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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 
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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 (1 kHz – 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. 

 

  

(a)       (b) 

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. 
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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, UXOs, 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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Figure 2 – Data flow diagram for the MUD processing chain. The processing represented within the orange 

boxes is explained in more detail in this report. 
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(a) 

 

(b) 

   

(c)    (d)    (e)    

 

Figure 3 – Broadband low frequency SAS imagery of run 275 (a) without and (b) with widebeam motion 

compensation, where the gray curves show the assumed and measured sonar paths, respectively; (c) the CMRE 

EVA cylinder, and corresponding image snippets (d) without and (e) with motion compensation, where the 

green marker indicates the deployment ground-truth location. The water depth is in the range between 8 and 

15 m. 
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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. 

3.2.1 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 (λ/10 in the 4-9 kHz band, where λ 

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-k, 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 
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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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(a)      (b) 

Figure 4 – SAS image snippets of the CMRE EVA cylinder using (a) regular processing; and (b) fixed-focus 

processing, demonstrating improved focusing of the resonant “tail”. 

 

 

  
(a)      (b) 

Figure 5 – Separation of (a) the coherent target response from (b) the incoherent background reverberation 

using the incoherent wavelet shrinkage technique. 

 

  
(a)      (b) 

Figure 6 – Extracted multi-aspect acoustic colour of the CMRE EVA cylinder from different runs with similar 

geometries: (a) run 325 and (b) run 275. 

3m 2m 
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(a) 

 

 
 

(b) 

 
Figure 7 – SAS image snippets and multi-aspect acoustic colour plots from multiple runs of different 

geometries. The image snippets show an area of 5x4 m around the target, and the acoustic colour plots show 

dependencies in aspect angle from -45 to 45 deg relative to broadside and frequencies from 4 to 9kHz. 

 

 

 

f 

y 

x 

 

f 

y 

x 

y 

x  

f 

 

f 

y 
x 



 

 

12 

 

 

 

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 

broadband  back-projection SAS 

Critical for deriving multi-aspect acoustic colour 

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 \Vavelet Coefficients 
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alan.hunter@tno.nl, robbert.vanvossen@tno.nl 

Absn·ac.t 

Background reverberation can obscure usefulfeamres of the target echo response in broadband 

low-frequency sonar images, adversely affecting detection and classification peJjom1ance. This 

letter describes a phase and resolution -preserving means of separating the target response from 

the background using a coherence-based wavelet shrinkage method proposed recently for de-

noising magnetic resonance images. 771e algorithm weights the image wavelet coefficients in 

proportion to their coherence between differel/1 looks under the asswnption that the target 

response is more coherent than the background. 771e algorithm is demonstrated successfiilly on 

experimental synthetic aperture sonar data from an operational broadband low-frequency sonar 

developed for buried object detection. 

©2013 Acoustical Socie.ty of America 

PACS: 43.60.Hj 
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l. Intr-oduction 

Broadband low-frequency sonar is a promising 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 fearures (such as the highlights and 

shadows) to detect and cl.assify objects, broadband low-frequency sonar can be used to exploit 

strucrural resonances of the objects [1 ,2). The classification of contacts in broadband low­

frequency sonar in1agery thus depends on a capability to reliably extract the resonant echo 

response. In practice, the echo response is com1pted by background reverberation adversely 

affecting this capability. This is a problem for low-frequency sedin1ent-penetrating sonars, e.g., 

the TNO MUD [3], SSAM [4], and BOSS [5] systems, where the seafloor sediment and I or 

multipath reverberation can be strong while usef\11 features of the echo response can be 

comparatively weak. 

Synthetic aperture sonar (SAS) processing provides increased in1age resolution by 

exploiting the inter-ping phase coherence of the echo data. Ftuthermore, it enhances the signal­

to-noise ratio for coherent targets relative to the incoherent background reverberation [6]. Use of 

a directional source and f or receiver array can ftuther mitigate the multipath reverberation in 

shallow water [7). However, even with these mitigation measures in place, the residual 

reverberation can be problen1atic. 

A target's multi-aspect acoustic colour and the echo response from which it is derived are 

useftll representations for classifying targets in low-frequency broadband sonar data [8). The 

target response can be isolated from the backgrotmd reverberation in the SAS image by spatial 

filtering (i.e., by windowing the target so that nearby scatterers and reverberation are removed) 
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followed by reverse SAS processing [8,9). Howeve.-, there is a trade-off for the choice of 

filte£ing band\\~dth; a smaller window achieves greater suppression of the reverberation but at 

the cost of reduced spatial frequency resohltion. Furthermore, any reverberati on remaining 

\\~thin the window is retained. 

Ideally, the reverberation would be removed without sacrificing spatial frequency 

resolution; a novel wavelet shrinkage me.thod was proposed recently for de-noising magnetic 

resonance in1ages [I 0, II ) !bat is capable of achie\~g this. In this letter, we adapt this method for 

the purpose of separating c.oherent targets from the inc-oherent backgrotmd reverberation in SAS 

inlages whilst preserving the phase structure and retaining a high resolution. We denlonstrate 

application of the method .on experinlental data from the TNO MUD low-frequency sedinlent­

penetrating sonar. 

2. Algoti thm D~scription 

The wavelet sluinkage method uses a coherenc.e metric to determine the sinlilarity of 

wavelet coefficients betwoen inde.pendent looks, i.e .. , different inlages of the same scene \\~th 

statistically independent noise realisations. The wavelet coefficients that have llligh coherence 

between looks are assumed to correspond to the reverberation-free meastl£enlents of the targets, 

whereas the coefficients with low coherence are assumed to correspond to the reverberation. 

Under these asstunptions, the coefficients with low coherenc-e are attenuated to produce a de­

noised inlage. The adaptation of this method to the sonar application is described in the 

following sections and is sununarised in Figure I. 
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2.1. Generation of complimentary looks 

In the context of target detection and classification for broadband low-frequency sonar, the 

major source of interference is from the seafloor sedin1ent and multi path reverberation. Here, we 

asstUlle that the reverberation cannot be resolved by the system and, therefore, behaves as 

speckle., i.e .. , it has low coherence over the spatial and temporal frequencies [12]. Comparatively, 

targets are asstUlled 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 \\~de range of 

temporal and spatial frequencies due to the use of a broadband pulse and wide beanlS, 

respectively. Therefore, the SAS echo data have broad support in the waventunber domain. 

Complinlentary looks can thus be generated by partitioning this space into two sets. 

Generate Wavelet P Realizations __. .. lool< -Transform 

} Estimate 
: Coherence ... Average 

Generate Wavelet _, Compliment -Transform + lool< 

Threshold 

~ Wavelet Inverse 
Transfonn Wavelet 1-Transfonn 

Figw't 1 - OvelView of the wavelet shrinkage algorithm. 
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Figw·e 2 - Generation of complimentary looks by a regular partitioning of lhe wavenumber space where alternate 
blocks are assigned into two sets. The hashed areas represent regions of the space corresponding to target responses 
that are correlated over multiple blocks. 

The partitioning of wavenumber space must be made so that this relationship is preserved in 

order to exploit the assmned coherence of the target and relative incoherence of the backgrotmd. 

One means of achieving this is to apply a 2-D grid to the space and assign blocks to either one or 

the other set; this is illustrated in Figme 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 not. The derivation of an optinJal 

grid will depend on the assmned scattering properties of the targets and reverberation, and the 

system paranteters; 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 dose to the Nyquist rate or perhaps even tmder­

sampled and a regular separation of blocks between sets (as illustrated in Figure 2) can result in 

tmder-sampling and the introduction of artefacts. In these cases it is advantageous to partition the 

space using a randomised assignment be.tween se.ts, thus breaking the regularity and spreading 

the energy of the under-santpling artefacts rather than concentrating them into localised grating 

lobes. Here, we use a randomised partitioning schente where blocks are assigned to either of the 

two complintentary sets (looks) at random, i.e., 

D,(k,k, )= D(k,k, )w ,(k,k,) 

D, (k, k.) = D(k, k, { 1- w .(k, k.) l 
where D(k,k,) = Ff{d(t,u)} is the 2-D Fourier transform of the echo data d(t,u), t and u are 

time and the along-track positions, and k and k. are their respective wavenumbers; 

w,(k,k, ) = a, [ roun{ k:• }roun{k·~:··• )] 

is a window ftmction that in1plen1ents the random block assignment over a grid \\~th centres at 

the wavenumbers (k,,k •. 1 )= (ko +ii!.k,,k,.0 + Jllk •. 1 ), where a , ~,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 inlages for a pair of complin1entary 

looks i ,(x,y) and l, (x,y)can then be generated from the data, i.e., 

i,(x,y) = IM{FT' {D,(k,,k)}} 

l,(x,y) = IM{FT' {D, (k,,k)}}, 

where I!Vf{ · }: t,u ~ x,y is the SAS inlaging operator, and x and y are the along-track and 

across-track inlage coordinates. 
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Other schemes can also be conceived to obtain the multiple looks, induding using vertically 

separated receivers or multiple passes. 

2.2. Coherence of Wavelet Coefficients 

The wavelet domain is good for yielding sparse image representations, meaning that the 

important infonnation tends to 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-p~eserving de-noising in imaging applications, including sonar [13]. 

The images for the complin1entary looks can be transfonned to the wavelet domain by the 

discrete wavelet transfom1, i.e., 

C, (x' ,y',s) = Wf~P(x, y)} 

C, (x' ,y',s) = WTfP(x,y)}, 

where the operator \Vf{ · } : x,y ~ x' ,y' ,s denotes the wavelet transfom1 and s is the wavelet 

scale. The !rarl~fonn is phase-preserving when symmetric I anti-symmetric wavelet pairs are 

used, and this is important for retaining the phase infom1ation in subsequent signal proc.essing. 

The coefficients corresponding to targets or noise are distinguished by considering a 

measure of their sinlilarity between the looks; coefficients that are similar are designated as 

belonging to a potential target whereas those that are dissimilar are designated as noise. The 

sinlilarity is quantified here using the coherence but other metrics can also be used [10,1 1]. The 

coherence between looks C<lll be estimated using 

(N- 1)12 

Y'. C, (x'+m6x,y'+nt.y,s )C; (x'+mt.x,y'+nt.y, s) 

( ) 
.... -~-1)12 

P, x' ,y ',s = -r7(::".,,_,,l,~' =======_"?=;;;"~======= 
~· , (N- 1)12 2 ... -ttJ~, (x'+mt.x,y '+nt.y,s l- •.• J;_,j~; (x'+m6x, y'+nt.y, s ~ 
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for an NxN averaging window, where t.x, t.y are the pixel din1ensions. The variance of the 

coherence estinlate can be reduced by averaging over a larger window (i.e., larger N) at the cost 

of reduced spatial resolution. The variance c<m also be reduced by averaging over a mm1ber P of 

different look realisations, i.e., 

I P 
p(x', y', s)z - l > , (x',y' ,s), 

p p-! 

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 coe.fficients, a weighting schen1e is 

chosen to attenuate those coefficients that are deemed to be incoherent and therefore designated 

as noise. The derivation of an optinlal weighting schen1e will depend on the assumed properties 

of the targets, backgrOlmd reverberation, and the system parameters; this is an interesting subject 

for f\lture research. However, to denlonstrate the principle we define here a sinlple ad-hoc 

scheme v.~th a user-defined soft threshold, i.e., v.~th weights 

l I, 

A(x' ,y',s) = 0, 
p(x' ,y' ,s)- p,., 

Pr:.u - Pm ' 

p(x' ,y', s)> p= 
p(x', y', s)<p""' 

otherwise 

where coefficients with coherence less than p.., are attenuated completely and coefficients 

greater than p_ are retained completely, v.~th a linear graduation be.tween these thresholds. 
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Figw·e 3 - MUD low frequency broadband S)Utbetic aperture sonar: (a) wet..,od; (b) deployment. 

Using these coherence-based weights, the wavelet coefficients of the full image are 

adji!ISted and then inverse wavelet transfonned to yield the image containing only the coherent 

targets, i.e., 

i'(x,y) = wr'{A(x' ,y' ,s)WT{i(x,y)}}, 

where 

i(x,y) = IM{FT'{D(k,,k)}} 

is the full SAS image. 

3, Results from the i\IUD Sonar 

The MUD systen1 is a low-frequenc y broadband synthetic aperture sonar developed by TNO 

for e.xperin1entation on buried object detection [3). The systen1 wet end is shown in Figure 3. It is 

comprised of an exchangeable acoustic projector, two 16-elemeni hydrophone arrays, and 

navigation sensors (real-time kinematic GPS and a photonic INS). These components are 
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moooted on a frame v.~th an adjustable tilt angle that is adapted for operation from diver support 

vessels of the Royal Netherlands Navy. 

Using a 4-9 kHz proj;ector and a sidescan imaging geometry, the system is capable of 

detecting objects completely buried in mud at ranges up to 70 m in very shallow water 

(approximately 10-15 m water depth and 0.5 m of mud). 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, inch1ding mine-like and non mine-like 

objects, ooexploded ordinance (UXOs), and calibration targets. These objects were actively 

buried by divers 6 month s prior to the trial. A high-frequency sonar survey was conducted 

inunediately before the trial using a REMUS AUV and this confirmed that the objects were 

indeed buried (i.e .. , they were not detected during the REMUS survey). The contacts 

corresponding to the deployed objec.ts were identified using grotmd-truth measurements and 

these are indicated by arrows in the SAS in~age of Figure 4(a). This demonstrates the capability 

of the system to detect the buried objects. However, in addition to the objects of interest, the 

sy-stem also detects regions of dense clutter, an example of which has been indicated within the 

boxed area of Figure 4(a). In some cases, the high clutter density prevents the confident 

n~atching of target contacts with the grotmd-tmth. 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 contact responses from the background reverberation is a crucial pre­

processing step in the classification procedure. The proposed wavelet shrinkage technique is 

den1onstrated here for this purpose. The technique was applied to the SAS in1age of Figure 4(a) 

using the following paran1e ters: the data support in waventunber space was partitioned into a grid 
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of 32x32 blocks to generate the complementary looks; a window of N = 5 pixels was used to 

estintate the coherence (image pixel size of 6x = 0.2 m and 6y = 0.1 m); the coherence was 

averaged over P = 100 look realisations; and a soft threshold of Pc = 0.4 and p= = 0.5 was 

used to weight the wavelet coefficients. The separated contacts and backgrotmd are show11 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 5 for a specific. target: the EVA 

cylinder [14] from NATO's Centre for Maritin1e Research and Experin1entation (CMRE). A 

photograph of the EVA cylinder is show11 in Figure S(a). The cylinder is I.Sm long and 0.5m in 

dian1eter with henlispherical end-caps, it is coustructed from a thin shell of composite material 

and filled \\~th water excep: for one end-cap which is solid epoxy resin. Figure 5(b) shows the 

SAS in1age snippet. A single realisation of the randomly partitioned wavenumber space used to 

generate a look is shown in Figure S(c), the wavele.t transfom1 of the look intage is shown in 

Figure 5( d), and its coheren:e 'A~th respect to the complimentary look intage is shown in Figure 

S(e). The c.oherence of the •.vavelet coefficients bet\veeu the c.omplimentary looks is very uoi:;y 

for a single realisation but this is reduced significantly by averaging the coherence over multiple 

complinlentary look realisatcons, as show11 in Figure 5(f). 

The SAS intage snippet for the isolated response of the EVA cylinder is shown in Fig 6(a). 

The corresponding echo dala (obtained by reversal of the SAS in1aging operator) are shown in 

Figure 6(c) and the multi-a..<pec.t acoustic colour (i.e., the aspect-frequency representation of the 

echo data) is show11 in Figure 6(d). For comparison, Figure 6(b), (d), and (e) show respectively 

the SAS snippet, echo data, and multi-aspect acoustic colour, where the target isolation has been 

achieved by application of a window of dinlensions 2.5 x 5 m with a 0.5 m transition border. In 
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this case, the window is too large and some of the background is re.tained, thus com1pting the 

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

3.1. Qualllitattve Analysis 

The procedure was repeated for a variety of targets over different nms to gain a quantitative 

estintate of the average improven1ent offered by the method. '!l'he targets considered were: I) the 

EVA cylinder, 2) a replica !55 mm shell (UXO), 3) a boulder of approximately 40 em diameter, 

and 4) SESAME - a pressurised container containing undenv:ater acoustic logging equipment. 

These targets are indicated in the SAS intage of Figure 4 by the identifiers EVA, SHL2, BOU2, 

and SES, respectively. The in1provement is quantified using an estintate of the signal-to­

reverberation ratio (SRR) given by 

SRR = nJaX~i(x,y l' )/ median ~i(x,y t ) 

over an unage snippet of dimerlSions 10 x 10m 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 in1agery. The algorithm has been 

den1onstr.ated on data from the TNO MUD low frequency soruar and shown to suppress the 

background seafloor reverberation effectively, achieving an average increase in SRR of between 

15 and 20 dB whilst preserving in1age resolution and phase. Further work is required to 

investigate the optin131 generation of con1plimentary looks based on prior knowledge of the 

reverberation and target coherence and optintal thresholding schemes. 
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Figw·e ~ - Run 325 from the MliD-2011 trials: (a) SAS image. with contacts of the deployed targets indicated by 
arrows and an area of dense cluttet indicated \\ithin the yeUow boxed region; for this run,. d!e contacts corresponding 
to deployed objects could not be identified \\ith confidence in this region and the ground OUih locations are 
indicated by the question marks; (b) coherent colllacts and (c) bacl:grotmd noise separated using the wavelet 
shrinkage method. 
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Figw·e 5 - Target I backgrmmd separation for the CMRE EVA cylinder target: (a) photograph of the EVA cylinder; 
b) SAS image snippet (lhe green square denotes the grotmd-trufu location); (c) wavemnnber speclrum of a random 
look realisation; (d) wavelet decomposition of the look image; (e) w:welet coherence between a pair of 
oompliment3l)' looks; (f) avenge wave-let coherence. over 100 look realizations .. 

15 



 

 

32 

 

 

 

 

Htmter, JASA-EL 

• 

I 
(a) 

e 

J 

(d) 

(e) 
..._.., 

Figure 6-Acoostic signatures <>f tbt EVA target obtained using: (a,c,e) the wavelet shrinkage method "'th a soft 
threshold for the coherence bet\"een 0_4 and 0.5; and (b,d,f) a spatial window of dimensions 2.5 x 5 m. (a,b) shows 
tbt SAS image. snippet, (c,d) the echo data, and (e,f) the multi-aspect acoustic colour. 
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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 fucilitated partly by 
use of modern high-frequency imaging sonar. However, this technology is limited in two 
respects: 1) the high frequencies employed by these syste~m cannot penetrate into the 
sediment to detect buried objects; and 2) the operational effectiveness and efficiency is 
severely limited by a high fulse 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 experimenta l 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. 

Keyword<;: 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 multi path 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(u,t;x) = ~ J D(u, k;x)exp(jkct)dk, 
27r --oo 

where u is the along-track distance, tis time, and cis the acoustic propagation speed; 
M - 1 

D(u,k;x) = LDm(u,k)exp(- j (k + koXm- M/2)Azsin(¢ - ¢0 )) 

=0 

(1) 

(2) 

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

"' 
Dm(u,k)= J dm(u,t)exp(- jkct)dt (3) 

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

¢{u,x) = sin -I ((z - z, (u))lr(u,x)) , (4) 

r(u,x) = ~(x- x, (u)f + (y- y, (u))
2 

+ (z- z, (u)f (5) 
are the declination angle and range from the sonar position x,(u) = (x.(u), y.(u), z.(u)) to 

the point x, and ¢k.J 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(x, y) = ~)<•> (x, y) , (6) 

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

i<•> (x, y) = J w<•> (u;x}d <•l (u,2 r(u,x}/ c;x}exp(jk0 2r }du, (7) 

r(u,x) is given by eq. (5), and 
c f .._,IWII.'l 

d <•>(u,t;x) = - Jo(u, k;x}exp(jkct)dk 
21[ r, .... 

(8) 

is the band-pass filtered echo data (after vertical beam-steering) for frequencies fn,min to 
fn,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 fn,max via the window 
function 

w<•l (u;x) = {1, IB(u, x ~ < Bo ( f"·""" ), (9) 
0, elsewhere 

where 
O(u,x} = tan- 1 ((x - x,(u))!(y - y, (u))) (10) 

is the azimuth angle from the sonar position x8(u) to the point x, and 20 o( 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 Xp = (x,yp,z) rather than the image pixel x, i.e., 

r(u,x;xF ) = ~(x - x,(u)Y + y~ + (z - z, (u)Y - yF + y (11) 

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 

A( f,e) = D'(k,ksine). (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 (), where 

D'(k,, k)= IIi '(x, y)exp( - j [ k, x + ( ~4(k + k0 Y-~ - 2ko )y J) ctxdy (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 [51-

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][31- 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; (e) 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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(a) 

j 

-... (g) run 325 

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 m1t1gates 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 100kHz) is ideally suited for 
providing high-resolution images of the seafloor. However. since sound does not penetrate into the 
sediment a t these frequencies, such systems cannot be used for the detection of buried objects. 
such as naval mines. improvised explosive devices (lEOs) , and unexploded ordinance (UXO). 
Sidescan tow-frequency (LF) sonar is a promising technobgy 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 r ate compared to downwarcHooking 
systems (e.g., the BOSS system (1 )), thus enabling efficient suaveys. 

In practice there are t.vo fundamental issues with sidescan LF sonar. The resolution of conventional 
sidescan sonar is poor at lo.v frequencies due to the lo.ver di rectivity of the beams. Moreover, in 
addition to the targets of interest. many clutter contacts are also observed. including other buried 
objects (e.g .• boulders) and geok>gical features below the mud (e.g., sand ripptes). Thus. a means 
of classif ication is necessary to distinguish between targets and clutter and to suppress the false 
alarms. Synthetic aperture sonar (SAS) processing is essential for attaining adequate image 
resolution and for facilitating object classif ication in order to realise an operational capacity. 

The LF and HF classification problems are fundamentally different. W hite infonnation 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 o f magnitude as the 
dimensions of the objects o f 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 cond~ions and by modelling conducted by A PL, NSWC·PC, and NRL, that useful 
information on the objects can be retrieved from the structural resonant features (2.3]. 

We are investigating data processing techniques for optimally extracting the mutti-aspect acoustic 
coklur (i.e .• the aspect and frequency-dependent scattering characteristics) of objects from LF SAS 
data for the future purposes of detection and classif ication. In this paper. we describe the 
techniques. and present resutts 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 developed by TNO for 
experimentation on buried object detection. It has been used in several sea trials conducted with 
funding and support from the Dutch Ministry o f Defence. 

The system wet end is shown in Figure 1. It is comprised of an (exchangeable) acoustic source and 
two receiver arrays. Each array has 16 hydrophones: one array is orientated vert ically and the other 
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Figure 1 -MUD syslem (a) wo1 end. including receiver arrays (yellow baoces). LF source (blue box), and HF 
souroe (Viole! box): and (b) deploymenL 

F"igure 2 - l ocation of the MU0-2011 sea trail: HaringWst. The Netharlands (satellite image from Bing Maps). 

horizontally. Throo sources were available for the experiments. covering tile bandwidths from 1-
4kHz (VLF). 4 - 9kHz (lF), and 11 - 26kHz (HF). The components are mounled on a frame wi1h 
an adjustable tilt angle thai is adapted for operation from diver support vessels of the Royal 
Nethe-r1ands Navy. Two navigation sensors are used to monitor the position aod orientation of the 
sonar system: these are ~ated on top of the support frame. A photonic inertial navigation system 
(PH INS) records the 3·0 accelerations and rotation angm of the system and a real time kinematic 
g:lobaJ positioning system (RTK GPS) provides centimetre positioning accuracy. These non 
acoustical systems are neoossary in order to derive the exact positjon and orientatjon of the system 
with respect to the tes1 garden and also to assist with more advanced signal processing. in 
particular for the SAS processing. 

Experimental results from the MUD-201 1 sea trial in HaringvCiet (shown in Figure 2) demonstrate 
that objects buried in mud can be dleteded in data acquired by the MUD LF SAS system (4). 
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3 DATA PROCESSING 

3.1 Synth.etic Aperture Imaging 

Synthetic aperture sonar (SAS) uses coherent proce.ssing of the sidescan echo data to enhance the 
image resolution and the signaJ-tcrreverberation ratio. SAS is essential for systems w ith wide 
beams (e.g., at low frequencies) since the corrv.entional sidescan approach yields very poor 
resolution. 

A SAS image .i(r, x) can be generated efficiently from the baseband echo data d(t, u) via the inverse 
Stolt mapping in the Fourier domain (the wavenumber algorithm) (5]. i.e., 

where 

D(k,k,) = J jd{r,u)exp(- j[lw +k,u])didu 

l(k,k,) = j ji(r,x)exp(- j [k,r +k,x])drd< 

are the Fouliar transforms of the echo data and SAS image, respectively: (r, x) are the slanHange 
and along·track image coordinates, (~. kt) are the image wavenumbers, u is the along-track 
position of the sonar. t is time, (k, kJ are the data wavenumbers. ko = 2~T/o I c is the wavernumber at 
the centre frequency /o. and c .., 1500 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., 

In practice. the implementation details are subtle and care must be taken to ensure adequate 
sampling of tl>e synthetic array and to minimise interpolation errors. 

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 s..vay (motion in the y 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 centre. 

The approximate wide beam SWt.f/ compensation for a suf>.image centred at the ground position 

>( = (x', .Y. z) i s given by 

d'{r, u I x') = jJl d(r,u)exp(- jkcr )dr ]exp(j[(k +k0 )2ar(u l x')+ka Ddk . 

woore 

6.r(u I x') = ~(x'-u)' +(y'-Y(u)f + (z'-Z)' -~(x'-u)' + y' 2 +(z'-Z)' 
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is the range error relative to the subimage centre for the actual path positions (u, l'(u). Z) with 
respect to the assumed straight path positions (u~ 0; Z), l'(u) is the sway and Z is the sonar depth. 
In principle. the full image can be compensated by tiling many oompensated sub images. 

3.3 Vertical Array Processing 

Multipath reverberation is a probtem for sonar systems with wide vertical beams operating i1 
shallow waters. Strong multipath interference due to the sllaflo.v water waveguide causes a 
reduction in image contrast and corruption of the phase responses from the targets and the 
seafloor: this degrades detection and classification capabi lities. The receiver-side muh:ipath 
interference can be mitigated by use of a vertical receiver array to narro.v 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 depth { . the beamstoored image is given by 

l (k, ,k, ly)= L).(k, ,k,)ex j-~k?+(k, +2k0}2 tldzsinp(y) , .v12-1 { 1 ) 

- - N12 2 

where I "(k.,. kx) is the Fourier-domain SAS image from the nth hydrophone. 

p(y )= tan-•(<-/ ~y'- z'2 } -p0 

is the steering angle for the across-track position ( ·, Y. l) and ~ is the tilt angle of the array. A 
vertical array can also be used as an interferometer to infer the target heights and seafloor 
bathymetl)'. 

At very lo.v frequencies (e.g., tess than 2 or 3 kHz) , the array size required to achieve an 
adequatety narro.v beam starts to become impractical doo to the long wavelengths (e.g .. 
A= 0.5 mat f = 3 kHz). Furthermore, hjgher order multipath modes remain a problem since the 
angles of arrival can be very close to the angle of the direct arrival from the seafloor. particularly at 
longer ranges [7). 

3 .. 4 Multi-Aspect Acoustic Colour 

The mutti-aspect acoustic cok>ur is a representation of the sonar data that emphasizes aspect and 
frequency-dependent scattering characteristics. It is possible to extract the acoustic colour of a 
specific object using a windo.ved SAS image snippet: the objaoc:t's response must be well resotved 
from the responses of any other nearby objects and with minimal influence from the surrounding 
seafloor and multipath reverberation. This information can be potentially exploited for classification 
purposes. It is especially relevant at law frequencies, where high-frequency classification methods 
based on characterisation of the size and shape of an objecfs echo and shadow are unreliable and 
where the frequencies cover a range for which interesting target resonances can occur. 

The multi-aspect acoustic colour is obtained from the SAS image snippet via a remapping 
k. = k sin 8 of the Fourier domain data, i.e .. 

A(/,9)= D • .(k,ksin9). 

where [ = ck/ 2;,T is the frequency. 8 is the aspect to the object in the slant-range plane relative to 
the sonar path, and 
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Figure 3-SAS image of run 325 from the MU0-2011 sea trial. The image has a 15 dB dynamic range relative 
to the 3/erage seafloor revetbera!ion 19191 and sw~ compensation has not been awlied. 

is the Fourier domain data corresponding to the SAS image snippet i (r, x )win(r , x) and wi n is a 
window function that optimally isolates the response of the object from other nearby objects and the 
reverberation. 

SAS processing, motion compensation, and multipath suppression. are all essential steps for 
allowing good isolation of the objects in the imagery for multi-aspect acoustic co )Our extraction. 

4 EXPERIMENTAL RESULTS 
Data has been coUected using the MUD system during several sea trials, including the MU[}20 11 
trial [4) conducted in Haringvliet, an estuary in the Netherlands . The water depth in the test area is 
approximately 10 - 15 m and the seafloor has a sand bottom with a mud covering of thickness 
varying between approx imately 40 em and 130 em. A test garden was deployed 6 months prior to 
the trial and the objects were activety buried by divers. The test garden is populated w ith a variety of 
different targets. including min&li<e and non min& like objects. UXOs. and calibration targets. The 
objects were distributed over three lines with an average distance between targets of approximately 
25m. 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 A UV with a 
VHF (900 kHz I 1800 kHz) sidescan sonar immediately after deployment of the garden in February 
2011 and during the trial in April 20 11. 

A portion of the dataset has been selected and processed to demonstrate the data processing steps 
descri>ed in Section 3. The se&ected 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 approx imatety 10m to the mud surface. Each run covers a swath of 70 m 
over an along-track distance of 500 m and the ship travelk3d at an average speed of 1.8 m's 
(3.5 knots) on a nominally straight course. Runs 275 and 325 folla.v the same trad< and run 322 
foUows 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 array was 
used to steer a beam toward the seafloor and sway compensation was not applied. Many forused 
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contacts can 00 observed. However. multi path replicas are observed behind some of the strong 
reflectors located at longer ranges. A liasing artefacts 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 underwater acoustic k>gging system) . In addition to the deployed targets w ithin 
the footprint (all of which were observed), there are many unidentified clutter contacts: these are 
thought to be other objects and I or seafloor features. Based on the large number of clutter 
contacts. it is clear that dealing with false alarms is a very re&ev'8Jlt operational issue. 

The contacts associated with the deployed targets were identified in the SAS images using the GPS 
navigation data together with the kn"-vn ground-truth for the deployment locations. An analysis of a 
seklction of targets is sh"-vn in Figure 4 for a 10m chain, a glass calibration sphere (PA M) , 500 lb 
bomb (BOM1), and a 40 em diameter boulder (BOU3) and in Figure 5 for the NURC 'eVA cylinder 
[8). The chain, boulder, and EVA cylinder were not observed in the VHF imagery from the REMUS 
survey [4), indicating that these targets were completety buried in the mud. SWay compensation was 
applied to each SAS image snippet using sway estimates from the GPS data and the multi-aspect 
acoustic colour was extracted using 3m x 3 m windows (a bigger 6 m x 3 m window was used for 
the chain). For the EVA cylinder, analyses from two different runs following the same track are 
presented to demonstrate that the results are repeatable. Note that the SAS images and acoustic 
coklur pklts exhibit speckle noise. The speckle has been reduced in the SAS images by averaging 
over wavenumber subbands: it can 00 reduced in the acol1Stic cok>ur plots by averaging over 
multiple runs. 

Based on the SAS image snippets alone. it is difficun to id9ntify features that coutd be used to 
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 be 
made. The EVA cylinder has a dominant response between 15 deg and 45 deg, suggesting that the 
axis of symmetry is orientated at approximately 30 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 orientation [8). The chain has a very narrow angular response at 
approximately 15 deg, which is consistent with its long extant and observed orientation in the 
image. The caiDration sphere and boulder both have ormidirectionaJ responses. H"-vever, the 
boulder has a flat response whereas the sphere exhibits some modality. The bomb has a 
comparativety lower frequency response and appears to be orientated at approximately · 10 deg 
relative to the track. A possible angular asymmetry can be observed, suggesting that the bomb may 
be orientated in a txoadsid.e geometry. 

5 CONCLUSIONS 

The detection of objects buried in mud has been demonstrated in an operational environment using 
a 1"-v· frequency sidescan synthetic aperture sonar. However . many unidentified clutter contacts 
were also observed in the SAS imagery. Classification of the, contacts for distinguishing between 
targets and clutter is therefore of critical importance. Extractiorn of muni-aspect acoustic colour from 
the SAS image snippets of various different objects has been demonstrated in the LF band from 
4kHz to 9kHz. The acoustic colours of various different objects have been shown to exhibit 
different characteristics. Furthermore, the acoustic colour extraction has been shown to be 
repeatable over different runs. These results give reason to believe that robust classification based 
on multi-aspect acoustic colour is possible. 

Future work will focus on buitding a gaUery of target signatllres (SAS image snippets and multi­
aspect acoustic colour plots) for various objects and clutter in the MUD sea trial data. Using the 
ganery, we hope to identity strategies for using the derived in formation for classification and false 
alarm reduction. 
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(d) PAM. Run 325 

(g) BOM!, Run 322 

OJ BOU3, Run 322 

Figure 4 - Photographs (left column). SAS image snippets (middle ooJumn), and mufti.aspect acoustic colour 
(righ~ column) for a sefection of targets. The dynamic range of the SAS images and acoustic colours is 15 dB. 
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(a) 
A~l-tn 

(b) -'~ (C) 

-'»•'*" ·» · 1., 0 ,., ::0 ~~ 110 ........ 
(e) 

Figure 5 - EVA cylinder from r.vo different runs with the same geometry: (b.c) run 275 and {d,e) run 325. 
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