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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. 

 

 



 

 

7 

 

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 



 

 

8 

 

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. 
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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 

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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