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Abstract.  Fish otolith morphology has been closely related to landmark selection in order to establish the most
discriminating points that can help to differentiate or find common characteristics in sets of otolith images. Fourier
analysis has traditionally been used to represent otolith images, since it can reconstruct a version of the contour that
is close to the original by choosing a reduced set of harmonic terms. However, it is difficult to locate the contour’s
singularities from this spectrum. As an alternative, wavelet transform and curvature scale space representation
allow us to quantify the irregularities of the contour and determine its precise position. These properties make these
techniques suitable for pattern recognition purposes, ageing, stock determination and species identification studies.
In the present study both techniques are applied and used in an otolith classification system that shows robustness
against affine image transformations, shears and the presence of noise. The results are interpreted and discussed in
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relation to traditional morphology studies.
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Introduction

Fish stocks, populations and species can be inferred from
the size and shape of their otoliths (Yefanov and Khorevin
1979; Nolf 1985; Messieh et al. 1989; Castonguay et al. 1991;
Campana and Casselman 1993; Friedland and Reddin 1994;
Torres et al. 2000; Cardinale et al. 2004). Since the 1990s,
these tasks have been performed by determining morpholog-
ical features of the whole otolith outline contour based on the
one-dimensional representation of its perimeter. This curve is
obtained by decomposing the contour into several fragments
and calculating the distances between the end of each frag-
ment and the centre of gravity of the analysed otolith. The
main problem then is how to discriminate between the one-
dimensional representations of otolith contours of different
species, populations, stocks, etc. A popular and commonly
used method for doing this is to apply an harmonic expansion
using a Fourier transform (FT) (Bird ef al. 1986; Castonguay
et al. 1991; Campana and Casselman 1993). This consists of
a representation decomposing the curve into a linear combi-
nation of sinus and cosinus functions that allow us to obtain
the spectrum representation of the otolith contour which can
serve to characterise the otolith shape. Low wave numbers

© CSIRO 2005

determine the overall otolith shape while high wave num-
bers represent smaller irregularities (Zahn and Roskies 1972).
Working with this type of representation allows us to imple-
ment a pattern recognition and classification system based,
for example, on the mean square distances in Fourier space
easily. Roughly speaking otoliths with a similar spectrum, or
analogous Fourier decomposition, should share similar shape
characteristics.

However, Fourier decomposition is defined by an integral
expression over the whole closed curve and its capability
to locate and discriminate different singularities, which may
appear very close together and with different sizes, is ques-
tionable. In addition signal analysis theory has shown that
localised sharp irregularities within a signal are not well cap-
tured by Fourier analysis because they expand into a large
number of high order harmonics, which makes it difficult
to provide a clear representation of morphological features.
Alternatively, relatively recent signal processing techniques,
such as wavelet transform (WT) and curvature scale space
(CSS) representation, solve these problems much more effi-
ciently and adequately. Intuitively, both are more related to
landmark selection usually carried out by trained human

10.1071/MF04162 1323-1650/05/050795



796 Marine and Freshwater Research

operators who manually obtain morphological features for
classification. Mathematically speaking, WT is a way to
expand a signal into a family of functions that represent the
dilations and translations of a unique function known as a
mother wavelet, located both in space and wave number. The
WT has the ability not only to measure sharp transitions of the
signal but also to establish its location (Mallat 1989). How-
ever, the CSS representation (Mokhtarian and Mackworth
1992) is a technique that focuses on finding the curvature
changes of a contour, called the inflection points, and analyses
how they change after successive smoothing of the curve. The

Table 1. Nothotenid species from the database analysed, number
of specimens and total length range of each database species

Species No. specimens Total length range (cm)
Aethotaxis mitopteryx 8 3049
Dissostichus mawsoni 7 36-38
Gobionotothen gibberifrons 7 35-44
Lepidonotothen larseni 10 14-19
Lepidonotothen nudifrons 13 8-18
Pleuragramma antarcticum 8 13-23
Trematomus bernacchii 8 19-34
Trematomus eulepidotus 13 13-31
Trematomus hansoni 13 24-40
Trematomus lepidorhinus 12 12-27
Trematomus loennbergii 7 26-32
Trematomus nicolai 10 20-34
Trematomus pennellii 13 7-25
Trematomus scotti 13 6-16

Fig. 1.
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curve description in this technique does not vary in relation to
scale transformations, translations and rotations of the image.

Thus, the main purpose of the current article is to show the
advantages of using both techniques to characterise the shape
of otoliths better. In the following section we describe in detail
how these techniques are applied to analyse and extract the
mathematical information that characterises otolith contours.
In addition we present some results to test the robustness
and the ability of these representations to be used as a pat-
tern recognition technique for discriminating otolith shapes.
Finally we discuss and compare the performance of each
technique.

Materials and methods

Throughout the present paper we use examples of contours extracted
from otolith images belonging to a collection available at the Institut de
Ciéncies del Mar de Barcelona (CSIC) and associated with the AFORO
database (http://www.cmima.csic.es/aforo/, verified June 2005). At
present, the AFORO database includes around 900 high-resolution
images corresponding to 182 species and 71 families mainly from the
Western Mediterranean, the Weddell Sea and Antartic Peninsula. From
this database we selected a subset of otoliths from the Nototheniidae
family (Table 1). This is the largest group of the Antarctic ichthyiofauna,
characterised by high morphological diversity, which is also manifested
in the otolith shape as a consequence of the radiative evolution process
(Klingenberg and Ekau 1996; Eastman and Clarke 1998). The images
are all coded in eight-bit depth grey scale and captured at different pixel
resolutions in order to record the most important details (Fig. 1).
Before making the shape analysis, otolith border detection is a crucial
step for obtaining the highest quality data information. Object edges are
usually detected through gradient-based techniques that measure the
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Image of the left otolith sagita from a Dissostichus mawsoni specimen.
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directional derivatives of the image components. Even though there are
approaches based on differential operators that are very robust to noise
and can compute a precise edge location (Marr and Hildreth 1980; Canny
1986), we decided to use the Sobel detector (Nixon and Aguado 2002),
which in our case, correctly solved the image edges as well as being
simple to use. This detector is based on a convolution of the image to
be processed with the horizontal (h) and vertical (v) derivative masks
computed through the following matrix operators:

-1 0 1 -1 -2 -1
h=|-2 0 2 v=| 0 0 0 (1)
-1 0 1 1 2 1

Even though the images are usually acquired under rather good lab-
oratory conditions, they cannot be totally controlled and the sample
image to be recognised can differ in pixel resolution, orientation, posi-
tion and camera alignment with respect to the reference images. Under
such conditions it is difficult to set a gradient threshold to determine the
otolith contour so that all the points are connected giving a closed curve.
To solve this problem, morphological dilation and erosion were applied
after thresholding the Sobel filtered image. The dilation operation con-
sists in a gradual thickening of the pixels of a contour in a binary image.
That is, all the pixels in an eight neighbourhood of a contour pixel are
set to 1, while erosion performs a dual operation: it erases any pixel in
a dilated image whose eight neighbours aren’t all equal to one. Once
the contour thickness is 1 pixel, it can be extracted and parameterised
in different ways according to the analysis and representation methods
used in this work. We considered the centre of gravity of each contour
as the origin of the coordinates. All contours were interpolated with a
cubic spline, low pass filtered and resampled to 512 points. This is a
compromise to minimise the computational load, by using fast numer-
ical implementations, and at the same time keep the prominent details
in each representation (radius v. angle in WT and contour coordinates v.
arc length in CSS).

Curvature scale space

The CSS representation (Mokhtarian and Mackworth 1992) is based on
the curvature function of the shape contour. The curvature measures the
rate of change in the edge direction, characterising in this way the points
along the contour. Points in a straight line with no flexions have zero
curvature. A circle has constant curvature and an irregular contour has a
curvature that increases with the bending of the irregularities (corners,
protuberances).

The CSS finds the borders between interesting segments, by search-
ing for points of zero curvature, this is done at different spatial scales or
zoom levels to focus on all the irregular (not straight) structures what-
ever their size. This spatial selection is achieved by iteratively filtering
the contour with a Gaussian-like function. Its support is increased pro-
gressively in order to analyse all the contour details, finishing when
all the irregularities have been removed and the contour has a smooth
shape.

The set of inflection points (CSS) constitutes a shape descriptor that
does not change when the contour undergoes displacements or rotations,
and can be easily normalised to a fixed contour length, thus it will not be
affected by affine image transformations (translation or angular changes
of the image axis).

The curvature « of a contour, represented by its pixel coordinates
I'(u) = (x(u), y(u)) as a function of the arc length u, is defined as
(Courant and John 1989):

X()y(u) — %) y(u)

)= "2 + P

@

where the number of dots over a variable indicates the order of derivative.
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This expression uses all the details of the contour, and to focus on a
spatial scale we can filter the contour with a Gaussian function

1 2 /952
gu,0) = —==e /% ©)
V202
where o is the scaling parameter (the smoothness degree). The curvature
of the smoothed contour, at a given scale (o) is then computed by:

5((14, (7)5}(u, o) — 5((14, o) f’(u, o)
(X2(u, 0) + Y2(u, 0))3/2

where X (1, o) and Y(u, o) are filtered values.

Figure 2 shows a polar representation of the contour extracted from
the otolith image appearing in Fig. 1. We can observe three salient
structures that characterise this shape. Its location and shape are unam-
biguous descriptors of this otolith. Figure 3 is the CSS representation
for the otolith shown in Fig. 1. The location of the inflection points
is plotted at each scale-angle pair. As we increase the scale (degree of
smoothness) the number of inflexion points decreases, in other words,
the shape becomes more and more rounded. For this otolith we can see
three main elongated patterns that correlate with the structures observed
in the polar representation (Fig. 2). This is a common feature of the CSS
representation, the set of inflexion points at relevant structures in all
the spatial scales gives rise to elongated patterns that progress vertically
as the scale increases. The more prominent the irregularity the taller
the associated CSS pattern. In addition, the CSS representation easily
locates the position of such structures in the system coordinates.

The CSS is therefore a helpful tool to perform morphological stud-
ies where structure size and location is an important issue. Moreover,
it provides a unique and stable representation of a contour, i.e. small
variations in the contour slightly modify the CSS pattern, which is a
suitable property for pattern recognition purposes.

k(u,o0) =

“

Wavelet transform

The WT is another representation where resolution is adapted to the
size of the structures. The WT compares the signal to a finite length
analysing the function called wavelet in a set of increasing scales that
are obtained by dilating the wavelet. The WT (W;p(¢)) of the otolith
radius p at scale s, computes the resemblance of the otolith radius to a
wavelet function v, of zero mean and finite length, dilated by a scaling
factor:

w0 =1y (%) )

This resemblance is obtained by the convolution product of the signal
to the wavelet at each angle ¢, defined as:

+00

Wyp(9) = 0" ¥i() = / p(Bs(o — B ©)

—00
where * symbolises the convolution product.

Choosing the appropriate wavelet shape and setting a scaling param-
eter allows the wavelet transform to detect singularities of different sizes
in the analysed signal. Usually the scaling factor is reduced to a finite
range of dyadic scales (s =2/, j € Z), where the smallest scale we use
is 1 and the largest is 27.

Mallat (1989) associates the wavelet with a blurring function ¢, to
obtain the smoothed components of the transformed signal that remain
after the wavelet transform is computed at each scale

S5 0(@) = p*hri (9) 7

interprets the wavelet transform at scales from 2' to 27,
[Wyip(@)]1<j<s, as the details of p(¢) that are in S1p(¢) are not in
$p1 p(@).

The successive convolution of the radius with the wavelet and
blurring filters produces a complete representation (discrete wavelet
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Fig. 2. Planar polar representation of the otolith contour extracted from original
image shown in Fig. 1. The contour is resolved by 512 points, sampled in a clockwise
sense where the origin is the centroid. 1, 2 and 3 label the three most important
structures of the otolith contour.
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Fig. 3. Curvature scale space (CSS) representation from a Dissostichus mawsoni
otolith (see Fig. 1). The horizontal axis is the sampling angle and the vertical axis
is the scale under analysis in arbitrary units. The three marked structures show the
visual cues to identify the otolith shape, that correspond to those marked on Fig. 2.
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Wavelet transform (WT) of Dissostichus mawsoni otolith (see Fig. 1) computed for

scales 3 to 6 (bottom to top). Top image plots the original contour data in cartesian axes. The
peaks of the WT at successive scales indicate the main visual cues of the shape. At scale 3 the
maxima are located at the contour structures marked in Figs 2 and 3.

transform or DWT), consisting in the details of the radius from scales
2! to 27 plus the remaining, coarse residual signal at scale 27:

{S2i 0, [Waipli<j<i} 3

In this work we use the wavelet mother function, proposed by (Mallat
1991), as the derivative of a quadratic spline function 6:

‘ _ db,;
Yoi(p) = do Q)
od o,
Woip(p) =2/ df(p 62)) (@) (10)
7

Using this wavelet, the fast changing points of an otolith shape appear
as large values of the wavelet transform. In Fig. 4 we show an example
of the WT computed for a contour of a Dissostichus mawsoni. The top
signal is the radius p plotted against the angle. In the second row we plot
the smoothed signal at scale 26 and the details from scales 2° down to 23
are plotted below (for the otoliths belonging to the set used in this work
details at scales 2% and 2! where very small and therefore not used).

When considering the DWT as an analysis tool, it is possible to
observe that the points corresponding to the largest structures in the
CSS also appear here as peaks of the details at scale 2'. However, the
radius can be seen as a blurred signal given by S,6 p(¢) plus the details
obtained from Wy p(¢) to Wy3 p(@).

Mallat (1991) conjectured that a WT can be closely reconstructed
from the positions of its zero crossings (z,,),ez and an integral measure
(en)nez of the WT between each consecutive pair (z,—1, z,), computed
at all the dyadic scales:

Zn
e = / Wi p(@)dp (11)
Zn—1

€n
Zyip(p) = —,
Zn — Zn-1

¢ € [zn — zp—1] (12)

The sequence {Z,;p, 1 < j < J}is called the zero crossing representa-
tion of p. This representation is also very useful in pattern recognition
applications since it allows a distance between two different signals f
and g to be defined:

d(Zf 29> = Y 20 f(x) = Zpig(0)|I* (13)

j=—00

which is easy to compute in terms of operations to be carried out, and
can be coded in an efficient manner to perform searches in a database
of signals based on their most important features.

In Fig. 5 we show the zero crossing representation for the scale 2°
of the wavelet details shown in Fig. 4.

To compare the analysis performed by WT and the harmonic analysis
we have computed the FT of the contour of the Dissostichus maw-
soni otolith of Fig. 1 and ploted it in Fig. 6. The overall shape of a
closed contour FT is mainly represented in low frequency terms and
the smaller details appear at faster oscillating harmonics. Thus, even
though the FT plot intuitively tells us what its shape is, the structures of
the original signal cannot be directly located from the magnitude-phase
representation.

Results

Taking into account the properties of the WT and CSS we
developed two different applications in order to show their
usefulness in fish otolith studies.

The WT, or the Zero Crossings of the WT are idoneus
for pattern recognition purposes, therefore we coded a soft-
ware algorithm to search for an otolith contour in the
database. We used the distance Eqn (13) to find the most
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Zero crossing representation of a Dissostichus mawsoni otolith (see Fig. 1) at scale

6. This step like signal, together with the rest of zero crossing signals at all the scales carry
all the shape information and is much simpler than the original signal.

60 120 180 240 300
(a) Angle (°)
25 T T T T T T
20 b
- 1571 b
i
10 [ b
5 - ’ ‘ ‘ -
0 I 1 I | ”II PRI I S N B BTSN | PR 1 1 I
5 10 15 20 25 30
(b) Harmonic number
Fig. 6. (a) Contour representation of an otolith outline from a Dissostichus mawsoni

specimen (see Fig. 1). (») Fourier harmonic representation of the same otolith.

similar contours and we searched for five different sam-
ples chosen randomly. The samples were from the follow-
ing species: Aethotaxis mitopteryx, Dissostichus mawsoni,
Pleuragramma antarcticum, Trematomus lepidorhinus and
Trematomus bernacchii. Figure 7 shows the output of the

algorithm when we searched for an Aethotaxis mitopteryx.
In the upper most left hand corner we have plotted the
searched contour, and the five most similar contours are
shown together with a percentage of resemblance. For this
search the system found two Aethotaxis mitopteryx with very
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Trematonus eulepidotus (13 mm) Aethotaxis mitopterix (48.5 mm) Trematonus scotti (16 mm)
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Fig. 7. The five closest otolith obtained when a test otolith (dethotaxis mitopteryx) image is searched for in the database.

Table 2. Results obtained for five different searches in the database

Otolith Aethotaxis Dissostichus Pleuragramma Trematomus Trematomus
searched mitopteryx mawsoni antarcticum lepidorhinus bernacchii
Ist similar Aethotaxis Dissostichus Pleuragramma Trematomus Trematomus
mitopteryx mawsoni antarcticum lepidorhinus bernacchii
2nd similar Aethotaxis Dissostichus Pleuragramma Trematomus Trematomus
mitopteryx mawsoni antarcticum lepidorhinus bernacchii
3rd similar Trematomus Dissostichus Pleuragramma Trematomus Trematomus
eulepidotus mawsoni antarcticum pennelli bernacchii
4th similar Aethotaxis Dissostichus Pleuragramma Trematomus Trematomus
mitopteryx mawsoni antarcticum scotti bernacchii
Sth similar Aethotaxis Trematomus Trematomus Lepidonotothen Trematomus
mitopteryx hansoni hansoni larseni eulepidotus

similar contours, followed by a Trematomus eulepidotus and
a Aethotaxis mitopteryx. For the rest of the otoliths that we
searched for the results appear in Table 2.

The design of an image database retrieval system based
on otolith shape has to take into account that the searched
images may have affine transformations (scaling, rotation
and translation) and also a shear, owing to the transforma-
tion of the otolith’s intrinsic three-dimensional form into a
flat image. To test the performance of the search engine, we
artificially provoked a shear with a mathematical transfor-
mation of the contour coordinates {x(u), y(u)} to obtain the
modified contour {x*(u), y*(u)}:

K] k] [ @)
o]l e e

Out of all the transformations a shear is the most problematic,
since; scaling is solved by normalising the contour length;
rotation is manifested as a displacement of the WT and is
solved by brute force by computing the distance function
(Eqn 14) for different rotation ranges; and translation effects
disappear when using the otolith’s centre of gravity as the
origin of the coordinates. Figure 8 shows a sheared version
of the sample of Trematomus lepidorhinus used before, and
the results obtained. It is possible to see that, even though the
sheared otolith loses some of its resemblance to the database
original, the search tool still finds two specimens from the
same group. A similar performance was obtained for the rest
of the otoliths tested, except for Trematomus lepidorhinus,
which when sheared resembles a Trematomus pennellii, how-
ever, the second most similar contour found belonged to the
same genus (Table 3).
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Trematonus eulepidotus (13 mm) Trematonus hansoni (28 mm) Trematonus lepidorhinus (12 mm)
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Fig. 8. The five closest otolith obtained when a sheared test otolith (dethotaxis mitopteryx) image is searched for in the database.

Table 3. Results obtained when searching for five different, sheared otoliths in the database

Otolith Aethotaxis Dissostichus Pleuragramma Trematomus Trematomus
searched mitopteryx mawsoni antarcticum lepidorhinus bernacchii
1st similar Aethotaxis Dissostichus Pleuragramma Trematomus Trematomus
mitopteryx mawsoni antarcticum pennellii bernacchii
2nd similar Aethotaxis Dissostichus Pleuragramma Trematomus Trematomus
mitopteryx mawsoni antarcticum lepidorhinus bernacchii
3rd similar Trematomus Dissostichus Pleuragramma Trematomus Trematomus
eulepidotus mawsoni antarcticum lepidorhinus pennellii
4th similar Trematomus Dissostichus Pleuragramma Trematomus Trematomus
hansoni mawsoni antarcticum lepidorhinus pennellii
Sth similar Trematomus Pleuragramma Trematomus Trematomus Trematomus
lepidorhinus antarcticum hansoni eulepidotus pennellii

When intraspecies variability was studied, the CSS
revealed differences between samples of different sizes. In
the case of Trematomus lepidorhinus, the smallest specimens
basically contain two inflexion points at all the scales, which
is related with the escisura ostii (Nolf 1985). When the otolith
grows, a change in shape is observed and CSS representation
shows an increase in the number of inflexion points indicating
a loss of roundness and a progressive elongation and irregu-
larity of the otolith’s outline in comparison with smaller ones

(Fig. 9).
Discussion
We have introduced two signal processing techniques (WT

and CSS) and used them for different but related purposes:
pattern recognition and shape analysis of otolith images.

The WT appears to be an efficient tool for describ-
ing otolith contours in a compact manner when they are
represented by their zero crossings. These zero crossings
correspond to singularities, and can be related to traditional
landmarks. Moreover, since we can write a simple distance
function from these representations, a database indexation or
pattern recognition scheme is straightforward to design.

For the set of otoliths we used and the samples we
tested, we observed in the results that although most of the
otoliths found belong to the same species as the sample being
searched for (even in the case of sheared data), there are
otolith contours from different specimens that are very simi-
lar to the input sample. In fact, it must be taken into account
that the zero crossing representation involves the whole con-
tour, and even though singularities of different sizes are at
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different scales we have used all of them together. Thus, it
seems that a convenient way to exploit all the properties of
this kind of representation is to find the most discriminat-
ing scales and/or singularities in sets of fish otoliths, using
methods which are closely related to multiresolution repre-
sentations, such as Discrimination Pursuit by Buckheit and
Donoho (1995) or the Local Discriminant Bases proposed by
Saito and Coifman (1995).

Furthermore, using adaptive methods such as Learning
Vector Quantization (Kohonen 1995) would allow us to obtain
models for each set of otoliths, taking into account their class
membership and providing a faster way to recognise a sample.

Additionally, one of the advantages of the zero crossings
of the WT is that it reduces the amount of data needed to
describe an otolith contour, which implies clear benefits for
remote database retrieval through the worldwide web, this
being one of the aims of the authors of this work.

The CSS shows its maximum potential when it is used as
an analytical tool for mapping the curvature singularities of

00 0.1 02 03 04 05 06 07 08 09 1.0

0.0 0.1 02 03 04 05 0.6 07 0.8 09 1.0

Curvature scale space (CSS) otolith analysis of different sized Trematomus lepidorhinus.

an otolith contour in a continuous manner. It behaves like a
scale selective lens focussing on the roughness of the otolith.
In the example shown in Fig. 9, it can be seen that, as the size
of the fish increases there is an increase in the curvature sin-
gularities, which clearly corresponds to changes in the otolith
morphology. This helps in species identification.

This increase in specific singularities in the otolith as the
fish grows has been described by a morphologist (Nolf 1985)
using qualitative characters and quantitative methods that do
not allow these important marks to be located (Lombarte and
Castellon 1991). As a consequence, using CSS is specifically
directed at detecting shape changes throughout fish growth
and is potentially a good tool for age identification.

Finally, we must note that both techniques, WT and CSS,
have some properties in common as a result of their multires-
olution and multiscale nature and provide related information
about the otolith contours analysed. The WT locates the most
abrupt changes at dyadic scales, while CSS maps the bor-
ders of irregular contour segments at continuous scales. It is
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also possible to design a pattern recognition scheme based
on CSS that is complementary to the one proposed here
(Abbasi et al. 1999), but we chose to use the WT in this
first approach because of the robustness and formalism of
the distance function computed using the zero crossings of
the WT.
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