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1 Abstract

a. Objectives: One of the most problematic areas where unexploded ordnance (UXO) can be
situated is in an underwater environment, buried in sediment. Since burial frequently
occurs in silt or mud, it is of great importance to have a capability for the detection of
UXO in such buried conditions. This project considers detection of objects buried in mud
using a side-looking low frequency (LF) sonar system mounted on a boat. The main
advantage of such a system is that it has a wider area coverage compared to downward
looking systems, enabling efficient surveying. The detection of buried UXO with a LF
side-looking sonar system, however, is a challenging problem. This is primarily caused
by high reverberation and possible clutter. In addition, the amplitude of the target echo of
an object is reduced by burial. For these conditions, tools need to be developed for the
detection of UXO and other targets of interest, and for the subsequent discrimination
between targets and clutter contacts. It is critical that the processing and analysis
techniques employed to achieve the task are evaluated on data acquired in operationally
relevant conditions. The objective of this project is therefore to develop robust and
advanced processing techniques for improving detection and classification in operational
conditions, and to demonstrate these techniques on experimental data.

b. Technical Approach: To fulfil the objectives, the following processing techniques have
been developed within this project:

- Mitigation of multipath propagation in shallow water by exploiting the vertical
receiver array

- Synthetic aperture imaging including platform motion compensation
- Fixed-focus SAS processing for resonating features

- Enhance target-background separation (reverse SAS processing and shrinkage of
incoherent wavelet coefficients

- Multi-aspect acoustic colour extraction
- Interferometric height estimation

These techniques have been applied to data acquired with an experimental side-looking
sonar system as part of a series of experiments funded by the Netherlands Ministry of
Defense, and are used as input for this project. The experimental sonar system comprises
both a horizontal and a vertical receiver array, enabling the signal to reverberation ratio to
be improved by the suppression of multipath reverberation and to synthetically increase
the aperture by synthetic aperture sonar (SAS) processing, and covers a bandwidth
between 1 and 30 kHz. The data are acquired in the MUD2011 experiments conducted
under operationally relevant conditions, in an estuary (Haringvliet) in the Netherlands.
The water depth is in the range between 8 and 15 m with test objects such as sand-filled
cylinders, boulders, 155-mm grenades, plastic targets, minelike targets and Mk82 and
Mk84 bombs, both proud and buried.

c. Results: Towards developing a robust classification capability, we have demonstrated the
extraction of multi-aspect acoustic colour from data collected by the MUD sonar in an
operationally relevant environment. To achieve this, we have designed and implemented
a processing chain aimed to optimally extract the multi-aspect target signature of
resonating objects. It is demonstrated that the developed processing techniques mitigate
perturbances introduced by platform motion errors and multi-path propagation, and that
these enhance the signal-to-reverberation ratio. A number of different deployed targets
have been analysed from data acquired in multiple runs. Observation of the corresponding



SAS images and multi-aspect acoustic colour plots indicate that these show similar
patterns for repeated runs. Furthermore, distinguishing characteristics are observed that
give reason to believe that robust classification is possible

d. Benefits: The way forward towards a capability for detecting and classifying buried
objects is to improve the classification. Objects buried in mud can be detected, but the
number of false alarms have to be reduced. To achieve this, robust features need to be
identified to aid the classification. This would require the availability of a substantial
amount of high-quality data with labelled objects, supported by high-fidelity modelling
results. Because of the variability of acoustic colour, it is highly dependent on the
environment and geometry, this is a challenging task. The benefits of this work are
twofold:

- Insight is provided on the information content that can be retrieved on resonating
targets when data are acquired in operational settings.

- Processing techniques are developed that aid the extraction of information on
resonating targets.

These are considered to be important steps towards the development of a capability to
detect buried objects with a low false alarm rate.

2 Introduction

1.1 Background

High-frequency (HF) side-looking sonar (i.e., with frequencies higher than 50 kHz) is
ideally suited to providing high-resolution images of the seabed. However, since sound does
not penetrate into the seabed at these frequencies, HF systems cannot be used for the
detection of buried objects, such as unexploded ordnances (UXOs). Low frequency (LF) side-
looking sonar is a promising technology for the detection of objects buried in soft seafloor
sediment. Acoustic energy is attenuated less by the sediment at lower frequencies and can
therefore penetrate deeper, facilitating the detection of buried objects. Furthermore, a side-
looking configuration yields a much higher area coverage rate compared to downward-
looking systems (e.g., the BOSS system [5]) and this enables efficient surveys.

TNO have developed a broadband LF (1kHz - 26 kHz) side-looking sonar for
experimentation on buried object detection and, with funding and support from the Dutch
Ministry of Defence, have conducted sea trials in relevant operational environments and
conditions. The problem is difficult due to sea surface multipath reverberation in shallow
waters and poor directivity at low frequencies, but these complications have been addressed
by use of vertical array beamforming and synthetic aperture processing. Experimental results
from the MUD-2009 and MUD-2011 sea trials demonstrate that objects buried in mud can be
detected in data acquired by the MUD system [1],[2]. However, in practice it is a
fundamental issue that, in addition to the targets of interest (e.g., UXOs), the system also
observes clutter contacts, including other buried objects (e.g., boulders) and geological
features below the mud (e.g., sand ripples). Therefore, a solution needs to be found for
classifying the detections in order to discriminate between targets and clutter and thus
suppress false alarms. This step is essential for the realization of an operational capability.

The LF and HF classification problems are fundamentally different. While information on
size and shape derived from high-resolution images are commonly used for HF classification,
these are not reliable for LF classification since the wavelength is on the same order of
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magnitude as the dimensions of the objects of interest. However, structural resonances are
generated in the objects at these frequencies and it is possible to exploit this. It has been
indicated in experiments in controlled conditions and by modelling conducted by APL,
NSWC-PC, and NRL, that useful information on the objects can be retrieved from their
structural resonances [3],[4].

1.2 Objective

When a simple detection threshold is applied to LF-SAS images, the false alarm rate will
generally be too high. More information is thus needed for constructing a detector with a
sufficient probability of detection and an acceptable false alarm rate. The objective of the
SERDP MR-2200 project is to work towards such a detector, i.e. to develop data processing
techniques to optimally extract information on objects of interest from data acquired with an
experimental LF-SAS system on data acquired in operationally relevant conditions.

To meet this objective, the following techniques have been implemented in a processing
chain and applied to data from the MUD-2011 trial:

- Multipath mitigation in shallow water

- Synthetic aperture imaging including platform motion compensation
- Enhance target / background separation

- Multi-aspect acoustic colour extraction

- Interferometric height estimation

The results of this work provide valuable information for developing a robust data processing
chain for broadband LF sonar systems. Furthermore, they are useful for exploring how the
output can be exploited for improving detection and classification performance and assessing
the added value in operationally relevant conditions.

Figure 1 — MUD system: (a) wet end; (b) deployment. Both the system depth and tilt angle can be modified,
such that the system can operate in a water depth up to 30 m.



1.3 Outline of Report

The report is structured as follows: Section 2 provides an overview of the MUD system
and the MUD-2011 sea trial, Section 3 describes the data processing chain and presents a
selection of results, and Section 4 outlines the conclusions and way ahead. More detailed
technical content and further results can be found in the appendices, where the various papers
and presentations generated during the course of this work are included.

2 MUD System and 2011 Trial

The wet-end of the broadband LF sonar system is shown in Figure 1; it is comprised of an
(exchangeable) acoustic source and two receiving arrays. Each array is composed of 16
hydrophones; one array is orientated vertically and the other horizontally. Three sources were
available, covering the bandwidths from 1 kHz — 4 kHz, 4 kHz — 9 kHz, and 11 kHz — 26 kHz.
The components are mounted on a frame that is adapted for operation from diver support
vessels of the Royal Netherlands Navy (RNLN). Both the depth of the transducers and the tilt
angle of the frame can be modified. With the current system settings and processing, the
system can be used up to 30 m water depth.

Two navigation sensors are used to monitor the position and orientation of the sonar
system; these are located on top of the support frame. An inertial navigation system (PHINS),
records the 3-D accelerations and rotation angles of the system, and a real time kinematic
global positioning system (RTK GPS) provides centimetre positioning accuracy. These non-
acoustical systems are necessary in order to derive the exact position and orientation of the
system with respect to the test area. This accurate navigation is also required for more
advanced signal processing, and in particular for synthetic aperture sonar (SAS) processing.

For the population of the test garden, a selection was made from a range of objects with
different characteristics: mine-like and non mine-like, UXQOs, ferromagnetic, and other
materials and different shapes. These targets were distributed over three lines in the test
garden, with an average distance between targets of approximately 25 m. The test garden was
deployed 6 months before the trial. The water depth in the trial area is in the range between 8
and 15 m.

The MUD-2011 trial took place from 18 April 2011 to 22 April 2011. In this period, a
total of 220 runs were executed covering different parts of the test garden. REMUS control
runs were conducted in February 2011 and during the trial in April 2011.

3 Data Processing Chain and Algorithm Improvements

The objective of the processing is to prepare the received data for optimal extraction of
information for classification (i.e., features). Here, the focus is on the retrieval of multi-aspect
acoustic colour since previous work has indicated that useful features relating to the structural
resonances can be derived from this information [4]. Interferometric processing has also been
investigated for obtaining the seafloor bathymetry and object heights, which may provide
useful information on the objects and environment.

In operational conditions, the processing is not straightforward due to multipath
propagation in shallow water and deviations from a nominally straight trajectory [8].
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Therefore, the processing needs to be capable of dealing with these issues in order to
robustly retrieve information on the targets.

The processing chain is outlined in Figure 2. In this section, the key stages of the chain
and improvements to the algorithms are described. It should be noted that all processing steps,
except vertical array beam-steering and interferometry, are generally applicable to SAS
systems. In shallow water, the vertical processing is important because it mitigates image
degradation caused by multipath propagation. Some examples from the MUD data are
presented as illustrations, and further results and technical details can be found in the
Appendices. Specifically, Appendix B provides a complete and detailed technical description
of the processing chain and a selection of results from a variety of deployed objects and runs.

3.1 Widebeam Vertical Beamsteering

In shallow waters, multipath reverberation can obscure or corrupt the echoes from targets.
This has a negative impact on detectability and the quality of derived information (e.g., multi-
aspect acoustic colour), particularly at longer ranges. The MUD system has a vertical array of
16 hydrophones, which allows beamsteering towards the seafloor for receiver-side multipath
mitigation. However, a drawback of using the vertical array (compared to the horizontal
array) in the MUD system is that it results in sparse spatial sampling of the synthetic aperture
and the introduction of aliasing artefacts in the imagery. Regardless, the multipath
reverberation was found to be much more problematic than the aliasing artefacts which are
somewhat diminished by the broad bandwidth. For this reason, we focused on data from the
vertical array only.

Initially, multipath mitigation was achieved by performing SAS processing on data from
each of the hydrophones independently and then forming the vertical beam from the focused
SAS images, as described in Appendix C. However, this procedure makes an implicit
assumption of a narrow horizontal beam, which is not the case. An improvement to the
procedure has since been made to accommodate the wide horizontal beam. The vertical
beamforming is instead performed before the SAS processing and compensations are made
for the aspect-dependent changes in the elevation angle to the seafloor; this is described in
Appendix B. This improved procedure results in better suppression of the multipaths at wide
angles.

3.2 Synthetic Aperture Sonar (SAS)

The sidescan echo data from the MUD system has very poor resolution due to its wide
horizontal beams. Therefore, synthetic aperture sonar (SAS) processing is essential for
achieving sufficient resolution so that the target responses can be isolated from other nearby
contacts and the background reverberation. This is very important for subsequent analysis of
the target response (e.g., multi-aspect acoustic color). Furthermore, SAS processing
significantly enhances the signal-to-reverberation ratio (SRR), improving detection
performance, and is essential for achieving sufficient resolution to allow interferometric
processing.

3.21 Widebeam Motion Compensation

Uncompensated deviations from a nominally straight trajectory can cause corruption of
the SAS imagery, reducing SRR and introducing blurring and image artefacts; this is
illustrated in Figure 3. Deviations from a straight path are unavoidable in operational
conditions, since this requires 2-4 cm navigation accuracy (A/10 in the 4-9 kHz band, where A
denotes the wavelength), and, therefore, must be compensated to ensure a high quality input
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to the follow-on processing. This requirement is relaxed after the application of motion
compensation. It is required that the sailed track can be resolved in post-processing with 2-4
cm accuracy instead.

A Fourier-domain algorithm (referred to in the literature as either the wavenumber,
omega-Kk, or Stolt migration algorithm) [10] was used initially to perform the SAS processing
of the MUD data. The sonar trajectory was measured using RTK GPS. However, motion
compensation is not straight-forward in the Fourier domain due to the wide horizontal beams
and an approximate solution was used to compensate the SAS image snippets (see
Appendix C). Since then, a back-projection algorithm [11] has been implemented, facilitating
approximation-free wide-beam motion compensation for the entire image (see Appendix B).
To make the best use of the broad bandwidth, the algorithm is applied for multiple sub-bands
with optimal angular filtering in each band.

Figure 3(b) shows an example motion-compensated SAS image from a run in the MUD-
2011 trial using the 4 kHz — 9 kHz acoustic source. Many well-focused contacts that
correspond to the deployed objects and seabed structures can be observed. High SRR target
responses can be observed up to ranges of at least four times the water depth. One can also
observe multipath replicas behind some of the high SRR targets at long ranges and this is
caused by the source-side multipath modes, which cannot be mitigated by receiver-side
beamsteering [12].

In addition to the deployed targets within the footprint (all of which were observed), there
are many unidentified clutter contacts; these are thought to be other objects and / or seafloor
features. Based on the large number of clutter contacts, it is clear that dealing with false
alarms is a very relevant issue. For targets located in high-clutter area, detection is not
considered to be feasible without additional information. Based on this observation, one can
conclude that confident detections cannot be made based on thresholding an LF-SAS image,
and that additional information has to be used. Techniques developed within the SERDP
MR-2200 project are discussed in the following sections.

3.2.2 Fixed-Focus Resonance Enhancement

In standard SAS processing, each image pixel is assumed to correspond to a unique
location on the seafloor and a geometrical argument is made to determine the corresponding
locus of echoes in the data. However, this assumption is violated for resonant scattering since
the resonant echoes originate from the location of the object but manifest in the data at longer
ranges. The loci of resonances do not exhibit the assumed curvature and are thus defocused
by standard SAS processing. For a resonant object at a known location, it is better to focus
the resonant “tail” using modified focal laws based on the range of the target instead of the
pixel. This is termed fixed-focus SAS and it has been used previously for target shadow
enhancement based on a similar principle (i.e., the shadow originates from the target location
but manifests in the data at longer ranges) [13].

Fixed-focus SAS processing was applied to resonant targets in the MUD data and found
to enhance the resonant response, as demonstrated in Figure 4, where the observable tail
extends to approximately 2m of range in the standard SAS image but up to 3m in the fixed-
focus image; in this case, the improvement equates to a 50% increase in the measureable
resonant response.

3.3 Target / Background Separation

SAS processing is essential for achieving sufficient resolution to reliably separate targets
from other nearby contacts and the background reverberation. Initially, the separation was
8



achieved by a simple windowing of the SAS image, as described in Appendix C. However,
this is sensitive to the choice of window; a smaller window achieves better suppression of the
background but at the risk of losing important information on the target, especially the
resonances.

An improved method has been developed that computes a metric for the multi-look image
coherence and uses a threshold to distinguish between targets and background under the
assumption that coherent regions of the image correspond to the target whereas incoherent
regions correspond to the background. Computation of the coherence metric and the
thresholding operation is performed in the wavelet domain to take advantage of the sparsity
in this domain. A demonstration of the target / background separation is shown in Figure 4
and Figure 5. A more detailed description of the incoherent wavelet shrinkage method and
further results can be found in JASA paper (submitted for review) in Appendix A, where an
average 15-20 dB improvement in signal-to-reverberation ratio is demonstrated.

3.4 Multi-Aspect Acoustic Colour

SAS imagery contains important phase information that can be used to derive useful
information, such as aspect and frequency-dependent scattering characteristics, i.e., the multi-
aspect acoustic colour. This is especially relevant for broadband LF data, in the frequency
range in which resonances occur. The following approach is used to extract the multi-aspect
acoustic colour of a target:

- The contact corresponding to the deployed object is selected in the geo-referenced
SAS image using navigation data and ground truth information on the object
deployment locations.

- The target is isolated from the background reverberation in the SAS image snippet by
application of the incoherent wavelet shrinkage technique of Appendix A.

- The image of the isolated target is Fourier transformed to the wavenumber domain.

- A coordinate transform from wavenumber to angle is performed to obtain the aspect
versus frequency representation.

A detailed technical description and illustration of these steps is given in the Appendices. It is
important to emphasize that robust extraction of the multi-aspect acoustic colour relies not
only on the careful implementation and execution of these steps, but also the quality of the
SAS image.

An example multi-aspect acoustic colour measurement of a buried cylindrical object (see
Figure 3(c)) is shown in Figure 6. Figure 6(a) and (b) show the measurements from two
independent runs with similar trajectories, demonstrating the repeatability of the results. This
particular target exhibits a strong response at an angle of approx. 30deg, indicating the
orientation of its axis of symmetry relative to the track. It also exhibits a strong modal
response over the frequency range, which could be indicative of structural resonances. In
Figure 7, the SAS image snippets and multi-aspect acoustic colour measurements from
multiple runs with different headings and stand-off distances (i.e., elevation angles) are
combined in one multi-dimensional representation. This fusion of information provides a
scattering “fingerprint” for the target from which it might be possible to derive robust
classification features.
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Figure 8 — Interferometric heightmap from run 325. The arrows indicate deployed objects, which clearly are
above the mud-sand interface. The water-mud interface appears to be acoustically transparent in the LF
frequency range.

SAS images and multi-aspect acoustic color plots of a variety of different objects are
given in the Appendices. It is apparent from these results that different objects do exhibit
some pronounced differences and that these differences could be exploited for classification.

3.5 Interferometry

Interferometric processing is commonly used on high-frequency SAS data to infer
information on the bathymetry and on the height of objects [6]. For LF data which penetrates
into the seabed, it is not necessarily information on the bathymetry that will be retrieved. The
height information that is obtained corresponds to the most dominant scatterer within a
resolution cell, and this could also be a subsurface structure.

The vertical array of the MUD system can be divided into smaller sub-arrays for
interferometric processing. Each sub-array is steered towards the seafloor for multipath
suppression (with reduced performance due to the smaller sub-array dimensions); SAS
images are generated and co-registered; and the phase differences between the SAS images
are computed and converted to a height map. An example height map is shown in Figure 8,
where the useable swath has been reduced to 40m due to the poorer multipath suppression.
The nominal depth of the background reverberation is approximately 1 m deeper than the
known water depth, suggesting that the background reverberation is from a sand interface
below the mud layer. The contacts observed in the SAS images are also observed in the
height map and they exhibit greater heights than the background reverberation from the sand-
mud interface. As a result, interferometry could also contribute to separating large objects
from clutter contacts.
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4 Discussion

In the current project, processing techniques have been developed for LF-SAS data
acquired with a ship-mounted system. Because the tilt angle of the system can be modified,
the system can provided images up to 30 m water depth. To meet the navigation requirements
for SAS, the ship’s track is resolved using RTK-GPS data.

For application in larger water depths, the current system is not a viable solution, and
AUV-mounted solutions should be considered instead. To meet the navigation requirements,
the track has to be resolved by combining INS and data-driven techniques, since GPS data are
not available then. Note as well that the bulky vertical array is not needed as well in this
situation, since multipath propagation only needs to be mitigated in shallow water (< 30 m).
All processing techniques developed in this project are also applicable to these AUV-
mounted solutions, except the vertical array beamforming and interferometry.

Some limitations of the MUD system have been identified as well. Due to the directivity
pattern of the low-frequency transducers, multipath is still an issue. Furthermore, there are
aliasing issues in the along-track direction. As a consequence, only a limited portion of the
MUD data could be included in the analysis.

The multi-aspect acoustic color results suggest that interesting features extend beyond the
4-9 kHz bandwidth that is used in the current analysis. Modeling studies support this
observation. In future experiments, we intend to examine larger bandwidth. Especially the
lower frequencies are of interest, because it is anticipated that these excite strong resonances
that could be a useful feature for detection and classification.

5 Conclusions

Using TNO’s MUD low frequency broadband sonar (in the frequency band 4-9 kHz), we
have demonstrated the capability to observe high SRR target responses for a variety of
objects including UXOs buried in mud. Furthermore, this was achieved at a high mapping
rate of approx. 0.5 km/h due to the sidescan imaging geometry compared to downward-
looking systems. However, many unidentified clutter contacts were also observed in the
imagery, highlighting a potential shortfall and the need for a capability to classify contacts.

Key modifications of processing chain Benefits

Wide-beam vertical beam-steering Multi-path suppression

Wide-beam motion compensation and Critical for deriving multi-aspect acoustic colour

broadband back-projection SAS information (Figure 3); compensates for artefacts
introduced by residual motion errors

Fixed-focus synthetic aperture imaging Enhancement of resonant targets (Figure 4)

Incoherent wavelet shrinkage technique 10-15 dB enhancement of signal-to-reverberation

ratio (Figure 4 and Figure 5)

Reverse synthetic aperture processing Extract multi-aspect acoustic colour information
(Figure 6 and Figure 7)

Interferometric processing Possible clues on classification and burial depth

Table 1 — Key modifications of processing chain to enable the extraction of robust features.
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Towards developing a robust classification capability, we have demonstrated the
extraction of multi-aspect acoustic colour from data collected by the MUD sonar in an
operationally relevant environment. To achieve this, we have designed and implemented a
processing chain and made improvements to our algorithms. The key aspects are listed in
Table 1. In addition to the extraction of multi-aspect acoustic colour information, these aim to
enhance the SRR and to resolve artefacts introduced by residual motion errors.

A number of different deployed targets have been analysed from data acquired in multiple
runs. Observation of the corresponding SAS images and multi-aspect acoustic colour plots
indicate that these show similar patterns for repeated runs. Furthermore, distinguishing
characteristics are observed that give reason to believe that robust classification is possible
(Appendix C).

6 Way Ahead

The SAS images obtained in the MUD-2011 experiment indicate that it is not possible to
have a good detection performance by simply applying a detection threshold. Not only
deployed targets have a high SRR, but also clutter contacts caused by seafloor features and
other objects. This generally results in an excessive false alarm rate for an automated detector.
Furthermore, LF-SAS images are generally too complex for a human operator. In our opinion,
more information should therefore be used for the detection process. In the current project,
strategies have been developed to optimally extract this information. As a way forward, we
propose a two-stage detection process that uses this additional information:

1) Identify areas in which coherent scattering occurs. This is a detector for both targets
and clutter, and serves as a first filter to reduce the amount of data. We suspect that it
is feasible to develop such a detector based on the technique presented in Appendix A.

2) Investigate these contacts by using a classifier, with the objective to distinguish man-
made objects from clutter. In the current project, processing techniques have been
developed that aim to optimally extract additional information on contacts, such as
multi-aspect acoustic color information with structures from resonances preserved. In
follow-on work, a classifier that distinguishes man-made objects from clutter would
need to be developed. This involves the selection of suitable features, and the
interpretation by a human operator, and the implementation into a classifier.

Once such a classify-before-detect approach has been developed, the detection performance
needs to be evaluated (both probability of detection and false alarm rate) and quantified using
receiver-operating-characteristics (ROC) curves. This performance should be evaluated on
different data sets, and compared to the performance of a human operator.

To aid the development of a robust classify-before-detect approach, the optimum
bandwidth should be selected. In the current project, we analysed data in the 4-9 kHz
frequency band. Both modelling studies and also the multi-aspect acoustic color images
indicate that it should be considered to extend this bandwidth to both lower and higher
frequencies. Then, more information is available on both targets and clutter contacts, and a
better discrimination should become feasible.
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Sonar Target Enhancement by Shrinkage of
Incoherent Wavelet Coefficients
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Oude Waalsdorperweg 63, 2597 AK The Hague, The Netherlands
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Absiract

Background reverberation can obscure useful features of the target echo response in broadband
low-frequency sonar fmages, adversely affecting detection and classification performance. This
letter describes a phase and resolution -preserving means of separating the farget response ffom
the background using a coherence-based wavelet shrinkage method propesed recently for de-
noising magnetic resonance images. The algorithim weights the image wavelet cogfficients in
proportion to their coherence between different looks under the assumption that the farget
response is more coherent than the background. The algorithm is demonsirated successfully on
experimental synthetic aperture sonar data from an operational broadband low-frequency sonar

developed for buried object deteciion.
© 2013 Acoustical Society of America

PACS: 43.60.Hj
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1. Introduction

Broadband low-frequency sonar is a promusing technology for the robust detection and
classification of objects that are proud of or buried beneath the seafloor. While conventional
high-frequency imaging sonar relies on geometrical features (such as the highlights and
shadows) to detect and classify objects, broadband low-frequency sonar can be used to exploit
structural resonances of the objects [1.2]. The classification of contacts in broadband low-
frequency sonar imagery thus depends on a capability to reliably extract the resonant echo
response. In practice. the echo response 1s corrupted by background reverberation adversely
affecting this capability. This is a problem for low-frequency sediment-penefrating sonars, e g,
the TNO MUD [3], SSAM [4]. and BOSS [3] systems, where the seafloor sediment and / or
multipath reverberafion can be strong while useful features of the echo response can be
comparatively weak.

Synthetic aperfure sonar (SAS) processing provides increased image resolution by
exploiting the inter-ping phase coherence of the echo data. Furthermore, it enhances the signal-
fto-noise ratio for coherent targets relative to the incoherent background reverberation [6]. Use of
a directional source and / or receiver array can further mitigate the mmltipath reverberation in
shallow water [7]. However, even with these mitigation measures in place, the residual
reverberation can be problematic.

A target’s multi-aspect acoustic colour and the echo response from which it is derived are
usefil representations for classifying targets in low-frequency broadband sonar data [8]. The
farget response can be isolated from the background reverberation in the SAS image by spatial

filtering (1.e.. by windowing the target so that nearby scatterers and reverberation are removed)

[
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followed by reverse SAS processing [8.9]. However, there is a trade-off for the choice of
filtering bandwidth; a smaller window achieves greater suppression of the reverberation but at
the cost of reduced spatial frequency resolution. Furthermore, any reverberation remaining
within the window 1s retained.

Ideally. the reverberation would be removed without sacnificing spatial frequency
resolution; a novel wavelet shrinkage method was proposed recently for de-noising magnetic
resonance images [10.11] that is capable of achieving this. In this letter. we adapt this method for
the purpose of separating coherent targets from the incoherent background reverberation in SAS
images whilst preserving the phase structure and retaining a high resolution. We demonstrate
application of the method on experimental data from the TNO MUD low-frequency sediment-

penetrating sonar.

2. Algorithm Description

The wavelet shrinkage method uses a coherence mefric to determine the similarity of
wavelet coefficients between independent looks, i.e., different images of the same scene with
statistically independent noise realisations. The wavelet coefficients that have high coherence
between looks are assumed fo correspond to the reverberation-free measurements of the fargets,
whereas the coefficients with low coherence are assumed to correspond to the reverberation.
Under these assumpfions, the coefficients with low coherence are aftenuated to produce a de-
noised image The adaptafion of this method to the sonar application is described in the

following sections and is summarised in Figure 1.

19



Hunter., JASA-EL

2.1, Generation of complimentary looks

In the context of target detection and classification for broadband low-frequency sonar, the
major source of inferference is from the seafloor sediment and nmultipath reverberation. Here, we
assume that the reverberation cannot be resolved by the system and, therefore. behaves as
speckle, 1.e., it has low coherence over the spatial and temporal frequencies [12]. Comparatively,
targets are assumed to be much more coherent. These are the characteristics of the data that are
exploited to generate statistically independent looks.

A broadband low-frequency synthetic aperture sonar collects samples over a wide range of
temporal and spatial frequencies due to the use of a broadband pulse and wide beams,
respectively. Therefore, the SAS echo data have broad support in the wavenumber domain.

Complimentary looks can thus be generated by partitioning this space mto two sets.

4 N ™~
Generate Wavelet P Realizations
- Look —» Transform
\ A . Esfimate
L Coherence s Average
N ~
Generate Wavelet b
- Compliment —s Transform l'
Look s ™
., PN A
Threshold
Wavelet
Transform

:

Figure 1 — Overview of the wavelet shnnkage algornthm
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Figure 2 — Generation of complhmentary leoks by a regular partiioning of the wavenumber space where alternate
blocks are assigned mto two sets. The hashed areas represent rezions of the space comesponding to target responses

that are comrelated over nmltiple blocks.

The partitioning of wavenumber space must be made so that this relationship is preserved in
order to exploit the assumed coherence of the target and relative incoherence of the background.
One means of achieving this 1s fo apply a 2-D gnd to the space and assign blocks to either one or
the other set; this is illustrated in Figure 2 for a regular assignment between sets. It is necessary
to choose a grid such that the speckle is correlated only on a scale that is much smaller than the
block size and the target is correlated on a scale that is bigger. In this way, the targets are likely
to retain coherence between the blocks whereas the speckle is nof. The denvation of an opfimal
grid will depend on the assumed scattering properties of the targets and reverberation, and the

system parameters; this is an interesting subject for future research but is not considered here.
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Often in practice, the data are sampled at close to the Nvquist rate or perhaps even under-
sampled and a regular separation of blocks between sets (as illustrated in Figure 2) can result in
under-sampling and the introduction of artefacts. In these cases if is advantageous to partition the
space using a randomised assignment between sets, thus breaking the regularity and spreading
the energy of the under-sampling artefacts rather than concentrating them into localised grating
lobes. Here. we use a randommsed parfitioning scheme where blocks are assigned fo either of the
fwo complimentary sets (looks) at random, ie |

D, (k. k, )=Dlk.k, )w Pk

}jp[k_kn}=D[k.kn{1—wp{k_kn) }

where Diir.k,)=FT{d(r.u)} is the 2-D Fourier transform of the echo data d(r.u), r and u are

time and the along-track posifions, and & and £, are their respective wavenumbers;

w,(kk,)= a{mmﬂ( k;:" J,mmﬂ[k";;"'“' H

is a window function that implements the random block assignment over a grid with centres at

the wavenumbers [.i'c,,kw )=ky +iAK, K, o + Jik, ). where a,[i.j] is a 2-D pseudo-random
noise sequence drawn from a binary distribution. round(x) is the nearest integer to x, and the
subscript p denotes the pth sequence realisation. The SAS images for a pair of complimentary

looks 7 (x.y) and 7, (x.¥)can then be generated from the data. ie..

£, (c.y) = IMFTH{D, (k.. %)}
E,(x.y)=IMFT{D, (k. k)}}
where ]M{ }:r,u—n:, ¥ 15 the SAS imaging operator, and x and y are the along-track and

across-frack image coordinates.
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Other schemes can also be conceived to obtain the multiple looks, including using vertically

separated receivers or mulfiple passes.

2.2 Coherance of Wavelet Coefficients

The wavelet domain 15 good for vielding sparse image representations. meamng that the
important information tends fo be contained within only a few coefficients whereas noise is
distributed more evenly. It is therefore, a good domain for separating targets from noise and has
been used for resolution-preserving de-noising in imaging applications, including sonar [13].

The images for the complimentary looks can be fransformed to the wavelet domain by the
discrete wavelet transform, ie.,

C,(.y".9) = WI{, (x.p)}

T,(.y.5)=WIE (x.y)},
where the operator “.-T{- }: x.v—x', V.5 denotes the wavelet transform and s 1s the wavelet
scale. The transform is phase-preserving when symmetric / anfi-symmetric wavelet pairs are
used, and this i1s important for retaining the phase information in subsequent signal processing.

The coefficients corresponding to targets or noise are distinguished by considering a
measure of their similarity between the looks; coefficients that are similar are designated as
belonging to a potential target whereas those that are dissimular are designated as noise. The
similarity is quantified here using the coherence but other metrics can also be used [10,11]. The

coherence between looks can be estimated using

(w-1)i2 _
C, (x'+mAx, y'+nAy.s)C, (x'+mdx, y'+nAy.s)
] N-1)/2
TETE CEE
| | —

1|JI > JCP{x'+m.ir._ y'+nﬂ.y._.s]: f ; C, [I'+??i‘.ﬁx,}-"+ﬂﬂ}-‘.5f
e e W12 o o] =102

P, (x'.)".5)=
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for an W= averaging window, where Ax, Ay are the pizel dimensions. The variance of the
coherence estimate can be reduced by averaging over a larger window (ie._ larger N) at the cost
of reduced spatial resolution. The variance can also be reduced by averaging over a number P of

different look realisations. 1.e..
12
PE.Y.5)= 5 20, (.35).
p=l

where. for example. the different looks are obtained by repartitioning the data with different

realisations of the pseudo-random noise sequence.

2 3. Shrinkage of Wavelet Coefficients
Having determined the coherence of the wavelet coefficients. a weighfing scheme is
chosen to attenuate those coefficients that are deemed fo be incoherent and therefore designated
as noise. The denvation of an optimal weighting scheme will depend on the assumed properties
of the targets. background reverberation. and the system parameters: this is an interesting subject
for future research However, to demonstrate the principle we define here a simple ad-hoc

scheme with a user-defined soft threshold. i.e., with weights

L PX.Y.5)>
Ay, 5)= 0, plx.y.s)< o
p{x -¥ *5]_Pnin ) otherwise
.lom _.lomin

where coefficients with coherence less than o are aftenuated completely and coefficients

greater than o are retained completely, with a linear graduation between these thresholds.
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Figure 3 - MUD low frequency broadband synthetic aperture sonar: (a) wet-end: (b) deployment.

Using these coherence-based weights, the wavelet coefficients of the full image are
adjusted and then inverse wavelet transformed to yield the image containing only the coherent

targets, i.e.,

() =WTHA(x. y'.s) WT{i(x. y)}}.

where
i(x.y)=IMFT*{Dik, . K}
is the full SAS image.

3. Results from the MUD Sonar

The MUD system is a low-frequency broadband synthetic aperture sonar developed by TNO
for experimentation on buried object detection [3]. The system wet end is shown in Figure 3. It is
comprised of an exchangeable acoustic projector. two 16-element hydrophone arrays, and

navigation sensors (real-time kinematic GPS and a photonic INS). These components are
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mounted on a frame with an adjustable filt angle that 1s adapted for operation from diver support
vessels of the Royal Netherlands Navy.

Using a 4-9 kHz projector and a sidescan imaging geometry. the system is capable of
detecting objects completely buried in nmmd at ranges up to 70m in very shallow water
(approximately 10-15m water depth and 0.5 m of nmd). Figure 4(a) shows a SAS image
acquired by the system during a 2011 sea trial in the Haringvliet [8]. A test garden consisting of
a variety of different objects was deployed for the trial, including mine-like and non mine-like
objects, unexploded ordinance (UXOs). and calibration targets. These objects were actively
buried by divers § months prior to the trial A high-frequency sonar survey was conducted
immediately before the trial wsing a REMUS AUV and this confirmed that the objects were
indeed buried (ie. they were not detected during the REMUS survey). The contacts
corresponding fo the deploved objects were identified using ground-truth measurements and
these are indicated by arrows in the SAS image of Figure 4(a). This demonstrates the capability
of the system fo detect the buried objects. However, in addition fo the objects of interest. the
system also defects regions of dense clutter, an example of which has been indicated within the
boxed area of Figure 4(a). In some cases, the high clufter density prevents the confident
matching of target confacts with the ground-truth. It is clear from this example that robust
classification is required to discriminate between targets and clutter in order to achieve an
operational capacity.

Isolation of the confact responses from the background reverberation is a crucial pre-
processing step in the classification procedure. The proposed wavelet shrinkage technique is
demonstrated here for this purpose. The technique was applied to the SAS image of Figure 4(a)

using the following parameters: the data support in wavenumber space was partitioned into a grid

10
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of 32432 blocks to generate the complementary looks; a window of N=35 pixels was used fo
estimate the coherence (image pixel size of Ax=02m and Ay =01 m); the coherence was

averaged over P =100 look realisations: and a soft threshold of o =04 and o =05 was

used to weight the wavelet coefficients. The separated contacts and background are shown in
Figure 4{b) and (c). respectively. Qualitatively, it can be observed that the contacts have been
well isolated and that the resolution has been preserved.

The procedure is shown in more detail in Figure Figure 3 for a specific target: the EVA
cylinder [14] from NATO’s Centre for Maritime Research and Experimentation (CMRE). A
photograph of the EVA cylinder is shown in Figure 5(a). The cylinder is 1.5m long and 0.5m in
diameter with hemispherical end-caps, it is constructed from a thin shell of composite material
and filled with water except for one end-cap which is solid epoxy resin. Figure 5(b) shows the
SAS mmage snippet. A single realisation of the randomly partitioned wavenumber space used fo
generate a look 15 shown in Figure 5(c), the wavelet transform of the look image is shown in
Figure 5(d). and its coherence with respect to the complimentary look image is shown in Figure
5(e). The coherence of the wavelet coefficients between the complimentary looks is very noisy
for a single realisation but this is reduced significantly by averaging the coherence over multiple
complimentary look realisations, as shown in Figure 5(f).

The SAS image snippet for the isolated response of the EVA cylinder is shown in Fig 6(a).
The corresponding echo data (obtained by reversal of the SAS imaging operator) are shown in
Figure 6(c) and the multi-aspect acoustic colour (i.e., the aspect-frequency representation of the
echo data) is shown in Figure 6(d). For comparison, Figure 6(b). (d). and (e) show respectively
the SAS smppet. echo data, and multi-aspect acoustic colour, where the farget 1solation has been

achieved by application of a window of dimensions 2.5 x 5 m with a 0.5 m transition border. In

11
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this case, the window is too large and some of the background is retained. thus corrupting the

target response. Conversely, when the window is too small important details can be lost.

3.1. Quantitative Analysis
The procedure was repeated for a variety of targets over different runs to gain a quantitative
estimate of the average improvement offered by the method. The targets considered were: 1) the
EVA cylinder. 2) areplica 155 mm shell (TTX0), 3) a boulder of approximately 40 cm diameter,
and 4) SESAME — a pressurised container containing underwater acoustic logging equipment.
These targets are indicated in the SAS image of Figure 4 by the idenfifiers EVA, SHL2, BOU2,
and SES, respectively. The improvement is quanfified using an estimate of the signal-to-

reverberation ratio (SRR given by
SRR = nmiﬂf{x, yf l,‘"n:tdianuf[x._ }'f ]
over an image snippet of dimensions 10 x 10 m centered on the target. The results are tabulated

in Figure 7 and show an average SRR improvement between 15 and 20 dB.

4. Conclusion and Discussion

A wavelet shrinkage algorithm has been presented for the enhancement of the acoustic response
of coherent targets in low frequency synthetic aperture sonar imagery. The algorithm has been
demonstrated on data from the TNO MUD low frequency sonar and shown to suppress the
background seafloor reverberation effectively, achieving an average increase in SRR of between
15 and 20 dB whilst preserving image resolution and phase Further work is required to
investigate the opfimal generation of complimentary looks based on prior knowledge of the

reverberation and target coherence and optimal thresholding schemes.
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Abstract: The remediation of underwater unexploded ordnance (UXO) requires a
capability to detect and classify objects bottom objects. This can be facilitated partly by
use of modern high-frequency imaging sonar. However, this technology is limited in two
respects: 1) the high frequencies employed by these systems cannot penetrate into the
sediment to detect buried objects; and 2) the operational effectiveness and efficiency is
severely limited by a high false alarm rate in cluttered environments. For these reasons,
there is significant research efforts investigating the use of low frequency broadband
sonar. In this paper, we demonstrate the latest experimental results from the MUD system.
We show SAS images and multi-aspect acoustic colour plots of various objects (including
UXO) buried beneath a layer of mud.

Keywords: Unexploded ordnance, low frequency, synthetic aperture sonar

1. INTRODUCTION

One of the most problematic areas where unexploded ordnance (UXO) can be situated
is in an underwater environment, buried in sediment. Since burial frequently occurs in silt
or mud, it is of great importance to have a capability for the detection of UXO in such
buried conditions. We are investigating the detection of objects buried in mud using low
frequency (LF) side-looking sonar. For this purpose, we have developed an experimental
hull-mounted system referred to as the MUD system [1].

The detection of buried UXO with LF side-looking sonar is a challenging problem.
This is primarily caused by high reverberation and possible clutter. In addition, the
amplitude of the target echo of an object is reduced by burial. For these conditions,
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dedicated processing has been developed to aid the detection of UXO and other targets of
interest, and for the subsequent discrimination between targets and clutter contacts. This
processing is outlined here, and results are presented for two buried targets: a 1.5m
cylinder and a 155mm shell.

2. DATA PROCESSING CHAIN

2.1. Multipath Suppression

Multipath reverberation is problematic for low-frequency sonars with wide vertical
beams operating in shallow water. Strong multipath interference can mask the echoes from
targets and corrupt their acoustic signatures, adversely affecting detection and
classification performance. This can be mitigated by using a vertical hydrophone array to
steer the receive beam towards the seafloor and away from the sea surface.

For a regular linear array of M hydrophones with spacing Az, the beam-steered echo
data for a point of interest x = (X,y,z) on the seafloor is given by

d(a,t:x) =~ [D(u,k;x)exp (jket) dk, )
27 7,
where u is the along-track distance, t is time, and c is the acoustic propagation speed;
M-1
D(akix)= ¥ D, (. kJexp (- j (k-+ k, Xem— M /2)Azsin(s ;) @
m=0

is the summation of appropriately phase-adjusted echo spectra, where k = 2n f/ c is the
wavenumber, fis frequency, and ko is the wavenumber at the basebanding frequency;

D, (k)= Tdm(u,t)exp(— jket)dt 3)

is the temporal spectrum of the basebanded echo data from the mth hydrophone (ordered
from top to bottom), and

#u,x)=sin"((z— z,@))/r(u,x)), C)
r(0,%)=(x—x, @) +(y-y, @) +-2,@) 3)

are the declination angle and range from the sonar position xs(u) = (Xs(u), ys(u), zs(u)) to
the point x, and ¢ is the tilt angle of the array (0 deg and 90 deg corresponding to side and
down-looking geometries, respectively).

2.2.  Synthetic Aperture Sonar (SAS) Imaging

Synthetic aperture sonar (SAS) uses coherent processing of the echo data to attain very
high resolution in along-track. This is important for LF sonars, which typically have poor
resolution due to their wide beams. The time-domain back-projection algorithm [2] is
well-suited for this purpose since wide-beam motion compensation is easily
accommodated compared with the faster Fourier-domain algorithms [3]. To accommodate
a broad bandwidth, the procedure can be applied in sub-bands, as described below.

The broadband SAS image is obtained via a summation of back-projected images over
N frequency sub-bands, i.e.,
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N-1
i(xy)=>i"(xy), (6)
n=0

where the image for the nth sub-band is given by

i®(x,y)= J'w(“’ (5x)d ™ (u,2r(u,x)/ c;x)exp (jk, 2r )du @)
r(u,x) is given_gy eq. (5), and
fn.mx
d®(u,tx)=-~ [Dlu,kx)exp(jket)dk ®8)
2z .

is the band-pass filtered echo data (after vertical beam-steering) for frequencies f; min to
fo,max. The along-track integration limits for each sub-band are constrained to the opening
angle of the horizontal beam at the sub-band upper frequency limit f, max via the window
function

)= {1, 16, %) < 6, (£, e )’ ©
0, elsewhere
where
O(u,x) = tan™" ((x—x, )/ (y - y, @) (10)

is the azimuth angle from the sonar position xs(u) to the point x, and 28 (( f) is the
(frequency-dependent) opening angle.

2.3. Fixed-Focus Enhancement of Resonances

In standard SAS imaging, each image pixel (x,y) is computed based on an assumed
range-dependent locus of echoes r(u,x), given by eq (5). However, this assumption is
violated for resonant scattering since the resonant echoes originate at the spatial location
of the object (corresponding to locus of a given curvature) but manifest in the data at
longer ranges (with a locus of the same curvature). For a resonant object at a known
location, it is therefore better to focus the resonant “tail” using a fixed focal point based on
the location of the target Xg - (X,yr,z) rather than the image pixel x, i.e.,

rxx, )= (x-x, @) +y7 + - 2,@) ~y; +y an
The same technique has been used previously for the enhancement of shadows [4].

2.4. Multi-Aspect Acoustic Colour Extraction via Reverse SAS

The multi-aspect acoustic colour (MAAC) is a representation of the sonar data that
emphasises aspect and frequency dependencies and can yield possible features for target
classification. A target’s MAAC can be obtained from the SAS image by isolating the
target from the background and other nearby scatterers, followed by a reversal of the SAS
imaging process [3], i.e., the MAAC is given by

Af,0)=D'(k,ksin6), (12)
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Figure 1 — (a) Deployment of the MUD system during the 2011 trial in Haringvliet, The Netherlands; (b)
trajectories for a selection of runs and deployment ground-truth for the EVA cylinder and 155mm shell.

with respect to frequency f and azimuth angle 6, where

D'(k, k)= 111 '(x, y)exp(— j[lg,x +(,/4(k Tk ) -k - 2ko]dexdy (13)

is the 2-D Fourier spectrum of the target echo data, which is obtained here via an inversion
of the Stolt mapping on the SAS image of the isolated target i'(x, y). The target can be
isolated in the SAS image by simple windowing [3] or by a more sophisticated technique
based on the shrinkage of incoherent wavelet coefficients [5].

3. RESULTS

3.1. MUD Sonar and 2011 Sea Trial

TNO have developed a LF broadband (1 kHz — 26 kHz) side-looking sonar for
experimentation on buried object detection and, with funding and support from the Dutch
Ministry of Defence (Figure 1), have conducted sea trials in relevant operational
environments and conditions. The system has both a horizontal and vertical array to enable
the suppression of multi-path propagation in shallow water and to support synthetic
aperture sonar (SAS) processing. Experimental results from the MUD-2009 and MUD-
2011 sea trials demonstrate that signatures corresponding to objects buried in mud can be
observed in data acquired by the MUD system [1][3]. In the following section, we show
results from the 4 kHz — 9 kHz frequency band.
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Figure 2 — Run 325: echo data from (a) a single hydrophone; (b) vertical array steered to the location of the
EVA target; and (c) SAS image indicating the sonar path and the locations of the deployed targets.

3.1. SAS Images and Multi-Aspect Acoustic Colour

Results of the processing chain are illustrated in Figure 2 for an example run from the
2011 trial (run 325). The echo data corresponding to a single hydrophone clearly shows
hyperbolas that correspond both to targets and seabed structures. One can also observe that
most of these hyperbolas are only clearly visible up to a range of 30 m. At longer ranges,
the signal-to-reverberation ratio (SRR) is reduced by multi-path propagation.

To mitigate the multipath contribution, vertical array beam-steering is used (Section
2.1). Figure 2b shows the effect of beam-steering to a single image position — the location
of the EVA target. This procedure enhances the signal and reverberation directly received
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Figure 3 — (a) EVA cylinder; (b) SAS image for run 325 (the green square denotes the deployment ground-
truth); (c) fixed focus SAS image, illustrating enhancement of the resonant tail; (d) target response after
background suppression via wavelet shrinkage; (€) MAAC for run 325; (f) MAAC for run 275.
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Figure 4 — EVA cylinder: SAS image and MAAC for runs (a,d) 311, (b,e) 322, and (c,f) 323.
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Figure 5 — 155mm shell: (a) photograph; SAS image and multi-aspect acoustic colour for runs (b,e) 274,
(c,f) 317, and (d,g) 325.

from the seabed in this area, and mitigates the multipath. This vertical-array beam-
steering is applied for all image positions, followed by the SAS processing (Section 2.2).

The resulting SAS image is shown in Figure 2c. Contacts corresponding to all the
deployed targets can be observed. Most of these targets where buried, with a burial depth
up to 0.50 m.

Figure 2c also shows a significant amount of clutter contacts originating from seabed
structures and other unknown buried objects. Additional information is needed to
distinguish man-made objects from these clutter contacts. In the remainder of this paper,
we focus on the acoustic signatures of two targets: the EVA cylinder and a 155mm shell.

We start with the EVA cylinder. Fixed focus SAS processing (Section 2.3) is compared
to conventional SAS processing in Figures 3b and 3c. It can be observed that the fixed-
focus SAS processing results in a target signature with a longer tail in comparison to the
conventional SAS processing. Fixed-focus SAS preserves resonances, whereas these are
de-focused in conventional SAS. Because resonances are a potential classification feature
for man-made objects, it is considered to be important to preserve these.

Figure 3d shows the result of enhancing coherent responses with respect to incoherent
reverberation by using the wavelet shrinkage technique [5]. Multi-aspect acoustic colour
(MAAC) signatures (Section 2.4) for two runs with similar trajectories are shown in
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Figures 3e and f. One can observe similar patterns in these MAAC images, illustrating the
repeatability. Figure 4 shows additional SAS and corresponding MAAC images of the
EVA cylinder from different aspects (c.f., Figure 1). Repeatability is further supported by
the results for runs 322 and 323 (Figure 4e and f). A clear difference can be observed with
the MAAC response derived from run 311 (Figure 4d), which is perpendicular to the other
runs. This is expected for cylindrical targets, since broadside target signatures
substantially differ from end-on responses. We anticipate that this information can be used
to aid the detection and classification.

Three results for a 155 mm shell are shown in Figure 5. SAS and MAAC images are
shown for both short and long ranges at different angles. At this stage, it is difficult to
interpret the results. An important difference with the EVA cylinder results is that only a
response is obtained for frequencies below 6 kHz. It is unclear whether this is related to
increased absorption due to larger burial depth of the 155 mm shell, or to characteristic
target strength features of the shell. To aid the interpretation, we plan to compare the
results to finite-element target echo modelling results for UXO targets [6].

4. SUMMARY

Dedicated processing has been developed to extract target acoustic signatures from data
acquired by a low-frequency side-looking sonar system. It has been demonstrated that this
processing enhances the signal-to-reverberation ratio and preserves resonances. Both are
considered to be critical steps towards developing a detector for UXO buried in seabed
sediments, since a capability is required to distinguish these contacts from clutter.
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1 INTRODUCTION

Sidescan high-frequency (HF) sonar (i.e., with frequencies higher than 100 kHz) is ideally suited for
providing high-resolution images of the seafloor. However, since sound does not penetrate into the
sediment at these frequencies, such systems cannot be used for the detection of buried cbjects,
such as naval mines, improvised explosive devices (IEDs), and unexplodsd ordinamce (UXO).
Sidescan low-frequency (LF) sonar is a promising technology for the detection of objects buried in
soft seafloor sediment. Acoustic energy is attenuated less by the sediment at lower frequencies and
can tharefore penetrate desper, facilitating the detection of buried objects. Furthermora, a side-
looking configuration yislds a much higher area coverage rate comparad to downward-looking
systems (e.g., the BOSS system [1]), thus enabling efficient surveys.

In practice thare are two fundamental issues with sidescan LF sonar. The resolution of conventional
sidescan sonar is poor at low frequencies due to the lower directivity of the beams. Moreover, in
additicn to the targets of interest, many clutter contacts are also obsawved, including other buried
objects (2.g9.. boulders) and geological features below the mud (2.g9., sand ripples). Thus, a means
of classification is necassary to distinguish between targets and clutter and to suppress the false
glarms. Synthetic aperiure sonar (SAS) processing is essential for attaining adequate image
resolution and for facilitating object classification in order to realise an operational capacity.

The LF and HF classification problems are fundamentally different. While information on sze and
shape derived from high-resclution images are commonly used for HF classification, these are not
refiable for LF classification since the wavelength is on the same order of magnitude as the
dimensions of the objects of interest. However, structural resonances are generated in the objecis
at these frequencies and it is possible to exploit this. it has been indicated in expariments in
confrolled conditions and by modeliing conducted by APL, NSWC-PC, and MAL. that useful
information on the objects can be retrieved from the structural resonant features [2,3].

We are investigating data processing technigues for optimally extracting the mult-aspect acoustic
colour (i.e., the aspect and frequency-dependent scattering charactenstics) of objects from LF SAS
data for the future purposes of detection and classification. In this paper, we describe the
technigues, and present results from experimental data collected in operationally relevant
environments and conditions.

2 MUD SYSTEM

The demonstrator system (referred to as the MUD system) is an LF SAS developad by THNO for
exparimantation on buried object detaction. It has been used in several sea trials conducted with
funding and support from the Dutch Ministry of Defenca.

The system wet end is shown in Figure 1. It is comprised of an (exchangeable) acoustic source and
two receiver amrays. Each array has 16 hydrophones; one array is orentated vertically and the other
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Figure 1 — MUD system (a) weat end, including receiver arrays (yeliow boxes), LF source (blue box), and HF
source (violet box); and (b) deployment.

Figure 2 — Location of the MUD-2011 sea trail: Haringviiet, The Netherlands (satellita image from Bing Maps).

horizontally. Three sources were available for the experiments, covering the bandwidths from 1-—
4 kHz (VLF), 4 —9 kHz (LF), and 11— 26 kHz (HF). The components are mounted on a frame with
an adjustable tilt angle that is adapted for operation from diver support vessels of the Royal
Netherlands Navy. Two navigation sensors are used to monitor the position and orientation of the
sonar system; these are located on top of the support frame. A photonic inertial navigation system
(PHINS) records the 3-D accelerations and rotation angles of the system and a real time kinematic
global positioning system (RTK GPS) provides centimetre positioning accuracy. These non
acoustical systems are necessary in order to derive the exact position and orientation of the system
with respect to the test garden and also to assist with more advanced signal processing, in
particular for the SAS processing.

Experimental results from the MUD-2011 sea trial in Haringvliet (shown in Figure 2) demonstrate
that objects buried in mud can be detected in data acquired by the MUD LF SAS system [4].
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3  DATA PROCESSING

34 Synthetic Aperture Imaging
Synthetic aperturs sonar (SAS) uses coherant procassing of the sidescan echo data to enhance the
image resclution and the signakto-reverberation ratio. SAS is essential for systems with wide

beams (e.g.. at low frequencies) since the conventional sidescan approach yields very poor
resolution.

A SAS image i(r. x) can be generated officiently from the baseband echo data d{(r, u) via the inversa
Stolt mapping in the Fourier domain (the wavenumbear algorithm) [5], i.e..

= s . 2
Ik, .k, )= Df%u'k; +(k, +2%,) —ko. k, ] .
LN
whera

D{k,k I-d{f i ctp{— j[.’rcr +k u]}dr du

Ik, .k, ) J- j r.xJexpl— jlk,r +k x])dr dx

are the Fourier transforms of the echo data and SAS image, respectively; (r, x) are the slant-range
and along-track image coordinates, (k. k) are the image wavenumbers, o is the alongtrack
position of the sonar, ¢ is time, (& k,) are the data wavenumbers, k; = 2 / ¢ is the wavenumber at

the centre frequency f;. and ¢ = 1300 m's is the propagation speed. The process is also reversible
allowing the echo data to be recovered from the SAS image via the forward Stolt mapping, i.e..

Dlk.k, )= f{ ke +ky ) — k2 — 2k, k,)_

In practice, the implementaticn details are subfle and care must be taken to ensure adequale
sampling of the synthetic array and to minimisa interpolation arrors.

3.2 Wide Beam Sway Compensation

In an operational environment, the sonar does not follow a perfectly straight path as assumed
above. Uncompensated deviations from a straight path introduce defocusing in the form of blurring
and the introduction of artefacts: uncompensated sway (motion in the v direction) is the most
problematic. Sway compensation is more complicated for systems with wide horizontal beams than
it is for narrow beam systems [6]. However, an approximation can be made for small sub-images by
performing the compensation relative to the sub-image centra.

The approximate wide beam sway compensation for a sub-image centred at the ground position
X' ={x". ¥ "yis given by

d'(rulx')= I j r.u Jexpl— _,r.kc‘r}dfi|cxplfj[[k +ky )2 Ar(u | X)+ ke ) dk

whera

Arlulx') = ~..|'I|{.t'—u}l: +(y=¥(u)) +(z=2Z) - «,J'I{x'—u]z +y Hz-Z)
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is the range error relative to the subimage cantre for the actual path positions (w, Flu), Z) with
respect to the assumed siraight path positions (w, 0, Z), ¥iu) is the sway and Z is the sonar depih.
In principle, the full image can be compensatad by tiling many compensated subimages.

33 Vertical Array Processing

Multipath reverberation is a problem for sonar systems with wide vertical beams operating in
shallow waters. Strong multipath interference dus to the shallow water waveguide causes a
reduction in image contrast and corruption of the phase responses from the targets and the
seafleor; this degrades delection and classification capabilities. The receiverside multipath
interference can be mitigated by use of a vertical receiver array to narrow the vertical beam and
steer it towards the seafloor. For a vertical array of N hydrophones with a vertical spacing of Az, and

assuming a flat seafloor of dapth £, the beamstesred image is given by

1k, k_1v)= v":T} k) Etp{j—qflk +k, + 2k, F nﬁ:sina{}'}}

I'F_'|II-l

whara [ (k. k) is the Fourier-domain SAS image from the nth hydrophone,

- () -0

iz the steering angle for the across-track position ( -, ¥, ") and ¢ is the tilt angle of the array. A
vertical array can also be used as an interforometar to infer the target heights and seafloor
bathymatry.

At very low frequencies (e.g., kess than 2 or 3 kHz), the array size required to achieve an
adequately narrow beam starts to become impractical due to the lomng wavelengths (e.g.,
A=035mat f= 3 kHz). Furthermore, higher order multipath modes remain a problem since the
angles of arrival can ba very close to the angle of the direct arrival from the seafloor, particularly at
longer ranges [7].

3.4 Multi-Aspect Acoustic Colour

The mult-aspect acoustic colour is a representation of the sonar data that emphasizes aspect and
frequency-dependent scattering characteristics. It is possible to exiract the acoustic colour of a
specific object using a windowed SAS image snippet; the object’s response must be well resolved
from the responses of any other nearby objects and with minimal influgnce from the surrounding
seafloor and multipath reverberation. This information can be potentially exploited for classification
purposes. |t is espedially relevant at low frequencies, where high-frequency classification methods
based on characterisation of the size and shape of an object’s echo and shadow are unreliable and
whare the frequencies cover a range for which interesting target rescnances can occur,

The mult-aspect acoustic colour is obfained from the SAS image snippet via a remapping
ky =k sin & of the Fourier domain data, i.e.,

Alf.8)=D__(k ksing),

where = ck/ 2xis the frequency, & is the aspect to the object in the slant-range plane relative to
the sonar path, and

n k.‘: =II rt}wmrt}c p[ [ﬂm—gk ]r+.£' th’rdr
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Figure 3 — SAS image of run 325 from the MUD- 2011 sea trial. The image has a 15 dB dynamic range relative
o the average seafloor raverberation level and sway compensation has not boen applisd.

is thie Fourier domain data corresponding to the SAS image snippet i(r. x)winir, ) and win is a
window function that oplimally isclates the response of the object from other nearby objects and the
renarberation.

SAS processing, motion compensafion, and multipath suppression, are all essenfial steps for
allowing good isolation of the objects in the imagery for multi-aspect acoustic colour extraction.

4  EXPERIMENTAL RESULTS

Drata has been collected using the MUD system during several sea frials, including the MUD-2011
trial [4] conducted in Haringvliet, an estuary in the Metherlands. The water dapth in the test area is
approximataly 10—15 m and the seafloor has a sand bottom with a mud covering of thickness
varying between approximately 40 cm and 130 cm. A test garden was deployed & months prior to
the trial and the objects were actively buried by divers. The test garden is populated with a varety of
different targats, including mine-like and non mine-like objects, UXOs, and calibration targets. The
objects were distributed over three lines with an average distance between targets of approximately
25 m. The trial took place from 18 to 22 April 2011 and a total of 220 runs were executed covering
different areas of the test garden. Control runs were also conducted using a REMUS AUV with a
VHF (200 kHz / 1800 kHz) sidescan sonar immediately after deployment of the gardan in February
2011 and during the trial in April 2011.

A portion of the dataset has been selected and processed to demonstrate the data processing steps
described in Section 3. The selected data are from three runs using the LF {4 kHz — 9 kHz) acoustic
source and covering the same area of the test garden. From bathymetric maps. the water depth in
the area is known to be approximately 10 m to the mud suface. Each run covers a swath of 70 m
over an along-track distance of 500 m and the ship travelled at an average speed of 1.8 m's
(3.5 knots) on a nominally straight course. Runs 275 and 325 follow the same track and run 322
follows a track on the opposite side of the swath.

The LF SAS image of run 325 is shown in Figure 3. The 16-element vertical receiver amray was
used to stear a beam toward the seafloor and sway compensation was not applied. Many focusad
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contacts can be observed. However, multipath replicas are observed behind some of the strong
reflectors located at longer ranges. Aliasing arefacis due to undersampling of the synthetic array
can also be observed; this is particularly evident for the strong scattering from the deployed
SESAME target (an underwatar acoustic logging system). In addition to the deployed targets within
the footprint (all of which were cbserved), there are many unidentified clutter contacts; these ara
thought to be other objecis and / or seafloor features. Based on the large mumber of clutter
contacts, it iz clear that dealing with false alarms is a very relevant operational issua.

The confacts associated with the deployed targets were identified in the SAS images using the GPS
navigation data together with the known ground-truth for the deployment locations. An analysis of a
selaction of targets is shown in Figure 4 for a 10 m chain, a glass calibration sphere (PAM). 500 b
bomb (BOMT1), and a 40 cm diametar boulder (BOU3) and in Figure 5 for the NURC EVA cylinder
[B]. The chain, boulder, and EVA cylinder wera not obsarved in the WHF imagery from the REMUS
survay [4], indicating that thesa targets were completely buriad in the mud. Sway compensalion was
applisd to sach SAS image snippet using sway estimates from the GPS data and the multi-aspect
acoustic colour was extracted using 3 m x 3 m windows (a biggar 6 m x 3 m window was usad for
the chain). For the EVA cylinder, analyses from two different runs following the same track ara
prasanted to demonstrate that the results are repeatable. Note that the SAS images and acoustic
colour plots exhibit spackle noise. The spackle has been reduced in the SAS images by averaging
over wavenumber subbands; it can be reduced in the acoustic colour plots by averaging ower
multiple runs.

Basad on the SAS image snippets alone, it is difficult to ideniify features that could be used fo
distinguish between the different objects reliably. However, it is apparent that the multi-aspect
acoustic colour plots do exhibit some pronounced differences and a number of observations can ba
mada. The EVA cylinder has a dominant response between 15 deg and 45 deg, suggesting that the
axis of symmetry is orientated at approximately 20 deg relative to the track. Furthermore, it shows a
strong modal response over the bandwidth, which seems to be consistent with the structural
resonances for an end-fire crentation [8]. The chain has a very narrow angular responsa at
approximately 15 deq, which is consistent with its long extent and observed orientation in the
image. The calibration sphere and boulder both have omnidirectional responses. Howewver, the
boulder has a flat response whereas the sphare exhibits some modality. The bomb has a
comparatively lower frequency response and appears to be orientated at approximataly -10 deg
relative to the track. A possible angular asymmetry can be cbsernved, suggesting that the bomb may
be orentated in a broadside geometry.

5  CONCLUSIONS

The detection of objects buried in mud has been demonstrated in an operational envircnment using
a low-frequency sidescan synthetic aperture sonar. However, many unidentified clutter contacts
were also observed in the SAS imagery. Classification of the contacts for distinguishing batweaan
targets and clutter is therefore of critical imporiance. Extraction of mult-aspect acoustic colour from
the SAS image snippets of vanous different objects has been demonstrated in the LF band from
4 kHz to 9kHz. The acoustic colours of various different objocts have been shown to exhibit
different characteristics. Furthermore, the acoustic colour extraction has been shown to be
repeatable over different runs. These resulis give reason to believe that robust classification based
on multi-aspect acoustic colour is possible.

Future work will focus on building a gallery of target signatures (SAS image snippets and multi-
aspect acoustic colour plots) for varnous objects and clutter in the MUD sea trial data. Using the
gallery, we hope to identify strategies for using the derved information for classification and falsa
alarm reduction.
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iSAAM-2012: Tutorial on Ultra Low Frequency
Wideband and Widebeam Sonar Processing

Alan Hunter

TNO (Netherlands Organisation for Applied Scientific Research)
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iISAAM Workshop
How can we quantify
What are the exploitable these behawor§ using
behaviors of the scattered templates and / or
field? feature sets?
Acoustics \ Signal Processing F ~. Automatic Target
Y . Recognition
Physical | _ Acoustic Data Features/ | Detection,
Properties \~ Field a Templates 7 Classification,
A o Autonomy
[~ ————— ‘
What are the influences of the I How can we enhance and extract 1 How to achieve
object and environment the behaviors that are observable 1 robustness and
properties on the scattered | inthe data? ! reliability in
acoustic field? L e e e e e e e e e e _' operational
context?
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Outline

Definition & motivation
+ What is ultra low-frequency, wideband, widebeam sonar and why
use it?

Data pre-processing
- Multipath suppression
+ SAS imaging
- Widebeam motion compensation
- Target response isolation and interpretation
+ Background removal
- Reverse SAS processing
+ Multi-aspect acoustic colour

Examples from TNO's sediment-penetrating sonar (MUD)

3.

iSAAM-2012 - Alan Hunter

TNO i e e
Ultra Low Frequency, Wideband
A definition: High Frequencies: Geometrical Scattering

Range of wavelengths that are
comparable to object
dimensions

—> Elastic scattering regime

Object dimensions ~

30mm — 1.5m
Low Frequencies: Elastic Scattering

A=
f

- Frequencies ~ 1kHz — 50kHz
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[ L] .1
. , io | B
Ultra Low-Frequency’ 5 §
5 e
f <50kHz 2l |E
E 2 aokitz
“Ultra Wideband” ; -
—_——
f Low Frequency
e <2 o3 10 100 1000
Bw Freguency, kHz
O TNOMUD ] CMRE MUSCLE SAS
BOsSS Klein sidescan/ sub-bottom
HUGIN / HISAS [ Edgetech sidescan
[SSAM? E Blueview multi-beam
5.
iISAAM-2012— Alan Hunter
Ultra Wide Beams

) Transducer beamwidth depends on
frequency f and aperture size L

B(6.f)= sinc(%sin 6']

1==
!

» For a constant aperture size, the
beamwidth increases with
decreasing frequency
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Ultra Wide Beams

) Consequence of ultra low
frequencies and physical size
constraint on transducers

—=>Wider beams

) Objects are illuminated over a range

of angles
» Ability to extract aspect-

dependence information

iSAAM-2012 - Alan Hunter
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Ultra Low-Frequency, Wideband, Widebeam Sonar

o0l
70! MUD:

. E Null 7 4-9kHz,150mm

il

Ssor | B

g =

&

]

“Ultra Widebeam” (along-track) o' 05 1 15 2 25

ML

9 > i30deg 2 Low frequency or small aperture
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Why use Ultra Low Frequencies, Widebands, and
Widebeams?

Two reasons that affect operational capabilities, effectiveness, and
efficiency:

1. The clutter problem

Inefficiency caused by need to identify false alarms
Practical limitation on “huntable” areas of seafloor

2. Buried objects
Limitation of capability to detect only proud / semi-buried objects

iSAAM-2012 —Alan Hunter | Benign seafioor

Reason 1 -
The Clutter Problem

Benign versus complex seafloors
Complex seafloor example
Approx. 50 detections in
50x50m
Optimistic 2% chance of
misclassification
2> 1FA > 400/sqkm!

CMRE MUSCLE SAS — Catharsis (50x50m)

Complex Seafloor

10.
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Benign Seafloor

Reason 1 -
The Clutter Problem

Operational effectiveness is very
sensitive to ATR performance
HF high-resolution SAS is not CMRE MUSCLE SAS - Catharsis (50x50m)
always sufficient : — '
Complex Seafloor
Low frequencies
Object resonance
Wideband & widebeam
Frequency and aspect
dependence
- Object’s external / internal

structure and composition

11.

iSAAM-2012 - Alan Hunter
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Reason 2 — Buried Object Detection
LF HF
Less absorption in the sediment ‘
at low frequencies
Sediment penetration >

Buried object detection
Favourable resonance-to-

3/
reverberation ratio ﬁ‘o
Clutter is also a problem for
buried objects (demonstrated
later) Mud
Sand

12.
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High versus Low-Frequency Classification
HF (CMRE MUSCLE SAS)

High Frequencies: Geometrical Scattering

-~ Cylinder Boulder

A\

o

Low Frequencies: Penetration + Elastic Scattering

Boulder

13.

iSAAM-2012 —Alan Hunter

TNO MUD System

> Detect objects buried in mud with high
area coverage rate \'
+ Low-frequency sidescan sonar
* Funding and support from Royal
Netherlands Navy
« Funding for acoustic colour analysis
from SERDP

> MUD System
* Hull-mounted frame
« Vertical array: 16 elements
+ Sources: VLF* (1-4 kHz),
LF (4-9 kHz), HF (13-24kHz)
+ GPS and INS

* DGA / GESMA

14.
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North Sea & 4

R‘dt’t‘erda,.m :

MUD-2011 Trial

» Test garden — Haringvliet,
Netherlands
+ Various objects deployed 6
months prior to trial
+ Active burial by divers
+ REMUS survey

+ 5 days; 200 runs
Different offsets and
orientations

15.

iISAAM-2012—Alan Hunter
Detection or Ubjects Buried In Mud —
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Data Processing Chain

Processing chain for an ultra low
frequency (wideband &
widebeam) sonar
Based on the TNO MUD System
For each stage, describe the
purpose and implementation

Examples using experimental
data from the TNO MUD system

17.
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Vertical Beamsteering
(Multipath Suppression)

I

SAS: Back-Projection
(Imaging & Motion
Compensation)

Select& Window Contact
(Detection & Background
Removal)

I

Reverse SAS:
Fourier-Domain
(Target Response Extraction)

Multi-Aspect Colour
(Target Response Analysis)

m innovation
| for life » ) —

Data Processing Chain

Vertical beamsteering
Relevant in shallow waters
TNO MUD ftrials: 10-15m water

18.
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Vertical Beamsteering
(Multipath Suppression)
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Multipath in Shallow Water

» Multipath is a problem in shallow water and is exacerbated by
using wide beams (i.e., at low frequencies)
» Reverberation and multipath can occlude the target response

Arriving with the same time delay

iSAAM-2012 - Alan Hunter

m innovation
for life s m—

> Vertical array of receiver elements
) Sum signals > Narrow beam
> Apply linear phase delays
before summing > Steer

beam

~

Steer beam to points of interest on
the seafloor, suppressing

interference from multipath

~

Low frequencies
- Longer wavelengths

- Need larger arrays

20.
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MUD - Vertical Beamsteering

A b sB
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gy §. ORI e @ e e e o ) e e e 0 ¢ sBs
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X
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21.
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MUD - Vertical Beamsteering
(Before)

Range, m

0 50 100 150 200 250 300 350 400 450 500
Along-Track, m

22.
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MUD - Vertical Beamsteering
(After)

Range, m

0 50 100 150 200 250 300 350 400 450 500
Along-Track, m

23.
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TNO i e
Data Processing Chain
Synthetic aperture sonar (SAS) }
processing SAS: Back-Projection
Space/time domain: ('E”ag'"g& LT
ompensation)
Back-projection algorithm I
Fourier domain:
w-k algorithm
!

SAS is essential for ultra low Reverse SAS:

frequencies / widebeam Fourier-Domain
(Target Response Extraction)

Brief recap of principles

24.
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Widebeam Sidescan Echo Data —

Why is SAS essential?

a
Slant Range

Wide locus of echoes
Interference between
nearby targets

25.

iSAAM-2012 - Alan Hunter

Along-Track Position

m innovation
for life m————

SAS Imaging (Backprojection / Delay-and-Sum)

For each image pixel, coherently
integrate along locus of echoes

i(x.y E-N = J.d(u._Zr /e)du

r= \/(\7 —u ): + (}' - }-'3“.3}.} + (Z — Zaoer ):

Coherent echoes sum
constructively
- Focusing & increased SNR

Advantages & disadvantages
+ Simple implementation
+ Wide-beam motion compensation for

arbitrary imaging geometries
— Slow (but parallelisable)

26.
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MUD - SAS Processing

Beamsteered Echo Data

Range, m

Focused SAS Image

Across-track, m

(] 50 100 150 200 250 300 350 400 450 500
Along-track, m

27.
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28.
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SAS Imaging (@ - k Algorithm)

Echo Data

W d (1{,[)

Fourier-domain implementation,

assuming regular sampling T
Simply a warping of the Fourier

space via the Stolt mapping | ,

D(ku,]c)
1(k,. k, )= S |
Stolt {k‘ =k, l ky ke = k. k,
OlIt: ~ :
i \/ﬂ N y ](kx’ K )

Advantages & disadvantages
+ Fast (Fourier transforms)

+ Wide-beam motion compensationis %
difficult E f(x’ y)
+ Easily reversed 2 . t.
w
29.
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TNO i
or lifTe s ——
Data Processing Chain
Select target of interest in the
SAS image
Separate it from the background
and other nearby targets by |
windowing Select & Window Contact
(Detection & Background
Removal)
l

30.
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Target Selection (Detection)

31.
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I T L m ‘ifzpﬁ\fieat'ion )
Isolation of Target from Background

Targets can be resolved from one
another in the SAS image

Isolate target of interest by
windowing, e.g.,

i (.\', }') = z'(.\‘, }')Win (.\‘, }‘)

win(x, y) = rect(x Il ¥/ L )

However, there is a trade-off for
the choice of window size

Currently working on a better
solution for target / background
separation

32.
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Data Processing Chain

Use reverse SAS processing to
recover the target echo response

33.
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l
Reverse SAS:
Fourier-Domain
(Target Response Extraction)
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Reverse SAS Imaging

' e -k algorithm is easily reversed
» Stolt mapping converts from data
to image
' Inverse Stolt reverses this process

Dk, k)=Stolt*{I{k , &, )}
k, =k,
k

Stolt™ :

[

k

L +k
SV

,<
= b

34.
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Target Echo Response

SAS image snippet Target echoresponse

Aaross-track, m

235 ) 240 242
Along-track. m

Along-Track, m

SAS, window, reverse SAS

35.
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Data Processing Chain

Multi-aspect acoustic colour:
information on frequency and
aspect dependence of target
scattering

-’Jg / [ AN l

Multi-Aspect Colour

>/ (Target Response Analysis)

36.
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Multi-Aspect Acoustic Colour

Actoss-track, m
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Fourier transform of echo data in {%
]
range - temporal wavenumber F \_/ d(h’,f)
o
2 w
]{ = — T
c I
Fourier transform of echo data in e \
along-track - wavenumber _ D(kﬂ ’k)
k,=ksin@ l k. k—6.f
|_g u
Multi-aspect acoustic colour mapping O [ —
2 A@.f)
f=kel2m 2| T
(]
O=sin"(k,/ k) <
37.
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Multi-Aspect Acoustic Colour
Interpolation Errors Interpolation Errors

A 4

FT '
kk, >k, k
FT*
FT
k.k,—6.f
38.
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Summary
Echo SAS
Cannot recover the target echo Data a— Image
response directly from the data
SAS required
I |
All information on the target is f/ \\
contained within the SAS image ' Target Imaage H
snippet ' : P ; > :
1 | Echoes snippet | |
Different representations of : !
the same data: : *‘\ ,4‘7 '
1 N A
SAS image snippet ! R '
Target echo response ! i :
Acoustic
Multi-aspect acoustic colour Il Colour i
\ H
Y s
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Results and Discussion

Results from our at-sea experiments with the MUD System
Stimulate discussions ...

40.
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MUD-2011 Results for CMRE EVA Cylinder

> 1.5m long, 0.5m diameter

) Thin-walled fibreglass shell

) Water-filled

> One end filled with Epoxy resin

41.
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TNO 05 e
. “l ' ' Run 275 |
CMRE EVA Cylinder — - R
End-On, Long Range . P -

Run 275

Run 325
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Run 275

CMRE EVA Cylinder - -
End-on A :,/'/ Run 311

Run 325

iSAAM-2012 —Alan Hunter
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100

Run 275

CMRE EVA Cylinder - -
End-On, Opposite Sides. vy~

Run 323 (Short Range)
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. TNO 771 e e
. " Run 275
CMRE EVA Cylinder - -  Rn s

Broadside, Short Range.

208,

Run 311

Run 311 o}
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CMRE EVA Cylinder — Multi-View “Fusion”
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Summary

Signal processing:
Motivation for using ultra low fregnuecies, wideband & widebeams
Description of our processing chain (SAS is essential step for
dealing with large echo loci; all info contained in SAS image snippet)
Demonstrated multi-aspect acoustic colour extraction on data from
an experimental system in a realistic operational environment

Where next?
Signal processing: Processing improvements; study more targets;
assess the robustness
Acoustics: Validate and understand results by FE simulation
ATR: Investigate robust features

47.
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