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1 Problem statement

The estimation of background noise statistics is fundaadémthe automated processing and visualisation of sonar
data. The distribution of noise in sonar data is highly uagaboth in the spatial and temporal domains. Sonar data
invariably contain a number of signals of interest (soméefe may be broadband signals), which often represent
a significant percentage of the available data. The oveirallod sonar data analysis to separate the signals of
interest from background noise and other environmentatesf To achieve this, a threshold value is chosen and
only those signal components which exceed the thresholdraserved. The choice of threshold is critical; if the
threshold is too high, weak but important signals might lsealided; if the threshold is too low, noise is likely to
remain in the data, making further data processing morediffi

Thus there is a need to develop adaptive techniques for atignoptimal thresholds for real-time sonar data
processing, based on statistical analysis of the backgroaise distribution. There is continued interest, both in
industry and the MoD, in environmentally adaptive sonatays, since much of the background noise observed
in sonar data can be linked to features in the environmerdther area of current interest is in the impact of active
sonar systems on marine mammals. The hope is that improwagsanof sonar data will enable the use of less
powerful signals, resulting in more environmently friepdl/stems.

2 Background

Active sonar uses a sound transmitter and one or more reseiepulse of sound, calleding, is transmitted
into the water, and receiver(s) listen for reflections (ed)mf the pulse. When active sonar is used, scattering
occurs from small objects in the sea as well as from the baottedrsurface, creating an effect called reverberation.
This can be a major source of interference, and can incrbasgrobability of false alarm. Several hydrophones
are used to measure bearing. By applying an appropriatediiagy to the time series data for each hydrophone, a
beam can be formed in a particular direction.

The target signal, if present, together with noise are fiasispd through a signal processing algorithm; typically
this includes a matched filter for an FM pulse. FM pulses pcecamplitude data in range and bearing, with good
resolution in range. This gives highly structured echometiand these may allow the possibility of resolving

the different paths taken by the sound through the water.s@lieclude reflections from the sea surface and



bottom. The propagation of the sound through the water wilaffected by the speed of sound profile, which in
turn is affected by the depth and temperature of the sea wateugh which the sound is travelling. For paths
reflecting from the sea surface and bottom, the effect ongbeived echoes can be significant. After the signal
processing algorithm is applied, the data is normalisecemove long-term trends, and a detection algorithm,
typically thresholding, is applied. The detections arentbkistered. Parameters are calculated for each of the
clusters, and non-target-like clusters are removed usihgséer shape recognition algorithm. The cluster position
are then passed to a tracking algorithm.

The estimation of the background noise statistics is furetdai to both the automated processing of sonar data
and the visualisation of the sonar data by the operator.rSt&ia background noise is generally highly variable in
both amplitude and in the parent distribution, and suchati@m occurs in both the spatial and temporal domains.
In addition, there are likely to be a number of signals ofriestin the observed time series data.

3 Noise estimation

In active sonar, the time series under investigation is thput of a matched filter, obtained as the cross-correlation
of the received echo with a copy of the reference signal (piAgeak in the matched filter output indicates a high
correlation between the received echo and the referennalsigthe corresponding range cell, and thus suggests
the presence of a reflecting object. The fundamental obgsctire to simultaneously maximise the probability of
detection (PD) and minimise the probability of false alaRiA).

To isolate peaks we apply tareshold to the matched filter output — only points above the threskalde are
retained. The choice of threshold is critical: if the thralshis too high, small but important features might be
discarded, while if the threshold is too low, too much noisénemain in the data, making further data processing
more difficult. To compute a useful threshold, we must edtintlae statistical properties of the underlying noise
distribution, for example its mean, variance, skewneskansis. We are also interested in computing confidence
intervals for such estimates.

Because targets are often large (relative to the wavelarigkie transmitted pulse) and irregularly shaped, a single
target is likely to produce a cluster of peaks in the matchest hutput. A suitableluster analysis algorithm is
therefore used to identify clusters. Clusters are thengabtssa shape recognition (classification) system, to decide
whether or not a given cluster in the matched filter outputesponds to a target. As well as choosing suitable
detection thresholds, we propose that estimates of the stasistics could be used to improve the cluster analysis
and classification steps. For example, it could be that aicembise distribution produces clusters of a certain type
with certain regularity — such clusters might be cakdetéfacts of the noise distribution. If the noise distribution

is known or accurately estimated, a statistical method dficeng the false alarm rate while retaining the same
probability of detection can be developed. To our knowledgeassification scheme based on noise parameters,
especially ones that estimate and adapt to the propogatiaditions in the local environment, is a novel approach
in sonar data analysis. Another possible area of researciidvie to investigate whether the estimated noise
parameters can be used to estimate the probability of fidsma

While we are interested in estimating the noise distributwer a single transmission, correlations between both
adjacent beams (spatial correlation) and successive gmess(corresponding to successive pings) should also
influence the noise estimation process. In particularagefeatures of the marine environment will persist across
a number of transmission cycles. Thus we are interestedetaviether environmental models can be used to
improve the noise estimation process. For example, we amdday-tracing algorithms to predict the multi-path,
and hence predict the corruption of a point source due torthieament (this will intoduce correlation into both
the signal and noise, and hence influence the noise distifjuFurthermore, the fact that sound travels slowly in
water means that only a small number of previous transmmsgjaings) are likely to be relevant at any given time.
Itis also possible that the noise distribution could vagngicantly from one transmission to the next — this is in
addition to the noise being non-stationary as a functiorange.



Difference methods

Letz; = s; + r, represent the data whetgis the observation sequencg,is the signal of interest ang is the
noise sequence. We defing k) to be thedifference product

’Yt(k) = (Zt - thk)(zt - Zt72k)

andI'y (k) to be the sample mean of the(k) over the windowlV = [tmin, tmax),

T () = 7 2 ()

teWw

If the signals, is smooth and the sampling frequency is sufficient to ensaist is approximately linear over the
interval[t — 2k, t], it can be shown that

Tw(k) =~ (f)w — (rrak)w + 2k%(s hw — 3k%(s}s])

where(-)y represents a sample mean taken over the windiowvhile s; and s} are respectively the first and
second derivative of the signal at time If the noise distribution is not (approximately) statiopaver IV, the
sample mearr?)y, can be thought of as the ‘average’ second moment of the nissédtion over the window.

Let kmin be the smallesk for which E(rir:—2r) = 0, i.e. kmin iS the location of the first zero of the noise
autocorrelation functionk(,i;, = 1 for white noise), and lek,,.x be the largesk for which s, — s;_2, =~ 2ks},
i.e. kmax IS the point at which the approximate linearity of the sigmaaks down. If,;, < kunax then

Twk) ~ Dw 422w for  Emin <k < kmax

ThusT'yy (k) scales linearly withk? in the interval[k i, , kmax), With constant term equal to the sample moment
(r?)w computed over the window’. In practice, the intervdk,i,, kmax] iS chosen by identifying an approxi-
mately linear region in the plot dfyy (k) against:2. Simple linear regression can then be used to estimatentite li
of I'w (k) ask — 0, which provides an estimate fér?)y . In essence, we attempt to eliminate the signdtom

the observation sequeneg by exploiting its local linearity to estimate the limit die difference product; (k)

as the signal differences; — s;_| and|s; — s;_o1| decrease (approach zero). The sample momepls, and
(r})w of the noise distribution can be estimated similarly, usiffgld and4-fold difference products respectively:

YO = (21— 2n) (2 — 20-28) (20 — 21—38)

YDk = (20— z—i) (20 — z—20) (20 — 20—38) (20 — Ze—an)

The success of this approach depends on a number of veryédlewwonditions. One aim of the research projectis
to see whether these ideas can be extended to overcome stimaldficulties encountered in sonar data analysis.
Principal among these is that the signal of interest is aetud peaks rather than a smoothly varying sequence, so
alternative methods of eliminating the signal before eating noise parameters must be investigated. Furthermore,
the noise distribution is highly variable across the timeese with short ranges dominated by reverberation and
long ranges dominated by ambient noise (sea-bed clutteappear at almost any range). We remark that for
non-stationary noise, the choice of window size is crititfathe window is too small, there are insufficient data to
compute reliable estimates of the distribution paramepearticularly the higher order statistics. If the window is
too large then the noise distribution might itself vary ddesably over the window.

4 Study Scheme

In the first year, it will be necessary for the student to deped good understanding of modern techniques in
statistical signal processing and data analysis, inctudinster analysis, multiresolution analysis, Hidden Meark



Models, methods for fitting statistical distributions totalaand a number of classification and other machine
learning algorithms. The student will also need to becomlfar with the current techniques for normalisation
and detection in active sonar. This will require a reviewtd literature and implementation of some of the more
popular normalisation techniques. These techniques eamltb applied to simulated data and to real data, or data
whose statistics are calculated from real data. Thales mande either real data or the information to generate
realistic data.

For the remaining two years, the student will develop teghes that can improve current techniques for normali-
sation and detection in active sonar. It will be necessahate algorithms that can work in either noise limited or
reverberation limited environments and which can providermation to downstream algorithms about the type
of environment. The data used for the normalisation neededtstricted to data collected from just one ping,
and data from previous pings can be used to estimate pananoetehoose an appropriate algorithm for the envi-
ronment. Geographic information about the local environheeg. from a database, may also be used. The use of
this information could make the algorithms applicable ialkiw water or coastal regions where active sonar often
performs poorly due to the high reverberation level.

Itis proposed to investigate these topics by the adaptivmaton of noise parameters. One approach is to extend
the differences methods outlined above. The effects of theg@ment on this model are of interest, particularly
the temporal variations that could be observed. For actwaismuch of the clutter observed in noise could be
related to seabed features hence spatial coherence intilmatisn of the parameters defining the distribution to
which the data may belong could also be exploited. The modglime different for each environment, for example
in deep and shallow water. Change points from one model tthanmay therefore need to be identified.

The recent introduction of wide band processing for FM milsas enabled processing to be carried out on a
several different frequency sub-bands. The study showld lglad to the development of algorithms that can
improve detection within each sub-band, and across sutishdha sub-band processing strategy is adopted then
traditionally the noise estimation process would be aplglelependently to each sub-band. Since the behaviour
of the attenuation of the transmission could obey a readpmadil understood frequency dependent attenuation
law, we could exploit such prior knowledge and estimate thisenstatistics using information from across all
sub-bands.

Any algorithms developed for this study should be testedh gl data, which can be analysed by the student
when he/she is at a Thales site.

5 Benefits To Thales Underwater Systems

The development of better normalisation and detectiorrélgos in active sonar will enable Thales to detect lower
SNR targets, and have more information about the noise@mwient in which the signal is being detected. This
will enable cluster shape recognition and tracking al@poni to be modified to better track targets in different noise
environments.

6 Requirements

The nature of the research topic and the analysis of restridata supplied by Thales will require that only UK
nationals be considered.



