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RESUME SUMMARY

Des meéthodes de deéeconvolution itératives Iterative deconvolution technigues can
peuvent transformer un spectre de Fourier en transform a Fourier spectrum intos spectra
spectres & haute reésolution analogues a ceux simiiar to the ones obtained through gt
obtenus par des méthodes haute résolution du (maximum entropy method) or other high
type MEM (maximum d’entropie). Une telle resolution methods. One such technique
méthode (WB2) avait été présentée au GRETSI (WB2) was presented in the last GRETSI
il ¥ a deux ans. La présente communication conference. This paper presents two new
décrit deux nouvelles variantes de la 1terative techhiques. The first (WB3) is an
méthode. La premiére (WB3) est une version improved version ot WB2, and as the latter,
plus performante de WBZ2 qui utilise 1le uses the maximum entropy criterion to select
critere de maximum d'entropie pour résoudre  One solution in the infinite set of possible
les ambiguites de la déconvolution. La spectra. The second method can make use 0f
seconde méthode, appelée | SBE t(smooth a-priori knowledge of components of the
background estimator), utilise un critére spectrum, by minimizing the cross-entropy
mixte de maximum d’entropie et de minimum between the spectrum and the a-priori
d’entropie croisée avec une partie du reference, but instead of requiring an
spectre sSupposée connue a-priori, mais au a-priori spectrum like the Minimum Crcss
lieu de requérir un spectre de reéférence, Entraopy method, it estimates, together with
elle calcule en méme temps que le spectre the spectrum, a background noise spectrum
total le spectre bruit de fond seul, which is used as the a-priori reference for
supposée lisse, gui sert ensuite de reéférence the cross-entropy winimization, this last
pour le critéere de minimum d'entropie methoa is called SBE (smooth background
croisée. Les descriptions des deux méthodes estimator). Descriptions of the twio
aont suivies d’exemples d’application a techniques are followed by examples of
1’analyse spectrale et & 1la formation de applications to spectral analysis and
voies. beamforming.
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INTRODUCTION

The Ambient Noise Group at SACLANT ASW Re-
search Centre is involved in measuring the
directionality of underwater ambient noise
at low frequencies (100 to 1500 Hz). Below
500 Hz, shipping usually dominates the noise
which presents significant horizontal and
vertical anisotrapy.

This directionality is measured with linear
arrays, horizontal and vertical, of Ffinite
dimensions, The large width of the conven-
tional beams severely limits directionality
measurements at low frequencies, and high-
resolution technigues must be used to aver-
come the limitations o+t the short apertures.
Unfortunately, most high resolution techni-
ques (Maximum Entropy Method, Maximum Like-
lihood Method, Eigenvalue Decomposition,
etc..) were designed to solve another pro-
blem: they perform well in detection and lo-
calization of sources in the noise field,
but they do not estimate very well the am-
bient noise field itself in the directions
where its level is low, specially in presen-
ce of loud sources in other directions,
Their performance degrades also very fast if
one or more of the high level sources move

during the observation. In ambient noise
measurements, the levels of the guiet
sectors are more important than the
locations of the high-level sources.

The ANG group has, over the last few years,

developped a family of non-linear iterative
deconvolution technigues, to estimate the
ambient noise directionality from the con-
ventional beam levels: one such technique,
WB2 (Wide Band estimator) was presented at
the last GRETSI <1», and has also been des-
cribed in other papers <2,3>. The present
paper describes two other technigues of this
family, the first of which being an improved
version of WE2, called WE3. The second al-
gorithm overcomes a limitation of WBZ and
WE3: the maximum entropy constrain causes
the estimate to oscillate in the vicinity of
the loud sources, in & manner not unlike the
side~lobes of a conventional unshaded beam~
former. These oscillations are reduced by
smoothing the background noise around (and
excluding) the high level sources, and the
technigque is therefore named SBE, for Smooth
Background Estimator.

THE PROBLEM AND WEBZ2

Figure 1 illustrates the rationale <for the
WBZ2 and WB3 technigues. Fig. la shows the
positions on a map of 280 ships, as observed
from an aerial surveillance during a noise
measurement exercice: many of these can be
expected to contribute to the noise at posi-
tion B, where the wmeasurement was taking
place. A perfect, infinite array would per-
ceive a "true" field as depicted in Fig. 1b.
The real array, being of limited aperture,
shows a blurred image of the +ield as in
Fig. 1c. The regeneration of the "true"
field from the measured beam levels is an
ill-defined inverse problem and extra
constrains, or criteria must be applied in
order to select one unique solution amongst
the infinity of possible ones.

Fig.1 _PROBLEM. b)

ESTIMATE DYNAMIC SHIP-INDUCED NOISE FIELD
USING HORIZONTAL ARRAY

“TRUE FIELD®
RESPONSE OF
IDEALIZED SYSTEM

MEASURZO
BEAM LEVELS

FROM SHORT ABGAY
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The reconstruction method is shown in Figure
2. Fig. 2a and 2b are identical to Fig. ib
and ic. The measured conventional beam
levels, in decibels, are labelled M (M is a
vector, of dimension M, if N is the number
of conventional beams from the conventional

- beamformer).

The field estimate F (Fig. 2c) is selected
so that it is compatible with the measured
values, and has maximum entropy ({in other
words, of all the "cowpatible” fields, the
selected one is the smoothest, the onhe that
does not  have a structure to which the

conventional measurement would be "blind").

F

o

TRUE FIELD FIELD ESTIMATE
SONAR SONAR MODEL
P(F)
IdB M IdB
MEASURED PREDICTED
BEAM LEVELS BEAM LEVELS

Fig.2

OPTIMALITY CRITERIA for F

(1) MAXIMUM ENTROPY
L F; MAXIMUM UNDER THE CONSTRAIN OF:
i

(2) DECIBEL LEAST MEAN SQUARE ERROR (dBLMS)
% (Mn=Pp (F))2 MINIMUM

The acoustic field is modelled as a
collection of I independant plane waves,
equidistant in wavenumber. The I plane
waves are considered statistically locally
independant: the cutput of one conventiaonal
beam is calculated by summing the energy

contributions of all plane waves seen by the
beamn, without interference between the
sources contributing to the same beam.
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The sonar response, PL(F) (represented in
Fig. 2d), to this field estimate is calcu-
lated or "predicted” by convolving F with
measured or computed beam patterns of the
array. The +ield F is said to be compatible
with the measured sonar output M if the dis-
tance M-P(F) is small or minimum. This fa-
mily of techhigues uses a "distance" expres-
sed in decibels, whereas wmost other high-
resolution technigques are using a power
least-sgquares approach, through the use of
hydrophone complex cross-spectral matrixes,
which are a linear power measurement. This
"decibel match" concept forms the strength
of the techniques, and the readers will +ind
in references <1,2> explanations +for this
unusual error quantifier.

To summarize the criteria, the field
estimate F should be a collection of I plane
waves having maximum entropy, i.e.

2 F, maximum texp. 1)
I

where F; is the level of the +ield in
direction i, subject to the constrain of
minimum mean-squares error in decibels, i.e.

2 (Ma-Pa(F))=2
N
in which M, is the measured level of beam n
and Pn(F) is detined as

minimnum {exp. 2)

Fi+Rn, s )
Pn(F)= 10 Log ( &.10 10 tequ. 3)
I
where R,,1 is the beam pattern of beam n,
defined as the response (in dB) pf beam n to
a plane wave of level 0 dB in direction i.

The apparently complex Eg. 3 is just a power
sum of the plane wave components of F,
weighted by the beam pattern, as seen by
beam n. The set of constraints of exp.l and
2 is not simple to solve exactly, as Exp.2
is a non-linear function o F. We do not
know at present of any analytical method to
find the exact solution, but we will be
satisfied with an approximate solution
provided that it has a small mean-squares
error and an entropy close to maximum,

WB2 and WB3 are two iterative technigues
which yield approximate molutions with small
mean-squares error and large entropy. They
do so by starting with a field Fo having a
large entropy and their iteration steps are
designed to reduce the wmean-squares error
IM-P(F)‘Z, without decreasing the entropy
too much (i.e. without introducing arbitrary
structure in the field estimate). The ite-
ration stops when the residual mean sguares
error is small enough, or stops decreasing,
or after a preset number of iterations.

Before explaining the details of the algori-
thms, the example in Fig. 3, obtained from
WB2, is used to clarify what is meant by

small residual mean-squares error and large
entropy. The true field is shown in dashed
lines; it consists of an incoherent noise

field (horizontal dashed 1line), plus +our
plane waves (vertical dashed lines) with si-
gnal-to-noise ratios of ~10, O, +10 and +30
dB respectively (the signal-to~noise ratio
is defined for one hydrophone). The hann-

' show fast,

weighted 40-elements array, used with a 64
points FFT beamformer, yields 64 weasured
beam values (the points labelled FFT). The
WB2 estimate is represented by a continuous
line. The residual error vector M-P(F) is
plotted as crosses along the O dB line.
This residue would be null for the exact so-
lution to expressions 1 and 2, as the con-
ventional beam level measurem&nts are free
$rom any estimation error: in this theoreti-
cal example the residual error for the WB2
solution is not null, but its value is very
small indeed. The mean-sguares error is
abtout ©.25 dB, and the largest error is
slightly above 2 dB. :
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BEAM NUMBER
Fig.3 WB2 results on a simulation

The "lack of entropy” of the solution is mo-
re difficult to estimate. One could be tem-
pted to say that, as the background is +lat
and the conventional beamformer output does
not opscillate, the maximum entropy estimate

should also be flat, and that the oscilla-
tions of the WB2Z estimate around the high
level sources represent a lack of 'entrupy.
This is not true, as the maximum entropy

constraint is not trying to give a solution
with a smooth background, but rather a solu-
tion which has to be as smooth as possible,
including the sources. That overall smooth-
ness constraint causes the field to oscilla-
te around the high level sources (these
oscillations also exist with Burg’s MEM
technique, when a large number of poles . is
estimated: the MEM users limit the number of
poles to avoid undesirable oscillations,
thus reducing the resolution and the accura-
cy of their estimate in the Quiet sectors).
The sharp low amplitude wiggles are errors
due to the WB2 implementation, which uses
integer arithmetics; as well as to the many

approximations in the algorithm, but their
amplitudes are reasonably small.

WB3: ALGORITHM AND RESULTS
The WB2 algorithm suffers from two defects!

it can start with a first estimate having a
false stiructure (deep narrow "holes") if the
conventional beam power level measurements
have not been integrated 1long enough and
large amplitude variations in
level from beam to beam , as shown on Figure
4., The first estimate of WBZ2 for this set of
data strictly follows these variations,
assuming that the beawm-to-beam oscillations
in the measured vector M reflect a ‘“"struc-
ture” of the field, when in fact they are
meraly measurement errors, due to lack of
integration or sidelobes of the conventional
beans.
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The other possible source of inaccuracy in
WBZ is the “rough" way in which the
correction to the field is derived from the
beam level errors.

WB3 is an attempt toe cure _these two
problems: it uses the same flowchart as WB2
1,2, but the first estimate is different,
smoothing the possible spurious oscillations
of the conventional beam level measurements,
and in the same time narrowing the peaks
corresponding to the high level sources. In
short, the first estimate used by WB3 has
more entropy and is closer to the +final
solution than the first estimate of WB2.

The +first estimate is obtained as:

Fo,s=minimum(M ~R.,, 1+ ~10Log (BW..}))
N tegqu. 4)

The obtention of this First estimate is
illustrated on Fig. 4, the crosses renresent
the measured conventional beam levels, the

dotted line is the first estimate <for WB2.
the ctontinuous line is the first estimate
for WB3. The fast oscillations in bean

levels are filtered out better by the WB3
first estimate, and one can also clearly see
the sharpening of the high level sources.
The data shown on this figure correspond to
a real measurement, not a simulation.

++++ conventional beamformer
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Fig. 4 WB3 first estimate is smoother
than WB2 +irst estimate

In the iteration loop,; the corrections are
smoother, they are obtained in a way that
could be described as a wmwodified gradient
search to minimize the mean-squares error,
the modifications of the gradient search
have the purpose of “keeping the entropy

high". The formula for the iteration is:
T iMa—Pa(FuL)) x (IMP,, 1)€<
N
Fusr, 1=Fre, st x W,
ZAIMP A, 1)
N (eqgu. 3)
with:
Fi,14Rn, s "Pr{F)
IMPn, 1=10 10 (equ. 6)
and:
minimum(TIMP,, AVIMP )
Wi =
AVIMP, (equ. 7)

IMP,.,: is proportional to the derivative of
the prediction of the beam level P
relative to the +field element Fu, i, and
measures the dependance of beam n to the
field element F,: if IMP,, 6« is small, then
a change of Fi will not affect Pn, and the
error (Ma-P,)} should not contribute to the
corrections to Fi. If IMP.,: is big then
the correction to Fu will have a strong
effect on P, and F; should be corrected in
order to reduce the error (Mn=-Pn) most
effectively.

TIMP, is the
defined as:

total importance of F.,

TIMP, =2 IMP,, (equ. 8)
N

AVIMP, is defined as flat

field (constant F4),

TIMP:y +for a

The exponent c 'in Equation 5§ can vary from 2
to 6, values smaller than 2 slow down the
convergence of the iteration, c=2 provides
less oscillations in the background level,
c=6 gives slightly sharper resolution on
high level sources, with more oscillations
in the background. For all the examples

shown in this report, c=2, as for ambient
noise measurements it is more important to
have less oscillations in the background

noise level.

Figure 5 shows one result from WBI on a test
field similar to the one in ‘Figure 3, but
where the single sources have been replaced
by "pairs", to show the high-resolution ca-
pabilities of WB3. The residual oscillation
in the estimate of the npise pedestal are
still present, although lower in amplitude
than on the WB2 estimate (Fig. 8 o+ <1>),

These residual oscillations of the pedestal
estimate could be annoying by biasing the
background noise estimation for ambient

noise measurements, and also in hiding 1low
level sources that could lay in these areas,
with the same consequences than sidelobes
have for conventional beamformer. But their
reduction will be obtained only by modifying
the maximum entropy constrain, for example
by forcing only part of the spectrum to be

smooth, (i.e. to have maximum entropy),
after exclusion of the detected high level
spurces.
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Fig. 5 WB3 estimate on a simulation:
4 pairs onh white noise
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BEAM NUMBER
Fig., 6 WB3 estimate on Kay and Marple data

Figure 6 shows the WE3 estimate for the Kay
and Marple data set <4>, to be compared to
Figure 13 of <{1>. The WB3 estimate for the
smooth part of the spectrum (to the right)
is smoother than the WBZ estimate.

At this point, the authors felt that a sub-
stantial improvement of these deconvolution
techniques could be obtained only through

modification of the set of constrains to be
solved: the background, or pedestal, has no
physical reason to oscillate because of a
nearby high-level source, and, if the esti-
mate does oscillate, these oscillations are
an error. The constrains were modified to
include that reasoning, and the modified
technigue was called SBE as it attempts to
smooth the estimate for the background in
the vicinity.of the high-level sources.

SBE: ALGORITHM AND RESULTS

The Smooth Background Estimator algorithm
considers the ambient noise field as a sum
of two different components: the contribu-
tion from all the detected high-level sour-
ces, and the background field (including the
lower level sources). This arbitrary dis-
crimination is justified by the fact that in
the WB3 estimate, only the high-level
sources create "side-lobes" problems.

The flowchart for SBE is similar to the one

of WB3, and so is the first estimate: but
for each step of the iteration, SBE estima-
tes two fields: one is the ambient noise

.field, the other is a smooth background noi-
se field. This last is obtained through
nonlinear filtering of the total field minus
the contributions from all the detected high
level sources. The correction to the field
is then computed from the errors as in WB3,
but when TIMP, is small, an extra cor-

rection is applied to force the new field
towards the smooth background.

(10 dB/DIV)

LEVEL

In practice, the smooth bacikground is
obtained in the following steps:

First, the high-level sources are
according to their importance, by examina-
tion of TIMP: wherever a pealk in TIimMpP is
higher than 3 x AVIMP, there is a high-level
source. The angular extend of the source 1S
calculated, and the energy from the sQurce
is removed by clipping the field in the sec-
tor of the source, to its values on the ed-
gqes of this sector. A clipped TIMP t+unction
is obtained in the same way.

detected,

The clipped field is then filtered by convo-
lution with a "constant importance filter":
for each cell i of the field, the background

value is a mean value of the clipped fiela
weighted by the clipped TIMP: the mean 1s
calculated over a variable width area, s0o

that the sum of the weights TIMP under the
area is kept constant, This "constant im-~
portance filter" insures that in the sectoers
where the importance TIMF is high enough,
the structure of the background is preser-
ved, while in the sectors where TIMF is
small (i.e. where the measurement carry
little information about the +field), the
+ield is smopthed as much as possible.
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Fig. 7 SBE estimate on a simulation:
4 pairs on white noise
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Figure 7 shows the SEE estimate correspon-
ding to the example in figure S. The back-
ground field is represented with an  offset
of -10 4B and is visible as the lower curve.
The estimate for the total tielad does not
oscillate any more lilke the one in figure 3,
and the pairs of sources are also resolved
better.

Figure 8 represents the estimate of SBE for
the KAY and MARPLE data <4:. The lcower cur-
ve represents again the smooth component o+
the gpectrum, with a -10 dB offset. The
higher curve, represents the SBE estimate to
the total spectrum, and shows a substantial
improvement over the WB3 estimate: The reso-
lution ot the three line components is bet-
ter, and the image of the coloured noise
component is smoother. .
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WB3 has also been coded in interpreted BASIC

Y on a COMMODORE C&4 home computer, and it

o T took about 2 hours to calculate the estimate

w0 1 A4 for the Kay and Marple data as shown on Fig

6 ( 20 minutes for the 16 FFT, and about 20

FET minutes per iteration loop). The BASIC code

for the algorithm is only 45 lines long. The

program needs a work space of less than 30
Kilobytes.
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For real-time applications, it would also be
possible to speed-up the calculus of SBE, as
the background noise could be estimated for
each new acguisition only, instead of For
< every iteration loop as is done now.

(10 dB/DIV)

CONCLUSIONS

BACKGROUND LEVEL

Two new deconvolution technigues have been

presented, which show substantial improve-

ment upon the original technique presented

at the last GRETSI <1i>. The WB3 and SBE

o7 + L L + techniques can easily be implemented on

e Ive+ VS G R ‘*r“*HH“dtf%ﬁ small systems, and provide resolution capa-

‘ dB ERRQR bilities similar to the ones obtainable

) through more complex algorithms using cross-
1

LEVEL
10
%

; . . . : correlation or cross-spectral matrixes.
U\V/ﬁhTU{ 20 30 40 50 60 They can improve the resolution of any ima-

BEAM NUMBER ging system, without requiring any particu-
lar geometry for the imaging aperture (beams
and arrays can have any shape or sampling,
as long as the conventional beam shapes can
be calculated or simulated). They can easi-

Fig. 8 SBE estimate on Kay and Marple data

COST OF THE ALGDRITHMS ly be modified to include a-priori informa-
tion available top the user; or to solve more
The cost of computing the WB3 or SBE complex problems, like the ambiguity resolu-
estimates is difficult to compare with that . tion problem presented in another paper at
of the other high-resolution methods, this conference <5>.
because. of the radically different

aperations involved. WB3 and SBE require
more elementary operations, and a larger
storage than the other techniques for small
arrays. The operations are vectorized, and
most of them are standart in libraries of <1>BERROU J.L, BOULON P. Une nouvelle
software for array processors. For large methode haute-resolution rapide et robuste,
arrays, these techniques become very Peme GRETSI, mai 1983, pp 1015-1021

attractive, as their demand in storage grows
only proportional to the array size, the <2>BERROU J.L, WAGSTAFF R.A. 1EEE ASSP
N WORKSHOP 11 on Spectral Analysis, TAMPA (FA)

nov 1283 ppl132-145
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To give a rough idea of the complexity in-

volved, WB3 or SBE would compute a 512

points field estimate +from a set of 128

conventional beams in about 20 (WB3) or 30

(SBE) seconds (15 iterations), on a minicom-

puter hewlett-packard 1000 F (compiled

FORTRAN,; no use of Vector Instruction Set).



