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Abstract

In this work, we quantify the relationship between
synthetic-aperture length (or equivalently, along-track res-
olution) and seabed segmentation performance experimen-
tally for real synthetic aperture sonar (SAS) imagery. The
seabed segmentation algorithm employed uses wavelet-
based features, spectral clustering, and a variational
Bayesian Gaussian mixture model. It is observed that for
this approach, the correct seabed segmentation rate drops
approximately ten percentage points for each halving of the
along-track resolution between 3 cm and 96 cm. Moreover,
changing the along-track resolution has the most significant
effect on rocky seabeds.

1. Introduction

Synthetic aperture sonar (SAS) can provide high-
resolution imaging of underwater environments by simulat-
ing a (synthetic) aperture that is longer than the real physical
aperture of the array. In theory, the along-track resolution
of a SAS image is determined solely by the dimensions of
the transducers in the array [1]. That is, high along-track
resolution imaging can be achieved that is independent of
wavelength and range.

In practice, the main limiting factor for successful SAS
image processing is undesired motion (i.e., surge, sway,
heave, roll, pitch, and yaw) of the sonar platform and envi-
ronmental conditions (e.g., bottom type, sound-speed vari-
ations) [2]. The quality of a SAS image degrades when ac-
cumulated motion errors cannot be corrected for. Further-
more, the longer the synthetic-aperture length that is used in
the processing, the more opportunities there are for motion
errors to accumulate to an excessive level. Processing that
uses a short synthetic-aperture length will limit the accumu-
lated motion errors. However, the tradeoff for this increased
robustness is decreased image resolution.

If a SAS image is processed with an excessively
long synthetic-aperture for the amount of platform motion
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present during the data collection, the quality of the result-
ing SAS image will degrade and appear defocused. There-
fore, when significant platform motion is present, a shorter
synthetic-aperture length should be employed in the pro-
cessing in order to create imagery that is not characterized
by motion artifacts. Although the nominal resolution of the
resulting image will be lower, the quality of the image (and
true achieved resolution) can be better. An example of this
scenario is shown in Fig. 1.
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Figure 1. SAS images of the same area of
seabed that result from processing at differ-
ent (nominal) along-track resolutions. The
images are defocused because of significant
undesired platform motion, so decreasing
the synthetic-aperture length improves the
image quality.
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One study [3] used synthetic data to investigate the
performance of a target detection and classification algo-
rithm as a function of image resolution (when along-track
and across-track resolution were kept equal). However,
the manner in which along-track resolution (or equiva-
lently, synthetic-aperture length) affects attempts at per-
forming seabed segmentation has never before been investi-
gated. This work attempts to determine the impact of using
a shorter synthetic-aperture (or equivalently, lower along-
track resolution) for SAS image processing, in the context
of seabed segmentation. Specifically, we seek to quantify
the impact of synthetic-aperture length on seabed segmen-
tation by using real, measured sonar data.

The remainder of this paper is organized in the follow-
ing manner. Sec. 2 briefly describes the process by which
lower-resolution SAS images are produced from a high-
resolution SAS image. Sec. 3 briefly describes the unsu-
pervised seabed segmentation algorithm employed in the
study. Sec. 4 shows experimental results, on real SAS im-
ages, of the effects of different along-track resolutions on
seabed segmentation performance. Sec. 5 contains an ex-
tensive discussion of the experimental results, and also the
ways in which they can be exploited in practice. Conclud-
ing comments and directions for future work are given in
Sec. 6.

2. Synthetic Aperture Sonar Processing

Synthetic aperture sonar (SAS) processing is the process
by which acoustic returns received by hydrophones are con-
verted into sonar imagery. For a sufficiently high pulse
repetition rate, the area of seabed insonified by consecu-
tive sonar pings will overlap. The reconstructed image of a
point on the seabed will then be the coherent summation of
returns over an integration angle of 3, which is equal to the
beamwidth of the transmitted signal.

SAS provides one with the opportunity to achieve con-
stant along-track resolution independent of range. The rela-
tionship between along-track resolution, 9, and integration

angle is [4]
c
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where c is the speed of sound in water, and f, is the base-
band (center) frequency of the transmitted signal. (It should
be noted that the signal beamwidth (§ that is used places
an upper limit on the along-track resolution theoretically
achievable.)

In order to achieve constant along-track resolution inde-
pendent of range, the synthetic-aperture length used must
be a function of range. The synthetic-aperture length, L,

needed to reconstruct the image of a point at range r is given
by

ey

L =2rtan(8/2). 2)
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Thus, to resolve a point at longer range will require the syn-

thesis of a correspondingly longer aperture length.
Substituting (2) into (1) will then provide the relationship

between aperture length and along-track resolution,

_ cr
- 2f. L’

3)

If one has reconstructed a SAS image at along-track res-
olution dy, it is relatively simple to reconstruct the same
image at a lower along-track resolution, §; > d&g. Taking
the two-dimensional Fourier transform of the reconstructed
complex SAS image will result in a plane-wave decomposi-
tion. In this form, a signal amplitude is associated with each
frequency, f, and wavenumber, k., pair. Each plane wave’s
angle of arrival, 0, can then be computed via sin§ = gi;

To reconstruct a SAS image at a lower along-track reso-
lution, J;, a smaller integration angle, 0° < 3 < 90°, must
be employed (¢f. (1)). This fact implies that only a sub-
set of the plane waves will contribute to the reconstructed
image. Specifically, only those plane waves with appropri-
ate arrival angles, |0] < (3/2, are retained. After filtering
out the plane waves deemed to not contribute to the image
when a smaller beamwidth is used, the two-dimensional in-
verse Fourier transform will recover the reconstructed SAS
image at lower along-track resolution.

Filtering out those plane waves on the edges of the ac-
ceptable region effectively reduces the synthetic-aperture
length that is used in the processing. As a result, the motion
compensation requirements become less stringent, and the
potential ill effects of undesired platform motion are less-
ened. The tradeoff for this increased robustness to platform
motion is decreased along-track resolution.

In summary, if a full-resolution SAS image has al-
ready been constructed, the image reconstruction process
for lower along-track resolution images can be greatly ac-
celerated. In this work, we exploit this insight to study the
relationship between synthetic-aperture length — or equiv-
alently, along-track resolution (¢f. (3)) — and seabed seg-
mentation performance.

3. Unsupervised Seabed Segmentation

Seabed segmentation is the process by which one seg-
ments (an image of) a typically large area of seabed into dif-
ferent regions based on the characteristics of the seabed. For
example, an area may be segmented into flat seabed, rocky
seabed, and seabed characterized by sand ripples. The need
to perform this seabed classification in an automated man-
ner with no human intervention is motivated by the desire to
conduct fully autonomous mine countermeasures missions
with an autonomous underwater vehicle.

In this work, the “atomic” unit for seabed segmentation
is assumed to be a 2 m x 2 m area of seabed. That is, each



2 mx 2 m area of seabed corresponds to one data point. This
particular size was chosen as a compromise among several
factors. The larger the area chosen, the more likely that
a single data point will have the unfavorable property of
containing multiple types of seabed. However, if the area
is too small, the distinguishing characteristics of the seabed
that indicate a certain seabed type may be lost.

The unsupervised seabed segmentation algorithm em-
ployed in this work is a slightly modified form of that pro-
posed in [5]. The method first represents each 2 m x 2 m
area of seabed by a vector of 16 features derived from a
wavelet decomposition [6]. Spectral clustering [7, 8] is then
performed on this data, which transforms it into a lower-
dimensional space via an eigendecomposition. This trans-
formed data is then clustered using a completely unsuper-
vised variational Bayesian Gaussian mixture model (VB-
GMM) [9]. Seabed segmentation is effected in this step
by assigning each data point to the mixture component that
maximizes its posterior probability.

4. Experimental Results
4.1. Data Set

In April-May 2008, the NATO Undersea Research Cen-
tre (NURC) conducted the Colossus II sea trial in the Baltic
Sea off the coast of Latvia. During this trial, high-resolution
sonar data was collected by the MUSCLE autonomous un-
derwater vehicle (AUV). This AUV is equipped with a
300 kHz sonar with a specified 60 kHz bandwidth that can
achieve an along-track image resolution of approximately
3cm (and an across-track image resolution of approxi-
mately 2.5 cm). The sonar data was subsequently processed
into synthetic aperture sonar (SAS) imagery. For the present
study, we use four images, each of which spans an area of
50 m x 110 m, from this data set. These particular images
were chosen because they each contain relatively balanced
amounts of flat seabed, rippled seabed, and rocky seabed.

4.2. Experimental Set-Up

In this study, we seek to quantify the relationship be-
tween the along-track resolution of a SAS image (or equiv-
alently, synthetic-aperture length) and seabed segmentation
performance. As noted above, four real, measured SAS im-
ages are employed to conduct this experiment.

Each of the four images undergoes the same following
treatment. A given “full-resolution” SAS image, which
corresponds to the image with a 3 cm along-track resolu-
tion, is re-processed (assuming a reduced beamwidth for
the transmitted signal) to produce a series of images at
successively lower along-track resolutions. Specifically,
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five lower-resolution images are created from each full-
resolution image, at along-track resolutions of 6 cm, 12 cm,
24 cm, 48 cm, and 96 cm.

Each of the six versions of a given original image then
undergo the following identical processing. The wavelet
features are extracted for each 2 m x 2 m area of seabed
(i.e., data point) of an image. Spectral clustering is then ap-
plied to this data, with m = 2 eigenvectors retained so the
transformed data is mapped to R2. This transformed data
is then used to learn a k = 3 component GMM using the
variational Bayesian method. By assigning each data point
to the mixture component for which its posterior probability
is a maximum, segmentation of the seabed is effected.

In this study, only m = 2 eigenvectors were retained be-
cause this choice permits a faster eigendecomposition and
reduces the model complexity of the variational Bayesian
GMM (and hence the learning time). Moreover, it was also
observed that the magnitudes of the eigenvalues decrease
very quickly, indicating that most of the relevant informa-
tion is contained in the first few eigenvectors.

The variational Bayesian approach to learning a GMM
possesses the attractive property that the number of mixture
components, k, to employ can be determined in a principled
manner via the evidence [9]. For these experiments, how-
ever, we fix the number of mixture components to k = 3 for
purposes of assessment, so that uniform comparisons can
be made across images.

This choice is justified by the fact that the three main
seabed types of interest for purposes of seabed segmenta-
tion are (i) flat seabed, (ii) seabed characterized by sand
ripples, and (iii) rocky seabed. That is, assigning an area of
seabed to the correct one of these seabed types is generally
the most important segmentation. Since we are interested in
examining how seabed segmentation performance changes
as the along-track resolution of the SAS image varies, it
makes sense to consider only these three general seabed
types when performing segmentation.

It should be emphasized that no labeled training data
is used in the process, as the segmentation approach is
completely unsupervised. Because the methods are unsu-
pervised, no explicit correspondence between clusters and
seabed types exists. However, for purposes of evaluating
the segmentation results here, one can easily assign a corre-
spondence between the three aforementioned seabed types
and clusters.

4.3. Seabed Segmentation Results

Because the SAS images we employ in this study are
real, we possess no ground-truth information regarding
the true seabed type. Rather than attempting to manu-
ally ground-truth the images, we take an alternative ap-
proach. Since the objective of the study is to assess how
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Figure 2. SAS image 1 (left column) with dif-
ferent along-track resolutions and the associ-
ated seabed segmentation results (right col-
umn).

segmentation performance varies as a function of along-
track resolution, we treat the segmentation results of the
full-resolution images (i.e., those at 3 cm along-track res-
olution) as ground-truth. This choice allows us to measure
the change in segmentation performance as a function of
along-track resolution in an objective manner.

The SAS images at each along-track resolution and their
associated seabed segmentation results are shown together
for images 1, 2, and 3, in Figs. 2, 3, 4, respectively. (Space
constraints prevent showing the results for image 4.) For
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Figure 3. SAS image 2 (left column) with dif-
ferent along-track resolutions and the associ-
ated seabed segmentation results (right col-
umn).

the segmentation results, the colors white, gray, and black
essentially correspond to flat seabed, rippled seabed, and
rocky seabed, respectively.

The overall segmentation performance for each image is
compactly summarized graphically in Fig. 5. The overall
segmentation performance for each seabed type is summa-
rized in Fig. 6.
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Figure 4. SAS image 3 (left column) with dif-
ferent along-track resolutions and the associ-
ated seabed segmentation results (right col-
umn).

5. Discussion

5.1. Effect of Along-Track Resolution on
Seabed Segmentation

As one would expect, the results in Sec. 4.3 suggest that
the along-track resolution of a SAS image has a strong im-
pact on the resulting seabed segmentation. From Fig. 5, it
can be observed that the correct seabed segmentation rate
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Figure 5. Correct seabed classification rate of
each image as a function of along-track reso-
lution, when the segmentation results of the
3 cm resolution cases are treated as ground
truth.
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Figure 6. Average correct classification rate
of each seabed type as a function of along-
track resolution, when the segmentation re-
sults of the 3 cm resolution cases are treated
as ground truth.

drops approximately ten percentage points for each halving
of the along-track resolution. For example, the correct seg-
mentation rate drops to approximately 90% when changing
from a 3 cm along-track resolution to a 6 cm along-track
resolution, and it drops again to approximately 80% at a
12 cm along-track resolution.

From Fig. 6, it can be seen that changing the along-track
resolution has the biggest effect on the rocky seabed type.
As along-track resolution decreases, the rocky seabed type
experiences the highest misclassification rate. This phe-
nomenon can perhaps be attributed to the fact that rocky
seabed typically contains high-frequency characteristics,
which would be altered if the resolution is reduced. Ad-



ditionally, (from confusion matrices not shown due to space
constraints) when data points belonging to either flat or rip-
pled seabed types are misclassified, they tend to be misclas-
sified as rocky seabed. In general, decreasing the along-
track resolution of an image affects the rippled seabed type
the least, in terms of seabed segmentation.

It must be emphasized that these results are for a par-
ticular seabed segmentation approach (including a specific
set of features and a particular clustering method). If a
different segmentation approach were employed, the per-
formance would of course not be identical. Nevertheless,
the appearance of the SAS images at different along-track
resolutions suggests that the resolution-performance depen-
dence observed in these experiments is reasonable.

5.2. Utility of Experimental Results

The observed experimental results can subsequently be
exploited in several situations, two of which we describe
in the following. Processing sonar data to achieve high-
resolution SAS images is a computationally demanding
task. But by processing the sonar data at a lower along-
track resolution, computation time can be reduced. This
fact can be vitally important if the data processing is to be
performed onboard a sonar-equipped vehicle that has lim-
ited processing capability.

For example, an AUV may be tasked to locate a safe
route (e.g., that avoids rocky areas where mine detection
is unfeasible) from one location to another, for subsequent
assets to utilize. To achieve this goal in a timely manner,
the AUV must adapt its route based on the data that it col-
lects and processes onboard during the mission. By know-
ing the anticipated degradation in seabed segmentation per-
formance for processing at reduced along-track resolutions,
an appropriate resolution can be selected at which to pro-
cess the data that balances different conflicting constraints
(e.g., mission time, processing capability, segmentation ac-
curacy).

These results can also be exploited when significant un-
desired platform motion (e.g., surge, sway, heave, pitch,
roll, and yaw) occurs during data collection. The motion
may be such that the SAS processing cannot be performed
at the highest along-track resolution (using the longest
synthetic-aperture) because the resulting image would con-
tain motion artifacts (cf. Fig. 1). So instead, the process-
ing must be done at a lower nominal resolution (shorter
synthetic-aperture) that results in adequate image quality,
albeit at a less than optimal resolution. ~ The results ob-
tained in this work establish the drop in seabed segmenta-
tion performance that is likely to be experienced by pro-
cessing at the reduced resolution. Therefore, one can use
these results to help determine whether it is more worth-
while to re-collect the data at sea (hopefully without plat-
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form motion) so that better segmentation performance can
be achieved by processing the new data at a higher resolu-
tion, or if the present (admittedly sub-optimal) segmenta-
tion performance is sufficient to not warrant undertaking a
second expensive data collection experiment.

6. Conclusion

In this work, the relationship between synthetic-aperture
length (or equivalently, along-track resolution) and seabed
segmentation performance was quantified experimentally
for real, measured SAS imagery. It was observed that the
correct seabed segmentation rate drops approximately ten
percentage points for each halving of the along-track reso-
lution between 3 cm and 96 cm. Moreover, changing the
along-track resolution has the most significant effect on
rocky seabeds.

It was also explained how the relationship between
along-track resolution and seabed segmentation perfor-
mance obtained in this work can be exploited in practical,
operational settings. Namely, the insight provided by the re-
sults permits informed decisions to be made about the com-
putation needed onboard an AUV, and about the potential
benefits of re-collecting data that is marred by significant
undesired platform motion.
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