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1 INTRODUCTION

Synthetic aperture sonar (SAS) images are fundamentally dinerent from sidscari sonar (SSS)
images in that multiple pulses re coherently combined in each pixel in the image, This coherent
combination increases the alongtrack resolution in the image, such that SAS systems can have
substantially better resolution than $35. In addition, spatiarrrequency (or wavenumber) information
is retained in SAS imagery, allowing postprocessing techniques not possible in 555 images

The ability to properly classify an object in a SAS image depends on a number of different factors,
as shown in Figure 1. Observation 9%me given by range and elevation angle. is important for
interpretation of the shadow‘ signal to noise ratio (SNR) and shallow water performance Back.
scattered target signals can contain elements of specular reflections. diffuse scattering.
transparency, resonant scattering and multiple scattering all of which complicate target recognition.
Shadow quality is affected by the sonar system and type of SAS processing. Finally, image
resolutaon is critical in resolving or classifying the target, the target shadow and the surrounding
scatterers on the seafloor,

By using physical models and srgnsl processmg techniques, processing of SAS data may be
optimized to highlight specific features in the image, The shadow cast by an object can be
corrected. The target itselfand the surrounding area can be improved to reduce image degradation
due to sub-optimum 5A5 processing'. In addition. wavanumber domain filtering can hignlrghl pr
suppress specific features in a target,

In this paper, we first list some of the fundamental properties in SAS processing and SAS images,
We then show techniques to enhance the target and shadow. We finally describe how these
techniques can be included for target recognition.
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Figure 1 The image quality, and thereby the target recognition performance, is dependent on a
number of different factors.
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2 PROPERTIES OF SYNTHETIC APERTURE SONAR IMAGES

2.1 Resolution

Previous studies have shown that sonar image resolution is a key driver for classification
per‘fcrmance‘. Achieving high resolution with 885 has typically required the use oi high frequencies
and/or long arrays. However SSS technology struggles to deliver high resolution at long ranges due
to the rapid absorption or high frequency Signals

In SAS. the length of the synthetic aperture increases with range providing range independent
along-track resolution. Note, howeveri that SAS image quailty is range dependent due to the range
variation of the SNR and of the multipath.

A typical high frequency dynamic tocused SSS has an alongetrach resolution at 20730 cm at 100 m
range“. A high resolution SAS system such asthe MUSCLE5 or the SENSOTEK° hes a theoretical
(range independent) aiongtrack resolution better than 3 cm. A typical modem mine has a diameter
of L15 m. This gives 2 independent pixeis alongrtrack for the 385‘ and more than 15 independent
pixels along-track for the high-end SAS. This increase in resolution coupled with the rsmovi of
varying resolution across the image, Should Support the development of higher performance
automatic target recognition (ATR) techniques tor SAS. The cross-track (or range) resolution is
basically no different between SSS and SAS. Wideband systems wrth frequency modulated pulses
can have arange resolution of better than 3 cm.

2.2 Aspect Dependence

The aspect-angle variation an object is observed in. is larger tor SAS than 555. 555 typically has
an aspect angle of less than 1°. Conversely, SAS have much Wider beamWidths. The MUSCLE 300
kHz 5A5 has 5.7“ beamWidth. whiie the SENSOTEK system at 100 kHz can have a bsamWith
larger than AD”. This significant difference in beamidth between SSS and SAS will potentially
affect performance and should therefore be investigated

There are a number ol different features in a SAS image (see Figure t)triat are attested by aspect
variation during the collection of the synthetic aperture date:

1 Directional specular reflections (glints). A widebeam system will be able to cover more
specular glints. Note that tor directional scatterers, the angular spread for which the sonar
receives energy from the scatterer. can be the limiting ictor.

2 Complicated targets may have features, resonant scatterers and multipie reflections

(caVities) that are aspect dependent.
3. Target shadow changes with aspect Mum-aspect SAS imagery gives theopportunity to

produce dillerent, independent images each containing target shadows cast from different
directions This is aqUivaisnI to difierenl projections ol the silhouette of the target‘ which
can be of benefit to target recognition

4. The shadow moves according to geometry as shown in Figure 6. This results in shadow lilie
rn. This eflect can be overcome by using shadow enhancement (see section 4)

5. The environment might be aspect dependent. if the seafloor slopes towards shore, multi-
path affects become aspect dependent.

There can be an object and geometry dependent limit in the coherent gain and resolution in SAS
processing. If this limit is passed, multiuaspect irriageryi7 should be considered. The lull length
synthetic aperture can be divided into subapertures such that individual multi-aspect images can be
produced. This is illustrated In Figure 2. This technique is of particular interest for wideheam SAS
systems, such as the SENSOTEK SAS. Whilst this provides multi-aspect information, each
subaperture image will have lower elongetrack resolution than the full aperture image. Note that
aspect dependence should not be seen as a disadvantage, but rather as an opportunity to provide
additional information on the target oi interest.
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Figure 2 Each target in a SAS image is observed from a range of aspect angles.

2.3 Frequency Dependence

There is an important second order frequency dependence in SAS. For fixed along-track resolution.
a highr frequency SAS wlll have a shorter synthetlc aperture than a lowar frequency SAS For a
fixed number of receivers in the sonar array. this implles that higher frequency SAS systems have
less aspect angle coverage than lower frequency SAS systems. Another srgnrncant clfferenoe ls the
vehicle travel time. Lcwer frequency SAS systems will take a longer tlme to collect the data in the
synthetic aperture build up than hluher frequency 5A5 systems. Thls might be of slgnificanoe ln
navigation accuracy and also in time varying. norserlirnited envrronmenta.

SAS and SSS have the same frequency dependence regarding the acoustrc properties of reflection,
transmission. scattering, and absorption. The decoupling of frequency and alongetrack resolution in
SAS grves more flexi Iity in the sonar desrgn. In 3A5, the carrler frecuflcy can be chosen by other
crlterla than resolution. is. absorptlcn. The handwrdth of the system can be used to provide rang
resolution andr‘or acoustic properties. It should be noted that the bandwldth also influences the
robustness of SAS processing. With a nanaw bend system amblguitres are known to trouble
ccrrelatlon techniques for sonar track estimation. Note the it is the bandwidth that pmvrdes
resolution, while r is the relative handwrcth (bandwidth drvrded by centre frequency) that is of
lmportance in mapping th acoustic properties.

3 TARGET ENHANCEMENT

Target features may be enhanced through forming 5A5 lmagery in different ways These
techniques have a large potential to be exploited for Improving target classification. We demonstrate
just one of many possibilities allowed by the coherent nature of SAS imagery

Flgure 3 shows a SAS rmage from SENSOTEK SAS on HUGIN AUV. The target scen contains an
unknown man made object of approximater 2 m in length on a soft-mud seafloor To the right srde
of the abrect rs an image arletact. moat lrkely a slde or gratlng lobe of the object response itself.
When targets are strong and directlonal, any sonar may sufl'sr trcm response sidelobes. Due to
their proportionally larger angular coverage. 5A5 systems are mere Ilkely to pick up strong
directlonal responses and suffer resulting srde-loha structures.

To rnvestrgate the angular dependency from the front face at the Object of lnlamst. we take the ED
Fourler transfenn of the image ivlng the ZD wavenumber spectrum shown in Frgura 4. A number of
strong parroer features are apparent, These features correspond to specular reflections and grve
cEuas as to obiect structure. The alignment of object glrnts suggests some a penodic structure
along its length.
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Figure 3 Mari-made object at interest {2 m x 0.3 m} on a amt-mud seafloor. The image size is 40 m
x 25 m and the dynamic range is 50 dB. The range to the target is 75 m.

For comparison the right panel in Figure 4 shows the ED Fourier transform of the magnitude image
We see a strong directional component in the hack—scatter image but information regarding target
structure has been lost.

 

An extension ofthis analysis allows to in removal and adaptive filtering in SAS imageryi Figure
5 shows a SAS image of a shipewrec ytng on the seafloor at 180 m depth outside of Horten,

Norway. The data was collected by SENSOTEK SAS on HUGIN AUV. The image contains a
number 0! interesting angular dependent leatures. A large resonance is seen when the imaging
angle is perpendicular to the wrecks alignment This is most liker due to internal reflections within
the wreck itseil. The resonance' although being an important inlorrnetion source might cause
difficulty in Interpreting the traditional backscaller response (in particular filling the shadow region of
the wreck with hackscatter). Band-stop liltering in wavenumber domain allows for the removal of
the specific feature and the target scene enhancement is noted in Figure 5.

The SAS imagery in Figure 5 also shows a number of features which may be caused through
impeflect processing. These are particutany apparent in comparing the glint-component with the
higher-resolution imagery The resolution of the (narrowrbeam) glint component appears to he

better than in the original imagery. This may be due to a number processing induced lactors such
as inaccurate navigation As noted earlier the appearance of defocus also could be due to a target
dependent resolution iimit.

Figure 4 Coherent spectra (Ift) and magnitude image (right) spectra ofthe scene shown in Figure
3. The y—axis represents the cross-track wavenumber (related to frequency) and the x-axis
represents the along-track wavenumber (linked to angle of arrival). Note the large number of
strongly angular dependent scattering lines in the coherent spectrum.
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Figure 5 Glint removal through wavenumber filtering. Lett: original image. Center: glint removed
image. Right: glint component. All images are peak normalized and Show 60 dB dynamic range.
The glint component corresponds partly to internal reflections inside the wheelal'louse oi the wreck,

Finlhy. the shadow region in the SAS imagery is somewhat confused The wreck hull is partly
transparent at the frequencies we use, When combined with the multi-aspect illumination, a large
amount of energy leaks into th shadow zone Said another way, on average it is possible to see
most a! the seafloor behind the wreck. This lealure ol 5A5 imagery is addressed With the shadow
enhancement technique outlined in the next seotion.

4 SHADOW ENHANCEMENT

Shadow is a projection of the silhouette of an object, cast onto the seafloor behind the object, as
illustrated in Figure 1. A problem with ny 5A5 system is the eventual bland 01 shadow and echo, or
goomotriral shadow I in. due to the motion of the illuminating source during the collection of the
data in the synthetic apenure. This is illustrated in Figure 6. This leads to a loss in edge definition
between shadow and echo from the surrounding seafloor and possible loss or performance for
classification based on shadow shape. The problem of geometrical shadow fill- is most dominant
torwide beam SAS systems.

   

The shadow can be considered as a target moving in opposite direction to the vhicls, as illustrated
in Figure 6. This motion can be compensated for lay a technique called Fixed Focus Shadow
Enhancement tFFSE)”, such that the shadow becomes sharp, and the surrounding seafloor
incomes derocused and smeared. Thus shadows from objects other than the dialect ol‘ interest will
smer. This sewndery effect of FFSE is of particular interest In the case of a seafloor with a
topography that oauses shadows An example of interest in mine hunting is a target on a seafloor
with sand ripples. We demonstrate the statistical improvement at shadow contour estimation
accuracy with FFSE via simulation of 10!} SAS images of a target on a sand ripple seafloor.

Shadow Dentacernent

  
Shadow raster '  

AUV flight path
Figure 6 Shadow motion during synthetic apenure build up.
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Figure 7 Left image pair: SAS image of simulated target shadow superimposed on a sand ripple
region. The color scale used has arange at 40 dB. Panel 1: Original SAS image; Panel 2: FFSE
image. Right image pair: Average of the total statistical population generated with 100 SAS images.
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The simulations involve a 1 rn x t m plate on the seafloor that is facing the sensor. The sonar
settings are those 01 MUSCLE, operated at an altitude at 10 m and with a frequency band at 27’0—
330 kHz. The target is at range at 76 m and the synthetic aperture length is 17 m. which enables
sufficient data collection to (raver the system‘s horizontal boamwldlh of 5”. The bottom DDnsistS of 2
cm high and 1 m long sand ripples with a wavelength of ‘1 In and an orientation of 45“ relative to the
plate. Panels 1 and 2 of Figure 7show SAS images from a single simulation, The target echoes are
omitted for convenience. Heverberation lS Simulated as a large number of scatterers on the
seafloor. which became insonilied according to the shadow oi the object and the shadow of the
ripples. The scatterers are randomly distributed on the imaged patch of the seafloor and attentively
create stlstrlbuted reverberation. Note that in this simulation, we have omitted the sand ripple
vertical variation silent on the target shadow itself. This effect is visible in Figure 7 by the tar
shadow and being exactly horizontal.

it is antiolpatso that tor this ripple case. three effects contribute to better estimation oi the shadow
contour. Two known defocus efiects are the sharper shadow edge and a more Gaussian
reverberation distribution”. The additional effect we show here is shadow fill-in of ripples at ranges
other than the target range. By simulation it is possible to reveal the extent and sensitivity of this
third effect.

The result of one simulation is shown ll'l the tan image pair in Figure 7. The element level data are
processed with original SAS processing (panel 1) and with FFSE (panel 2). Three improvements
are clearly visible: the shadow edge is much sharper tor FFSE. the dafocusing of the reverberation
Is observable beyond a range of about 78 m, and the ripples blur. Near the plate the ripples are the
same. but meir shadows are visually afiected at longer ranges.

The contour estimation method for the simulations is relatively simple and is based on the average
reverberation level (RL). The method starts exactly in the middle oi the shadow and sets the right
and ten bound of the shadow as the first pixel With value higher than RL73 113 N0 2D information is
used. For the statistical analysis. we repeated this scenario wlth the accompanying shadow contour
estimation 10D times, The result is shown in the right image pair in Figure 7, where the average
images are shown With the average and standard deviation at the estimated contour. We see that
the standard deviation. or shadow estimation accuracy. of FFSE is indeed much better.
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Figure 8 Estimated shadow contour accuracy versus range calculated statistically: two red curves
for FFSE and two blue wrves tor ounventional 5A6.

Figure 8 shows the standard deviation on the shadow contour estimate. We see that the accuracy is
improved by a factor 2.5 at the tar end at the shadow. For the some case. but with a llat seafloor.
the improvement In terms of accuracy was slightly better than a lactor two. The fact that FFSE is
marginally worse tor ranges close to the target range was found to be artificial. caused by shadow
fill-in by sidelobes. To conclude. it ran be stated that the shadow till-in efiect ts significant. when
compean the ripple and flat bottom case.

These results are preliminary. consisting of only one ripple case. However. they demonstmte
another important property of FFSE: target shadow and non-target shadow ls easier to seperate by
applying FFSE The result ls expected to depend on the ripple characteristics such as hight,
wavelength and orientation. The ripple shadow fillAin effect l5 expected to be of less galn tor FFSE
when the sonar is setting perpend‘tcular or parallel to the ripples. For the former there is no shadow
anyway and tor the latter the defocus is expected to till-in the shadow to a lesser extent. In general.
the results here are applicable to a wider variety of cases such as rocks in the vicinity oi the target
and bottom topography other than ripples.

5 TARGET RECOGNITION STRATEGY

Target recognition {automatic or manual) on SAS images can he achieved in a variety 01 ways. With
referean to Figure 9. we propose the following method to incorporate 5A5 image enhancement tn
the target recognition: First. the sonar data are processed to high resolution SAS irrtgee and used
as input tothe detection algorithm. Then. a small area around each detection is reprocessed to
pmvtde mum-aspect imagery. target enhancement and shadow enhancement. These results are
subsequently led into the classification algorithm.

It' the SAS processing Is time-limited, the resolution or the streaman SAS imagery cn be reduced
for the detection stage. The spot reprocessing must then access the raw data to generate EAS
imagery at full resolution. In non-fimlimited systems. the ou'glnal input images can be processed
to full resolution and stored with phase information.
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Figure 9 Proposed processing scheme for target recegnttion including SAS image enhancement.

6 CONCLUSIOfiS

SAS images are different to SSS images, not only regarding resolution. The information gathered in
every pixel in a SAS image. contains tnfon'natian from a number of different aspect angles. The data
is also gathered over a period of time up to several tens of seconds. In addition. SAS images may
have reduced quality (defocus, ghost targets) due to inaccuracies in the SAS processing. In target
recognition. this shcutd be taken into consideration.

We have listed some of the differences between 5A5 and SSS. and some system dependencies in
SAS. thferant techniques can be used to enhance the information gathered in order to improve the
target recognition capability. We have shown a specific technique to enhancefrernove glinls in
targets. In addition. we have demonstrated that a secondary effect of the Fixed Focus Shadow
Enhancement (FFSE) technique is that tha surrounding seafloor amund the shadow of interest will
defocus. We confirm that this has a clear and positive effectin segmenting the shadow in difficult
areas such as sand ripple regions with shadow from the ripples biending with the target shadow.
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