L;{m,n} and L;[m,n], which are equal if there is no
geometric distortion.
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Furthermore, we have assumed for simplicity that the
correlation lengths are intergers. However, as previously
mentioned, the columns of the image are upsampled so
that the correlation lengths may be calculated more pre-
cisely, being, in general, noninteger. Equation (7) may be
written in terms of the g[m, n] and modified to accommo-
date noninteger values of L;{m,n] as

(Ly[m,n] = |L;[m,n]))glm,n + | L, [m,n]]]
[L Im,n]l-1
+ glm,n+il=1 (9)
i=0

where |L)[m,n]| denotes L}[m,n] rounded towards
zero. The term outside the sum accounts for the fractional
part of L/[m,n]. Similarly, for the negative-lag correla-
tion lengths, we have

(L [m,n] = |L;[m,n]])glm,n — [ L, [m,n]]]

LLIm,nll-1

+ X

i=0

glm,n —i]=1. (10)

At each cross-track coordinate m, (9) and (10) provide a
set of 2(N, — 1) independent linear equations in the
(N, — 1) unknowns,” glm,n], n = 0,1,2,---, N, — 2. The
least squares solution of this overdetermined system pro-
vides the estimates §[m, n]. This procedure may be inter-
preted as an inverse filtering operation that compensates
for the time-varying averaging implied by (9) and (10).

We now have estimates of the quantities g[m,n] £
|A, y,[m, nll/vT;L,,[m]. In order to obtain the desired
estimates of the sampling displacements A, y.[m, n], it is
necessary to estimate L, [m], i.c., what the correlation
lengths should be in the absence of geometric distortions,
and to remove the absolute value operation.

Correlation Lengths in the Absence of Geometric Distor-
tion: The correlation lengths are affected by the composi-
tion of the seabed in the area scanned to form the
sonograph. In fact, measures similar to the correlation
lengths defined here have been used for the prupose of
classifying different types of geological formations on the
bottom, such as sand dunes, rock outcrops, mud, gravel,
etc. [21]. It is therefore necessary to know the correlation
lengths associated with the different kinds of materials
appearing in a sonograph, if one is to use variations in the
correlation length as a measure of geometric distortion.
The correlation lengths are also affected by the sonar
beam pattern, since the sonograph image is formed by the
convolution of the beam pattern with the backscattering
function of the seabed. The beam pattern becomes wider
at longer ranges, causing a corresponding increase in the
correlation lengths.

To estimate L, [m] we first choose a set .# of lines
from the sonograph where visual inspection does not
indicate geometric distortion, and where the bottom mor-

" There are only (N, — 1) unknowns because we are dealing with
increments between lines of the image, and the number of increments is
one less than the total number of lines, N,.
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phology appears to be fairly uniform, so that the average
correlation length may be a function of m only. On those
lines we assume that A,y/[m,n] = vT}, so that, from 8,
we have gl{m,n] =1/L, [m]. Furthermore, we assume
that L, [m] is the same on the starboard and port sides,
i.e., that L, [—m] = L, [m]. Then the estimate of L, [m]
is obtained as®

N 1
L, [m]= (11)
+
2, L, (dlm.n] + dl=m. )
where N, is the number of lines in .#. In this average the

values of glm, n] from the port and starboard sides are
added to cancel out the effect of any yawing in the
selected lines. At this point it is not possible to compen-
sate for the effect of pitching or variations in speed on
those lines, but this will be done by applying a correction
to the estimates of the model parameters in Section IV.

We now multiply the estimates of g[m, n] by vaL,m[m]
to obtain estimates of the sampling displacements
1A, y;[m, ],

B, y.lm, n]l = vT;L, [m]glm, n].

Detection of Backscanning: Since we have obtained esti-
mates not of the sampling displacements A,y/[m, n], but
of their absolute values, it is necessary to detect areas
where A, y/[m, n] is negative, i.e., areas where backscan-
ning occurs, and multiply the. estimates by —1 in those
areas. One possible way of detecting backscanning is to
look for areas where objects appear in triplicate. A signif-
icant problem with that approach is that it is not always
easy to identify these triple images because each pass is
made from a different viewing angle and may differ con-
siderably from the others.

A more practical alternative is to look for,indications of
backscanning in the estimates |A,y![m, n] themselves. If
we find two neighboring groups of lines of the sonograph
where the value of |A,y/[m, n] is very small on both the
starboard and the port side, it is possible that the area
between these two groups of lines was backscanned as a
result of pitching. Yaw-induced backscanning may have
occurred if the value of IA,, y/Im, n]l along a line of the
sonograph decreases with range until it approaches zero
and then starts to increase again. In both cases, visual
inspection of the suspected area can confirm whether
backscanning actually occurred. In the case of yaw-in-
duced backscanning, since the estimates of sampling dis-
placements are typically very noisy, it was found useful to
fit a third-order polynomial to the curve in order to help
determine the minimum point. A simple rule that yields

8 As previously noted, the average correlation length is actually a
function of / (which represents range) rather than of the horizontal
coordinate m. Therefore, the g[m, n] should be added not for fixed m
but for values of m corresponding to fixed values of /, according to the
slant-range correction at each line. To avoid making the equations more
complex, this modification is again left implicit.
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good results is to decide that backscanning occurred if the
minimum value of the polynomial falls below a threshold
chosen so that the number of false alarms and misses is
approximately the same, as revealed by visual inspection
of the image.

IV. ESTIMATION OF GEOMETRIC DISTORTIONS

In Section IIT we saw how the sampling displacements
A,x[m,n] and A,y/[m,n] are estimated from the sono-
graph. We now consider how from those estimates we may
in turn estimate the parameters Ax,[n], Ay.[n] and A6[n]
of the linear model derived in Section II and given by (3a)
and (3b).

A. Estimation of Model Parameters

For each line of the image the model parameters,
Axg[n], Ay,[n], and A6[n], are estimated from the esti-
mates of sampling displacements, A,x)[m, n] and
_A_E[m,n], on a set of cross-track coordinates .#[n] =
{m,[n], m,[n], - ,my[n]}. These coordinates are chosen
from areas where the assumptions of wide-sense stationar-
ity and isotropy appear to be reasonable. Whenever the
estimates of sampling displacements reveal pronounced
yawing of the towfish it is advisable to choose .#[n] so
that the selected columns always come from the side
towards which the towfish was turning at the time each
line was acquired. In fact, yawing causes the beam to
sweep the bottom faster on the opposite side, which may
result in undersampling and a consequent loss of accuracy
in the estimates of sampling displacements. The side the
towfish was turning towards is assumed to be the side with
the smallest average value of A, y![m, n].

The model parameters are estimated separately for
each line of the sonograph by deterministic least-squares
estimation. This approach may be used in the absence of
information about the statistics of the parameters and
observation noise. Other alternatives based on recursive
stochastic estimation are presented in [20]. The model
used for estimating the parameters is

A,x[m,n] = Ax)[n] + e,[m,n] (12a)
= Ay,[n] + m(cT,/2) Ab[n] + e,[m,n]

(12b)

A,y;[m,n]

which corresponds to (3a) and (3b) with additional terms
e.[lm,n] and e [m, n] that represent the error incurred in
replacing A, x/[m,n] and A,y/[m, n] with their estimates.
From (12a) we see that the least-squares estimate of
Ax,[n]is simply the average value of A, x/[m, n]. In (12b),
we see that K;-y?[m,n] is a linear function of m, with
coefficients Ay;[n] and A6[n). Therfore, the least squares
esnmates of Ay/[n] and A#@[n] are calculated from
A, y![m, n] through linear regression [22]. We thus have
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Ax,[n] = i ]s [n]
S5l = mz[n]Sy[n]d[‘nim[n]Smy[n]
Z\o[n] _ p[n]Smy[n]d[_niSm[n]Sy[n]

where p[n] is the number of observation points in .#{n]
and

Saln]l2 L m

med#k[n)

yY m

medn}

L Axm,n],

m e n]

Y A.y[m,nl,
medn]

Y. mA,ylm,n],
medn]

d[n] £ p[n]S,:[n] - S7[n].

The estimates of yaw angle are now calculated by
cumulatively adding the increment estimates,

S 2[n] £
S,[n] =
S,[n] =

Smyln] &

Go]+ % Fai).

i=0

6[n] =

The initial yaw angle estimate, 6[0], is chosen so that the
average of 6ln] over the entire sonograph be zero. Notice,
however, that the choice of [0] does not affect the
correction of geometric distortions in the image, but only
the orientation of the corrected image as a whole.

Next we obtain estimates of x)[n] and y,[n] in the
(x,y) coordinated system. First, we convert the incre-
ments from the (x',y’) to the (x,y) coordinate system,
through

Ax,[n] = Ax,[n]cos §[n] — Ay.[n]sin 6[n]

Ay, [n] = By][n]cos 6[n] + Ax.[n]sin [n].

In Section III we mentioned that the estimates of model
parameters would have to be corrected to compensate for
the effect of pitching and variations in speed on L, [m].
This is now accomplished by assuming that the average
speed with which the sound beam scanned the bottom
during the acquisition of the sonograph was equal to the
average speed of the towing vessel, v. This assumption
implies that the estimates Ay,[n] are to be multiplied by
the factor

L (N, - 1)va
as g
Y Ay,[n]

n=0

To incorporate this correction into the estimates of model
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Fig. 14. Average value of §[m, n] (rugged line) and estimate of L,,[m]
(smooth line). The effect of the beam pattern is seen clearly in this
curve: it is approxiamtely constant in the near field portion of the beam
and then increases linearly with range in the far field, before collapsing
as a result of sound absorption by the water as the maximum range of
100 m is approached.

parameters, we recalculate them as
Ax'[n] = Ax,[n]cos 6[n] + aAy,[n]sin §[n]
Ay![n] = alAy,[n]cos 6[n] — Ax,[n]sin O[n].

B. Estimation of Attitude Parameters

Having estimated the model parameters, we are now
ready to correct the geometric distortions in the image.
However, before proceeding to describe that operation,
we consider briefly how from the estimates of model
parameters we can obtain estimates of the towfish attitude
parameters themselves. First, the points (x,[n], y,[n]) are
estimated by cumulatively adding the estimates of the
increments Ax [n] and Ay,[n], in the latter case after the
correction described at the end of the preceding section.
Thus

2 = 5,001+ ¥ Exifi]

i=0

n-1 o
$ln] = 3,001 + ¥ aByli]

i=0

with the starting point arbitrarily chosen as the origin of
the coordinate system, i.e., £,[0] = $,[0] = 0.
From Fig. 7 we see that

x,[n] =x;[n] — z;[n]tan ¢[n]sin 6[n] (13a)
y,[nl =y/[n] + z;[n]tan ¢[n]cos 6[n] (13b)

where
z;[n] = h[n] cos [n]. (14)

As previously defined, h[n] is the distance between the
towfish and point (x,[n], y,fn]) and can be measured
directly from the sonograph as the height of the water
column at each line. These equations are all we have to
obtain estimates of x[n], y/[n], zf[n] and ¢[n] from A[n],
z,[n], $,[n], and 0[nf Therefore, it is possible to estimate
only two of the attitude parameters, and the third one has

20 -10 0 10 20 30 40 50 em

Fig. 15. Estimates of the |A, y;[m, n] for the sonograph of Fig. 1. The
ﬂlevel at each point of the image is proportional to the value of
[A,y!/[m, n)l according to the tone scale shown at the bottom. The
variations of the estimates perceived as stripes in the cross-track direc-
tion are probably due to yawing of the towfish.

Fig. 16. Areas where backscanning was detected are shown in black (a).
The lower right-hand corner is enlarged for comparison with the original
sonograph (b). Notice how the algorithm accurately selected the areas
where the cable abruptly changes direction as a result of backscanning.

to be estimated by different means. One solution to this
problem is to assume that the along-track distance be-
tween the towfish and the deploying vessel remains con-
stant during the acquisition of the sonograph. That allows
y;[n] to be estimated from navigational measurements of
the deploymg vessel. If such measurements are not avail-
able, it is still possible to resort to the assumption that the
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The estimated sampling points are plotted in a mesh, illustrating the geometric distortion in the sonograph.

Plotting every point would make the mesh too dense, and so only every fourth line and column are plotted. This plot provides
a picture of how the sonar beam moved across the bottom on the surveyed area, according to our estimates.

towfish moved at a constant speed v, equal to the average
speed of the deploying vessel. If y/[n] is measured, or
assumed to satisfy these approximations, (13a), (13b), and
(14) may be solved for the remaining attitude parameters,
lateral position, xf[n], and pitch angle, ¢[r]. For instance,
using the assumption that the towfish moved at a constant
speed v, i.e., that

$,[n] = noT, (15)
we obtain from (13b) and (14),
~ . on[n] - anf
= —_— . 16
¢ln] = arcsin (h[n]cose[n]) (16)

Finally, from (13a) and (14),
#,[n] = £,[n] + h[n]sin $[n]sin 8[n].

If measured values of y/[n] are not available and the
approximation of (15) is adopted, then variations in tow-
fish speed from the assumed fixed value v affect the
estimates of pitch angle, calculated through (16). There-
fore, this equation should be used only with the clear
understanding that the resulting estimates J)[n] reflect
not only the towfish pitch angle, but also variations in its
speed.

C. Estimation of the Sampling Point Coordinates

Returning now to the problem of correcting the geo-
metric distortions in the sonograph, the next step is to
obtain estimates of the sampling coordinates, x[m, n]
and y,[m,n)], for each point of the imigf, from_the
estimates of distortion parameter, Ax.[n], Ay,, and Ad[n].
Using (3a) and (3b), we have

A,x/[m,n] =Ax)[n]

A,yllm,n] =RAyl[n] + m(cT,/2) A6[n].

These estimates are then converted from the (x’,y’) to
the (x, y) coordinate system through

A, x,[m,n] =&, x![m,n]cos §[n]
—A,y![m,n]sin 6[n]

A,y [m,n] =4, y/[m,n]cos 6[n]
+A, x/[m,n]sin 6[n].

Finally, the estimates of sampling point coordinates are
calculated recursively from the estimates of sampling dis-
placements,

£ m,n + 1] =2,[m,n] + A,x,[m,n]
g[m,n + 1] =$,[m,n] + A,y,[m,n].

The initial estimates, £[m,0] and $[m,0], m =0, +
1+, £ (N, — 1), are calculated from (2a) and (2b), with
x,[0] = y,[0] = 0 and 6[0] = 6[0].

The pixels of the sonograph image are now moved to
positions corresponding to the estimated locations of the
sampling points, and are then interpolated on a rectangu-
lar grid to produce the corrected image. For details of this
operation, see [20].

V. EXAMPLES

Estimates m[m, n]and §[m, n] were calculated from
the sonograph of Fig. 1 as explained in Section III. For
estimation of the sampling displacements, the lines and
columns of the image were upsampled by a factor of 16.
The normalized sample covariance sequence was calcu-
lated over segments 7 pixels long (i.e., M = 3), and the
threshold used in calculating the correlation lengths was
arbitrarily chosen to be p, = 0.5. Fig. 14 shows the aver-
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Fig. 19. Comparison of the lower right corner of the sonograph before
(top) and after (bottom) correction of the geometric distortions reveals
that the cable that appeared pronouncedly jagged as a result of yawing
now presents a slowly varying curvature that is most likely closer to its
true shape, and that the multiple images of rocks in backscanned areas
are correctly replaced by single images.

age value of g[m,n], calculated from 51 lines (out of a
total of 512 lines) that appear to present the least amount
of geometric distortion. Since the effect of the beam
pattern may be expected to vary smoothly, we fitted a

0 =
zy N \\ /’,‘ h’_A»‘ '_‘_--
m) LN
2t '\, S T
~arat
" . . . s . .
0 10 20 30 40 50 60 70

¢
(deg) -

4
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Fig. 20. Estimates of attitude parameters for the sonograph of Fig. 1
with confidence intervals (see explanation in the text). The estimates of
yaw angle clearly contain an oscillatory component which is consistent
with the swaying of the deploying vessel.

fourth-order polynomial to that average as seen in the
figure. This polynomial constituted our estimate of
L, ,[m], which was then multiplied by the §lm, n] on the
port and starboard sides of each line (remembering that
L, [—m]=L,,[mD, to yield the estimates [A,y/[m, n].
No patterns could be perceived visually in the estimates
of A, x/[m,n], but the estimates of |A,y/[m,n] show
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Fig. 21. A second sonograph from our data set, before (top) and after (bottom) correction of geometric distortions. The
improvement is most evident in the upper right-hand corner of the image, where features on the bottom appear
pronouncedly stretched in the original sonograph, but acquire more natural shapes after processing.

stripes in the cross-track direction that alternate between
the port and starboard sides, as seen in Fig. 15. These
stripes indicate that the sampling intervals increased and
decreased periodically, and the fact that these variations
alternate from one side to the other suggests that they
were caused by yawing of the towfish induced by swaying
of the deploying vessel.

Fig. 16(a) shows the areas in the sonograph where
backscanning was detected through the technique dis-
cussed in Section IIL.D. Visual inspection of the original
sonograph reveals that all but 40 lines affected by
backscanning were correctly detected by the algorithm,
while 40 other lines seemingly unaffected were incorrectly
selected. Since the total number of lines is 512, we there-
fore have less than 8% of misses and 8% of false alarms.
By multiplying the estimates |A,y![m,n]l by —1 in the
areas where backscanning was detected we obtained the

estimates of sampling displacements in the along-track
direction, A, y,[m, n].

To estimate the model parameters, we selected every
fourth column from columns number 76 to 475 on the
side with the smallest average sampling displacement. The
number of observations (p[n] = 100 for all n) was limited
by the resulting memory requirements and execution times
of the algorithm. In principle, better results might be
obtained with a greater number of observations. The
estimates of model parameters were used for calculating
the estimates of sampling coordinates through the proce-
dure described in Section IV. A graphic representation of
these estimates is obtained by plotting the estimated
sampling points (£,[m, n], §{m,n]) in a mesh, as in Fig.
17.

By resampling the sonograph according to the estimates
of sampling coordinates, we obtained the corrected image
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Fig. 22. Estimates of attitude parameters for the sonograph of Fig. 21.

shown in Fig. 18. An enlarged detail of the sonograph
before and after correction is shown in Fig. 19. Some
areas of this image appear slightly blurred, as a result of
aliasing during the acquisition of the original sonograph.
That is due to the fact that perfect reconstruction of the
image is not possible in areas where the sampling rate in
the along-track direction is less than the Nyquist rate of
the backscattering function b(x, y), as a result of faster
motion of the sonar beam.

Finally, the estimates of attitude parameters calculated
from the estimates of model parameters through the
procedure described in Section IV.B are shown in Fig. 20.
The 95% confidence intervals shown in the figure should
be considered only as approximate indicators of the mag-
nitude of the estimation error, since their calculation is
complicated by several factors discussed in [20]. Neverthe-
less, these confidence intervals are useful for indicating
relative trends in the evolution of the estimates and in
their relative accuracy with respect to one another. For
instance, they indicate that, because of the accumulation
of the estimation errors of parameter increments, the
estimates of attitude parameters become progressively
less reliable. In other words, the algorithm is more capa-
ble of correcting local geometric distortion than of deter-
mining the absolute location of objects in the image. The
confidence intervals also indicate that the estimates of
yaw angle are more accurate than the estimates of pitch
angle.

A second sonograph from our data set is shown in Fig.

Fig. 23. The image used in the simulation (top) was resampled on an
irregular grid over the outlined area to produce a simulated sonograph
(middle) that was then processed through our algorithm. Inspection of
the corrected image (bottom) reveals considerable reduction of the
simulated geometric distortions.
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Fig. 24. Simulated (solid lines) and estimated (dashed lines) attitude
parameters.
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21, before and after correction of the geometric distor-
tions. The estimates of attitude parameters are shown in
Fig. 22.

VI. ALGORITHM VERIFICATION BASED ON
SIMULATION

Precise evaluation of the results obtained with our
algorithm would require a photographic mosaic or an
extremely detailed bathymetric chart of the surveyed area
for comparison with the corrected images. Alternatively,
the estimates of attitude parameters could be compared
to measurements of their true values obtained with sen-
sors mounted on the towfish. However, sufficiently de-
tailed charts of the surveyed area are not available and
the side-scan sonar employed was a common commercial
unit, not equipped with attitude sensors. We therefore
resorted to a simulation to evaluate the results obtained.

Simulation geometric distortions requires an undis-
torted image of the seabed that can be resampled in an
irregular pattern to simulate the effect of towfish instabili-
ties. Since all the sonographs in our data set present some
degree of geometric distortion, it was necessary to artifi-
cially generate an image on which to perform the simula-
tion. Such an image was obtained from the corrected
sonograph of Fig. 18 after further processing to eliminate
the areas affected by blurring, which would be confused
by the algorithm with stretching due to geometric distor-
tion. The details of this operation are described in [20].
The image was then resampled on an irregular grid to
simulate the production of a sonograph affected by geo-
metric distortions.

Fig. 23 shows the undistorted image and the simulated
sonograph, before and after processing by our algorithm.
Comparison of the shapes of rocks and scours in the three
images shows that the algorithm achieves a significant
reduction of the simulated geometric distortions. As
pointed out before, perfect reconstruction is not possible
in areas where the sampling distance was large enough to
cause aliasing.

Fig. 24 shows the simulated attitude parameters used to
calculate the sampling coordinates for the production of
the simulated sonograph, along with their estimates ob-
tained through our algorithm. The simulated parameters
are Gaussian noise sequences with spectra calculated to
approximate those of the estimates of attitude parameters
previously shown in Fig. 20. Notice that the estimates of
yaw angle are rather accurate, with a maximum estimation
error of only 1.18°. The estimates of lateral displacement
are also considerably accurate, with a maximum error of
28 cm, corresponding to a little more than one pixel in the
digitized image. The estimates of pitch angel are less
accurate, with a maximum error of approximately 11°.
This is explained by the fact that variations in pitch angle
produce less geometric distortion than equal variations in
yaw angle, because the altitude of the towfish above the
seabed is typically only a fraction of the maximum range
of the sonar beam.

267

VII. CONCLUSIONS

The main contribution of this article is a procedure for
the estimation and correction of geometric distortions in
side-scan sonar images without utilizing navigational or
towfish attitude measurements. This procedure may be
applied to any existing digitized sonographs or to analog
sonographs stored on magnetic tape. It is likely to find
wider application in the enhancement of sonographs made
by high-resolution, high-frequency towfish (roughly, those
with operating frequencies of 100 kHz or higher), which
are typically not equipped with attitude sensors and are
more susceptible to motion instabilities, due to their small
size.

In the process of correcting geometric distortions, the
algorithm produces other relevant information that can
prove useful in the interpretation of sonographs. For
instance, it provides a means of detecting lines affected by
backscanning, apparently with relatively low percentages
of false alarms and misses. It also allows reconstruction of
the sampling pattern on the bottom in the form of mesh
plots, and provides approximate estimates of the towfish
attitude parameters.

Visual inspection of the corrected sonographs offers
strong indication that the technique can effectively reduce
the degree of geometric distortion, thus fulfilling its main
goal. Although the simulation carried out in Section VI
does not duplicate all the conditions present in the acqui-
sition of a real sonograph, it does provide some additional
evidence of the efficacy of our algorithm. According to
that simulation, very accurate estimates of the towfish yaw
angle are obtained, as well as fairly accurate estimates of
its horizontal lateral displacement.

Future research on the technique presented in this
article should encompass further evaluation of its accu-
racy, perhaps through more extensive simulations. Defini-
tive evaluation, however, can be accomplished by compar-
ing the estimates of attitude parameters with real mea-
surements obtained through attitude sensors mounted on
a towfish. Another possibility is to acquire sonographs of
areas for which sufficiently detailed bathymetric charts
are available, and then attempt to match points in the
corrected sonographs with points in the chart. Another
issue to be investigated is the feasibility of implementing
the algorithm in real time, so that the corrected image
may be seen on a display in the deploying vessel as the
towfish scans the bottom. Other suggestions for future
research on more specific issues related to the algorithm
are given in [20].
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