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ABSTRACT

This paper presents a method for target recognition and clas-
sification in shallow water environment. It is based on time-
frequency filtering matched to a free field reference target
response. The decision strategy lies on the comparison of
the reference and the filter output signal. The method is ap-
plied to an experimental data base containing target acoustic
responses measured in a tank for typical configurations (free
field, semi-infinite space and waveguide). First, the recog-
nition of a spherical shell is carried out. The obtained rate
of recognition and confusion are more than encouraging.
Then, a classification procedure is conducted and a degra-
dation of the mean performances is to be noted in the more
general case. However, the classification of 3D targets in-
dependently of their attitude gives quite satisfactory results.

1. INTRODUCTION

The target scattering inverse problem in an opaque environment is
a recurrent theme in underwater acoustics. Common applications
are imaging of buried objects in sediments, detection and local-
ization, recognition and classification of targets in oceanic waveg-
uides.

As concerns detection and localization problems, the tradi-
tional inversion techniques lie on matched field processing that
needsa priori informations on the propagation medium [12, 13,
10].

In the case of target recognition or classification, the difficulty
is to identify on the target response relevant parameters that best
summarize its geometrical and mechanical properties. Previous
studies have shown that a wide band approach based on time-
frequency (TF) description suits particularly well for this task and
for the understanding of echo formation mechanisms [9, 4]. The
efficiency of Wigner-Ville distribution (WVD) based methods was
shown in the case of (1) shells/solid targets classification from tank
measurements [8] and (2) classification of spherical and cylindri-
cal targets (according to their mechanical properties) from their
numerical responses [2].

In a multipath environment, some expected degradations of the
performances were demonstrated in the case of numerical target

This work was supported by the french ministry of defense DGA
(GESMA)

responses for simple waveguides [1]. These degradations should
be pronounced in real underwater conditions where many factors
modify the signal transient (rough surface boundaries, refraction
index variations and many kind of noise) and contribute to a loss
of resolution between successive echo wave packets.

The inversion method we present in this paper (that could be
extended to detection and localization problems) does not need an
a priori knowledge of the medium like for matched field process-
ing methods. On the contrary, it consists of a TF filter matched to
a reference (known) free field target (or kind of targets) response.
The recognition or classification process is performed thanks to a
minimization of the quadratic error between the filter output signal
and the reference signal.

2. TIME-FREQUENCY PROJECTION FILTERING

As TF distributions are very useful tools for the observation and
the understanding of echo formation, a TF filtering method seems
to be the more pertinent approach for the extraction of target echoes
from altered signals.

The Wigner-Ville distribution (WVD) [3, 5] associated to the
broadband response of a free field spherical target is presented on
figure 1 as well as the impulse response and the associated pressure
density spectrum. The different patterns that appear on this picture
can be identified and classified in two categories [9, 11]:

� interferences due to the bilinear nature of the WVD. They
do not correspond to any physical propagation phenomena.

� very energetic patterns. The first one is associated to the
specular echo and the two next correspond to surface waves
arrivals (antisymmetric Lamb wavesa�0 anda+0 ).

The TF filter to be derived must take in account these physical
considerations. Thus, it will be based on a region of the TF plane
that contains the echoes identified as pertinent,e.g. the specular
and the surface waves echoes. Such an approach has been devel-
oped by F. Hlawatschet al: and called time-frequency projection
filtering [7]. This region, calledR, defines the TF support of the
time-varying filter : every component outside the regionR on the
signal to be filtered will be rejected. An indicator functionIR(t; f)
is associated toR and equals 1 if(t; f) 2 R and 0 outside.

The time-varying filter to design has an impulse response
h(t; t0). When excited by a finite-energy signalx(t), its output
signal can be written as

y(t) =

Z
t0
h(t; t0):x(t0)dt0:



Figure 1: Wigner-Ville distribution of the experimental response
of an aluminium spherical shell (target 1).

y(t) is an element of a linear signal spaceS, subspaceof the finite-
energy signals spaceL2(IR). h(t; t0) can be interpreted as the ker-
nel of an orthogonal projection operator ofS. The optimal signal
space is the one whose WV distributionWS [6] is the closest to
the indicator functionIR(t; f) according to two criteria [7].

The first one concerns maximization of the concentration of
S onR. Since the WVD of a signal describes the signal’s energy
distribution in the TF plane,WS describes theS ’s TF energy dis-
tribution. The concentration ofS on the regionR is defined as the
ratio of the space’s energy inR and the total energy.

The second one deals with minimization of a localization error
"(S;R) betweenS and the regionR: It characterizes the deviation
of WS from the idealized functionIR filling out R energetically.

The indicator function of a regionR is not a valid WVD of a
space but it can always be written as an infinite linear combination
of WVD of orthonormal signalsuk(t) [7] :

IR(t; f) =
1X
k=1

�kWuk(t; f):

uk and�k are respectively the eigensignals and real-valued eigen-
values of the eigenequation

Z
t0
hR(t; t

0) : uk(t
0)dt0 = �k uk(t)

where the Hermitian kernelhR is directly obtained from the region
R and its indicator function

hR(t; t
0) =

Z +1

�1

IR

�
t + t0

2
; f

�
exp(2i�(t � t

0)f) df:

As the previous eigensignalsuk define an orthonormal basis span-
ning a space of infinite dimension, a reduced set ofuk(k=1;:::;N)

defines aN -dimensional eigensubspaceU (N)
R of this space. It can

be shown [7] that the signal spaceS for which the concentration
�(S;R) is maximum corresponds to the eigenspaceU

(N)
R spanned

by theN dominant eigensignalsuk(t) associated to theN largest
eigenvalues�k . Then, the squared localization error"2(S;R)
is minimum whenN corresponds to the number of eigenvalues
greater than 1/2.

OnceS identified toU (N)
R , the orthogonal projection operator

h; can be expressed in terms of the orthonormal basisfukg :

h(t; t0) =
NX
k=1

uk(t)� u
�

k(t
0)

As an example, if the reference signal used to elaborate the oper-
atorh is the spherical aluminium shell response of figure 1, the
optimal dimension of the subspace is 5 and the localization error
and the concentration are respectively 1% and 90%.

3. THE EXPERIMENTS

The measurements were conducted in a tank of 2 m length, 1 m
wide and 1 m high. Six different targets were selected (cf. table 1)
and three series of experiments were led :

� in free field (one signal by target, namely 6 signals),

� in semi-infinite field in order to include reflection and re-
verberation by different interfaces,

� in 3 different waveguide configurations to include multiple
reflections (only for the spherical shell).

target spherical shell in aluminium of diameter
1 30 mm and thickness 0.6 mm

target cylindrical shell in aluminium of diameter
2 40 mm and thickness 2 mm. Its length is

large compared to the transducer beam.
The inner fluid is air.

target same as target 2, except for the inner
3 fluid that is water.

target aluminium cylindrical solid target with
4 hemispherical endcaps. The diameter is

30 mm, the length is 75 mm. The major
axe is lined up with the transducer beam.

target same as target 4, except for the attitude
5 in the transducer beam : the major axe

is perpendicular to the transducer beam.
target spherical solid target of marble of

6 diameter 30 mm.

Table 1: Targets description

As concerns the semi-infinite propagation, the targets were lo-
cated at the vicinity of 4 different interfaces : a non reverberating
one (free surface), a layer of thin sand, a slab of marble and a sheet
of gravel. For each configuration, the target response was recorded
for 4 immersions : in contact with the interface and 1 cm to 3 cm
far from it. This series of measurements gives a set of 100 acoustic
target responses.

For the shallow water waveguide situations, the small length
of the tank does not permit to modelize long range propagation but
the transceiver-target separation is large enough (1.2 m) to include
multiple reflections on the free surface and the sediment bottom.
In the whole series, both the target (spherical aluminium shell)
and the transceiver are located at the middle of the watercolumn.
In the first situation, the height of the watercolumn is 30 cm (10
target diameter), the bottom is made up of sand. In the second one,
the water height is decreased to 15 cm. For the last one a sheet



made up of gravel is put on the sand bottom at a middle distance
between the transmitter and the target.

For any measurements, the transmitted signal, issued from a
broadband transducer, is a pulse of about 6�s duration with a fre-
quency band centered on 500 kHz. The beamwidth at 500 kHz
is 6o(-3 dB). The whole data base is finally composed of 109 sig-
nals whose general structure is very different from each other and
complex in all cases.

4. TARGET RECOGNITION

4.1. The recognition procedure

The recognition procedure requires different stages. First, the free
field responser(t) of the reference target to be recognized is used
to design the TF projection filter according to the method described
in section 2. In order to identify the specular echo of any signal
x(t) to be analyzed, the filter has to be applied as a sliding window
along the signalx(t). For each locationt0 of the filter on the
signal, a quadratic errorE2(t0) between the normalized envelopes
of r(t) and the output signaly(t; t0) is calculated. The datetopt

corresponding to the minimum ofE2(t0) can be identified with
the date of apparition of the specular echo. The associated output
signaly(t; topt) is taken as the result of the filtering procedure.

As an example, figure 2(a) presents the response of the alu-
minium spherical shell located 2 cm above the bottom of gravel
while figure 2(b) shows the output signal of the filter designed from
the free field response of the same target. The arrow on the curve
(a) gives the datetopt of the specular echo.

Figure 2: Example of TF projection filtering. The filter is designed
from the free field spherical shell response. (a) Experimental re-
sponse of the same target located 2 cm above the sheet of gravel.
(b) Filter output signal.

In order to avoid confusion between low reverberation signals
and target echoes, we consider the ratioA between maximum am-

plitudes of the inputx(t) and the outputy(t; topt). A low value
of A, limited by a threshold�A, must lead to reject the reference
target occurrence hypothesis. If this first test leaves a possibility
of the reference target presence, it remains to compareE2(topt) to
a threshold�E whose value depends on the target to recognize.

4.2. The spherical shell recognition

The reference signalr(t) is the free-field response of the spherical
shell (target 1). The recognition procedure described in section 2
is applied to the 100 signals obtained in semi-infinite space. The
filtering operation is applied to each signal and the quadratic error
E2(topt) is calculated.

Whatever the signal coming from the spherical shell (target 1),
E2(topt) is always smaller than6:5 % of the reference signal en-
ergy. This threshold value�E = 6:5 % and an amplitude threshold
�A of 0.4 entails 100% of recognition rate and 5% of confusion
rate.

Detailed recognition results can be expressed for the four dif-
ferent interfaces : partial confusion rates are given in table 2. These
results are very encouraging for two main reasons. First, the con-
fusion rates are small for any configurations. Then, attenuating
sand bottom, which is statistically the more common at the vicin-
ity of the coasts (shallow water), allows a complete recognition of
the spherical shell. The worst confusion rates are obtained for the
perfectly rigid surface, that will not be (statistically) encountered
in an ocean environment.

interface sand marble gravel free surface
confusion

rate
0% 10% 5% 5%

Table 2: Confusion rates for spherical shell recognition depending
on interface nature (�E = 6:5 % and�A = 0:4)

As concerns the recognition rates in free field and in the three
waveguides, the suggested method is very high-performance : the
recognition rate is 100% and the confusion one is 0%. Never-
theless, these results are not definitive for the waveguide configu-
rations. Indeed, the transducer beam is too narrow to produce an
effective insonification of the free surface and the bottom. Only a
small part of the energy is reflected back to the receiver.

5. TARGET CLASSIFICATION

In this section, the recognition method is extended to a classifica-
tion procedure that consists of classifying the whole data base in
the categories represented by the 6 target configurations described
in table 1.

In the first step, the six filters associated to the six targets in the
free field are synthesized. Secondly, the set of signals are projected
on each filter. Then, the belonging class of a signalC is determined
by the minimum projection error on the set of filters.

C = arg
i=1;:::;6

min
�
E2i (topt)

	

The classification results are presented on figure 3 in the form
of a confusion matrix (confrontation between the real and the es-
timated classes). Each element includes all the surfaces and tar-
get immersions. The results are not as good as expected and give



the limitations of our recognition method: the identification is not
possible for all the targets and, in particular, no identification is
possible between targets with different attitude in the transducer
beam or with different inner fluids.
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Figure 3: Classification of the whole data base (�A = 0:4)

Discarding the two cylindrical shells (targets 2 and 3) because
of the absence of such a 2D geometry in a natural environment
like the ocean, the spherical shell recognition rate is 90% and the
cylindrical solid target with hemispherical endcaps one is 85%.
On the other hand, the marble target poses a problem of systematic
confusion: only 24% of successful classification.

These classification examples point out the main difficulties
encountered by the method, in particular its inefficiency to recover
a perfectly rigid and manufactured target made up of marble. The
reassuring news are first, that such perfect natural targets can not
be found in nature and, second, that the other targets are generally
recovered.

6. CONCLUSION

This study clearly shows the advantages of using a time-frequency
filtering based method for the recognition of targets in a complex
environment. The procedure applied to the recognition of a spher-
ical aluminium shell among a large variety of signals give 100%
of recognition rate and 5% of confusion rate.

As concerns classification, the results are strongly dependent
on the selected classes. In the case of a 3-dimensional targets
classification (between a spherical metal shell, a solid cylinder
with hemispherical endcaps and a solid marble sphere), the per-
formances are greatly satisfactory (90% and 85% of good classi-
fication for the spherical shell and the solid cylinder with endcaps)
except for the marble target that was systematically a source of
confusion. After a few trials, the method seems to be quite ro-
bust to noise added on the reference as well as on the data base,
suggesting a good potential for real applications in oceans.

Nevertheless, further investigations need to be led in order to
guarantee the feasibility of this approach in real conditions. In

particular, the long range waveguide configuration is to be studied
in detail both numerically and experimentally.
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