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Summary: The otolith digital catalogue AFORO allows unknown otoliths to be classified automatically by using a compari-
son with its classified records. To do this, the otolith’s contour, which is extracted from an image, is used. In AFORO, otolith
images follow a strict positional normalization. Only the left sagitta is considered, and the images must show the internal
side of the whole otolith, with the sulcus acusticus visible, the dorsal side (D) placed in the dorsal position and the rostral
side (R) placed on the right. The otolith in the incoming image to be classified must also follow the same positional nor-
malization. Variations from the reference position worsen the classification results. In this article, robust contour descriptors
are proposed to extend this functionality of AFORO to the images of otoliths that are poorly normalized, contain rotations,
are entirely inverted or came from the right rather than the left sagitta. These descriptors are based on the discrete Fourier
transform and could extend the classification functionality to incoming images that are taken and sent, for instance, from
smartphones in a wide range of working conditions.
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Descriptores de contorno basados en Fourier para relajar la estandarizacion posicional de las imagenes de otolitos en
las consultas AFORO

Resumen: El catdlogo digital de otolitos AFORO permite la clasificacién automatica de otolitos desconocidos mediante
la comparacion con sus registros clasificados. Para ello, se utiliza el contorno del otolito, que se extrae de una imagen. En
AFORO, las imdgenes de otolitos siguen una estricta normalizacion posicional. Sélo se considera la sagita izquierda, y las
imdgenes deben mostrar la cara interna de todo el otolito, siendo visible el surco acustico (SA), con la cara dorsal (D) colo-
cada hacia arriba y el rostrum (R) a la derecha. De la misma manera, el otolito en la imagen entrante a clasificar debe seguir
la misma normalizacion posicional. Las variaciones respecto a la posicion de referencia empeoran los resultados de la cla-
sificacion. En este trabajo se proponen descriptores de contorno robustos para extender esta funcionalidad de AFORO a las
iméagenes de otolitos mal normalizados, que contienen rotaciones, totalmente invertidos o que proceden de la sagita derecho
(no del izquierdo). Estos descriptores se basan en la DFT (transformada discreta de Fourier) y podrian ampliar la funciona-
lidad de clasificacion a imdgenes entrantes tomadas y enviadas, por ejemplo, desde teléfonos inteligentes y en condiciones
de trabajo muy diferentes.

Palabras clave: otolitos; descriptores de forma 2D; descriptores de contorno; invariancia de rotacion; transformada rapidas
de Fourier.
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INTRODUCTION are species-specific (Koken 1884, Chaine and Duver-
gier 1931, Schmitd 1969). Evidence of this has long

Otoliths are calcareous structures found in the inner existed (Hecht 1982, Baldés et al. 1997, Volpedo and
ear of osteichthyan fishes, and the shape and structure Echeverria 2000) and is expanding as new collections
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are analysed (Baremore and Bethea 2005) and new
studies appear (Campana 2004, Furlani et al. 2007,
Tuset et al. 2008). Otoliths have been used mainly in
the identification of stocks (Bird et al. 1986) and spe-
cies (Schmidt 1969); phylogenetic (Gaemers 1984)
and palaeontological (Nolf 1985) food webs (Fitch
and Brownell 1968); eco-morphological (Lombarte
and Fortufio 1992) palaeoecology (Cartes et al. 2017);
and even sex identification and ageing (Cardinale et al.
2004). In trophic ecology, otoliths are used to identify
species in ichthyophageal stomachs and faeces (Pierce
and Boyle 1991, Bustos et al. 2012, 2014). This specif-
ic association between the morphology and the species
to which they belong allows for the exact determina-
tion of the components of the diets of predatory fish
animals. There are three pairs of otoliths in the ear,
but the sagitta is the otolith with the most significant
morphological variability and is therefore the one most
studied. The sagitta is also generally used for this type
of study because in non-otophysian fishes it is larger
than the rest of the otoliths (Pierce et al. 1991), which
allows for better observation of its morphology, and
it does not suffer the process of calcium reabsorption
(Casselman 1981).

The AFORO website (http://aforo.cmima.csic.
es) is mainly an open online catalogue of images of
sagitta otoliths. Throughout the text, we refer to any
sagitta otolith as “otoliths” for simplicity. This website
has been in development since 2003 (Lombarte et al.
2006), two decades after the first otoliths were studied
using a Fourier analysis of contours (Messieh et al.
1989, Bird et al. 1986, Doering and Ludwing 1990),
and offers high-resolution fish otolith images with
complete morphometric information, including a shape
analysis module that provides mathematical contour
descriptors, such as the Fourier transform (FT), cur-
vature scale space (CSS) and wavelet transform (WT)
(Parisi-Baradad et al. 2005, 2010, Piera et al. 2005).

At present, the AFORO database contains 5793
high-resolution images that correspond to 1776 spe-
cies, and its software tools have been used for otolith
atlases (Tuset et al. 2008, Sadighzadeh et al. 2012),
morphological indices (Tuset et al. 2006), stock identi-
fication (Capoccioni et al. 2011, Tuset et al. 2013, Sa-
dighzadeh et al. 2014), automatic species identification
(Parisi-Baradad et al. 2005, 2010), eco-morphological
studies (Cruz and Lombarte 2004, Lombarte and
Cruz 2007, Sadighzadeh et al. 2014), archaeological
information (Rodney 2009), biodiversity (Tuset et al.
2016), and, particularly, prey identification (Veiga et
al. 2011, Neves et al. 2012, Otalora-Ardila et al. 2014).
Furthermore, it contains a small 3D repository of oto-
liths (Marti-Puig et al. 2015) of the family Sciaenidae
(Perciformes), which are specialized in acoustic com-
munication (Cruz and Lombarte 2004) and have an ex-
ceptional sulcus acusticus (SA) (Smale 1995, Volpedo
and Echevarria 2000, Monteiro et al. 2005), as reported
widely (Ramcharitar et al. 2006, Tuset et al. 2008, Lin
and Chang 2012).

Currently, AFOROQO’s functionality of automatic
identification of fish species and populations is based
on 2D otolith closed contours. It works by comparing

the contour that is extracted from an external query
image against those that are in the AFORO database.
All images in the database have been registered follow-
ing a strict acquisition protocol, which is also required
for incoming query images. However, small errors in
registration of the query image are common. These in-
troduce small rotations of the contour resulting in mis-
alignments in the contour reference, which in turn de-
crease the accuracy of the classifier. Furthermore, two
more critical factors cause the system to fail: otoliths in
the incoming image appear rotated by approximately
180 degrees with respect to normalization because the
rostrum (a part of the otolith) has been misidentified
or because the incoming images have been acquired
under other normalization criteria.

In addition, in some practical applications only the
right sagitta is available, whereas the AFORO data-
base only stores data on the left sagittae. To improve
the automatic otolith recognition functionality that is
provided by AFORO, in this paper, we study how to
relax and also to completely avoid the normalization
that is required for images and we explore a strategy
for classifying the right sagitta by taking advantage of
contour symmetries it has with the left sagitta. This is
done by proposing descriptors that take advantage of
the well-known discrete Fourier transform (DFT) co-
efficients and their properties (Proakis and Manolakis
1996). The DFT is very efficient when working with
periodical functions, and the contours of the figures can
be interpreted as periodical functions by continually
moving through it. Features that are based on the CSS
or WT are susceptible to rotations and variations in the
contour sampling point, and their efficiency decreases
when the standardization of input information is slightly
mismatched (Marti-Puig and Reig-Bolano 2016). The
potential and significant advantage of Fourier methods
is that they can relate rotations in space to identify them
in other changes in the transformed domain. In the same
way, in a periodic time-series, DFT properties also
identify positional displacements in the transformed
domain. In this paper, we explore those properties to
achieve robustness against positional standardization
misalignments and the cost of avoiding standardization
completely. Some preliminary ideas, such as the use of
the major ellipse axis, can be found in Marti-Puig and
Reig-Bolano (2016). In this seminal work, a seven-step
algorithm was established to perform the query and to
analyse the effect of rotation (concerning positional
standardization) on the classification rate in the case
of a DFT-based parameterization. However, as experi-
ments take the contours from the AFORO database, all
the series that defined the contours started at the same
reference point. When the outline is extracted from an
unknown image in which the otolith may appear ro-
tated, it is necessary to adjust the starting point of the
series because the first point of the contour that is found
when scanning the image matches the reference point.
The contribution of the proposed parameterization in
the present work is twofold, in the sense that the same
parameters include the rotational normalization and the
change in the sampling origin. The use of complex co-
efficients allows the properties of the DFT to be fully
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exploited and a compact set of features for automatic
identification to be established.

To highlight the contributions of this work and point
out the differences from that of Marti-Puig and Reig-
Bolano (2016), note that the earlier work used elliptic
Fourier descriptors (EFDs), initially proposed by (Kuhl
and Giardina 1982). Using EFDs, each mode, each
“frequency” of contour variation, requires four real
coefficients. The original EFD formulation is depend-
ent on contour position, scale, orientation, the starting
point of sampling, the sampling direction (clockwise/
anti-clockwise) and the number of samples per contour.
In Marti-Puig and Reig-Bolano (2016), the way to relate
the EFD coefficients (a, by, ¢, di) of a contour with the
same contour rotated, displaced or scaled (a,’, b,’, ¢, ’,
d,’) follows the matrix notation proposed in Nixon and
Aguado (2008, p. 307). Note that Nixon and Aguado
(2008, p. 304) also proposed invariant contour descrip-
tors derived from EFDs, which reduce four real EFDs
(ay, by, ¢, dy) into one (fy). Those fi are invariant to
rotations, sampling point and direction and symmetries.
However, their use for classification of otoliths provides
very poor results compared with EFDs with handmade
positional standardization (Marti-Puig and Reig-Bolano
2016). Other invariant descriptors are those proposed in
(Zhang and Lu 2001), which eliminate the phase of DFT
coefficients and preserve the modulus. Unfortunately,
they work similarly to those pointed out in our formula
(9) or those in Nixon and Aguado (2008). To avoid los-
ing the ability to classify otoliths obtained by EFDs and
positional standardization, which is manual, Marti-Puig
and Reig-Bolano (2016) proposed an automatic posi-
tional contour normalization. The method was based
on finding the major fundamental ellipse axis in which
the contour can be decomposed, and the angle of this
axis with the horizontal. This angle is used to rotate the
contour in order to keep the principal ellipse axis hori-
zontal. This strategy is independent of the human criteria
and keeps the classification rate close to the results ob-
tained by an expert doing the standardization procedure
very carefully. That procedure works for rotations that
do not exceed angles of +90° from manual positional
standardization.

In the present work, we employ the DFT coefficients,
which unlike EFDs are complex, and we perform all the
operations presented in Marti-Puig and Reig-Bolano
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(2016) much more efficiently because the DFT can be
computed via the fast Fourier transform algorithm. We
highlight some results related to the DFT formulation:

— A closed formula for the angle 6 involved in the
automatic positional normalization.

— A closed formula to find a starting point of sam-
pling k.

— The procedure to apply both sampling and po-
sitional standardizations by performing operations
directly on the phase of the DFT coefficients.

— A way to deal with rotations higher than +90° and
also with symmetries.

The most relevant result is that the new strategy
maintains the classification rate of otoliths of non-
standardized inputs very close to that obtained when
the contours are manually orientated by an expert and
the samples are prepared for this purpose. The experi-
ments were performed with the same database and the
same classifier as in Marti-Puig and Reig-Bolano
(2016) to facilitate comparisons.

The work is organized as follows: the Materials and
Methods section covers the AFORO image acquisition
protocol required to correctly position the otolith, the
derivation of the proposed descriptors robust to rota-
tions of 6 (|0]<90°), the number of points that were
used to represent contours, some shape symmetries and
their relation to the proposed descriptors, a baseline to
achieve invariance and, finally, the method of classifi-
cation and validation that was employed. The Results
section presents the results under two frameworks: one
in which the AFORO user applies positional normali-
zation and in which the errors that are introduced with
respect to the desired reference are small; and one that
evaluates the recognition performance that could be
achieved without positional standardization. We con-
clude the paper with some discussion.

MATERIALS AND METHODS
Test dataset

The test material comes from the AFORO database,
which is regularly updated and at present (07/06/2018)
contains a total of 5793 high-resolution images corre-
sponding to 1776 species and 238 families from oceans
all around the world. The specimens selected for the
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Fig. 1. — Overlapping contours by classes. On the upper-right side, the superposition of all shapes.
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sulcus acusticus

Fig. 2. — Concerning the positional normalization, the image must be from the internal side of the whole otolith. In A, the right side; the medial
or internal side showing the sulcus acusticus. In B, the wrong (external) side.

database are focused on representing all the possible
variability within each species, such as age, length, sex
and stock. The approach presented in this paper was
tested with 134 otoliths from eight different species
but was optionally divided into eight or nine classes.
To compare the results with that of a previous study
(Reig-Bolaiio et al. 2010), we took the same set of spe-
cies (number of specimens in brackets): Chelon labro-
sus (10), Liza aurata (11), Liza ramada (9) and Mugil
cephalus (10) from the family Mugilidae: Merluccius
hubbsi (28), Merluccius merluccius (19) and Merluc-
cius bilinearis with specimens collected in Canada
(24) and in USA (14) from the family Merlucciidae
and Mullus barbatus (9) from the family Mullidae. See
Figure 1.

Image acquisition, AFORO positioning protocol

1. Upload only one image of the left sagitta, as
shown in Figure 2. The image must be from the inter-
nal side (medial or proximal) of the whole otolith. The
internal side shows the SA (a groove along the surface
of the sagitta).

2. To obtain a good representation of the sagitta
contour, the image must be well contrasted. If possible,
the background should be homogeneously black.

3. Sagitta position. The dorsal side (D) of the oto-
lith must be placed facing upwards in the image. The
anterior or rostral side (R) must be located on the right
side of the image. Figure 3A shows the right position.

Proposed contour descriptors for rotations
between —90° and 90° concerning positional
normalization

Consider a contour sampled in counter-clockwise
direction in which x; and y, are the x and y coordinates
and j=V—1. In a complex form, it can be expressed as:

Sk=Xk+jykk=0,l,...,N—l (l)

By applying DFT, we have the transformed coef-
ficients f| as follows:

N-1 -
f/ = z k=0 x/(e

Thus, the original s, can be written by f; using the
inverse discrete Fourier transform (IDFT) as follows:

2

ety

V=01, N -1 )

1 21
SN

N M
N = —
% fe" =01, N-1 3)

0

Sk =

i
N

Fig. 3. — Concerning the positional normalization of left sagitta, the otolith dorsal side (D) must be placed in the dorsal position of the image
and the anterior or rostral side (R) on the right side. A, right position; B, wrong position 1; C, wrong position 2.
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Note from (2) that fo=N(x_,+/V;m)=N-S.,, Where
(XY 18 the centre of the masses of the contour.
When s,,,=0, the contour is centred at (0,0). To ob-
tain an invariance of the translation, in the context of
Fourier descriptors, we must merely impose f; to be 0.
Any reconstruction of f;, with f; =0, will reconstruct the
contour of the original shape centred on the coordinate
origin.

Note that at this point we do not assume any par-
ticular position to start contour sampling. In fact,
contour sampling could start at any point. We merely
begin from any point belonging to the contour, with the
sampling completed counter-clockwise.

With the aim of evolving the descriptors, let us first
look at how we can describe the first ellipse upon which
the contour is centred. It would be the most straightfor-
ward reconstruction of the original outline performed
by only two complex coefficients, f; and fy_;. From (3),
the ellipse e, takes the following form:

1 2n (V-1
ek=ﬁ(fieN +leeN )=
1 e fd
=N(fle‘N +fN_1e.N k=0,1,--,N -1 “)

Let us write f; and fy, in polar form: f,=|f,|e/*! and
frva=Ifv.1le®¥1. The two terms of e, in (4) are two vec-
tors that move in the complex plane, in the increment
of k, at the same speed but in the opposite directions.
When these vectors intersect with the same phase,
the resulting vector contribution marks the point of
the major ellipse axis; alternatively, when they are
in phase opposition, their vector sum marks extreme
conforming of the minor axis. These crossings occur
twice, each time when the vectors complete 360° (N
samples) by marking both sides of the major and mi-
nor axes of the ellipse. Thus, from (4), it is easy to see
that the modulus of the major ellipse axis measures
2/N(|f,|+|fr_1]) and it is reached at point

~ N
k = R(q)N—l - q)l) (5)

which is obtained by equalizing the phases of both
terms in Expression (4). Thus, by considering f, and
fx_1 1n polar form, we have

21 ~ =27 A
Wk-'-q)l =Tk+¢N_l’

and by isolating £, (5) becomes direct. A positive value
of k represents a clockwise displacement of £ samples
from the position of the first sample of the contour
sequence, while a negative value means a clockwise
displacement. Therefore, the final value must be taken
modulo N in the 0,---,N-1 range. In the ellipse, the two
values that limit the extremes of the principal axis are
separated N/2 samples. Finally, we choose the value
that meets Real(e;)>0, which is the one that is located
in the region that is formed by the first and fourth quad-
rants. Thus, angle 0, which is used in the first/fourth
quadrant region of the major ellipse axis with respect
to the horizontal, is as follows:
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aTav | 2
0= ATAN ©

Real(e;)

In the range of —n/2<0<m/2, we can correct the an-
gle of rotation in the frequency domain by multiplying
each coefficient by e

As in badly normalized incoming images we do not
control the starting contour sampling point, we change
it in order, beginning with the point £, which will pass
to the first sample of the sequence. This can be done
by DFT in the coefficient domain by multiplying each
[ component by

according to the DFT property:

-2
F[Sk-lé]=fze A
We achieve scale invariance by normalizing the
coefficients by half of the major principal ellipse axis.
Therefore, the new proposed coefficients take the fol-
lowing form:

2na
fl - -7

G = |f1|+|fN_1|e (7

Note that if we apply an IDFT directly to the C,;
coefficients previously described in Equation (7), with
C,=0, we recover the shape of the otolith. Thus, if in
the original figure the otolith was rotated between —90°
and 90° concerning the required positional normaliza-
tion, the recovered contour appears to be represented
in the way that the principal ellipse axis remains hori-
zontal with the rostrum (R) in the right position, as is
represented in Figure 4A, which matches the positional
normalization that is required in AFORO. However, if
in the incoming image the otolith appears to be rotated
between 90° and 270° concerning the required normal-
ization, then the reconstructed contour appears to be
rotated 180°, with the rostrum to the left and the dorsal
part at the bottom of the image, as shown in Figure 4B.

Note that from the result of directly applying the
contour descriptors defined in (7), the initial sampling
point does not necessarily fall at the zero phase posi-
tion (on the real axis), but varies slightly. A variant of

J=1- N-1

Fig. 4. — In bold letters, representation of the reconstructed contours

from C; coefficients when, in the incoming image, the otolith was

rotated with respect to the AFORO positional normalization by A,
between —90° and 90° and B, between 90° and 270°.
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Left sagitta

Left sagitta (rotated 180°)

B
Right sagitta
R o
D
Right sagitta (rotated 180°)

Fig. 5. — The contour of A, the left sagitta obtained following the AFORO positional normalization; B, the left sagitta rotated 180° with respect

to the AFORO positional normalization; and C, the right sagitta showing the sulcus acusticus visible. This silhouette is a mirror reflection of

that in A, concerning point R, and it is related to the left sagitta silhouette obtained by hiding the face of the sulcus acusticus and keeping the

rostrum on the left side of the image. D, the right sagitta rotated by 180° with respect to the shape in C is related to the shape of the left sagitta
contour in B, which was obtained by hiding the face of the sulcus acoustics.

the descriptors is proposed in (8), where the angle is
corrected, but sampling is forced at the point closest to
the horizontal axis (the zero phase point).

S/ Y S SN VAR

AT (8)

This second option allows the symmetries repre-
sented in Figure 7 to be related within the spatial and
transformed domains according to the expressions that
are defined in the next section. Note that the positional
normalization used is highly adapted to the 0 correc-
tion given in (6), as most angles fall within a +5 degree
range.

Contour length resampling

To be able to compare the spectral content between
contours, they are resampled so that they all have the
same number of N points. In the experiments that were
conducted, the values of N=256, 512 and 1024 were
selected.

Shape symmetries and their relationship with the
proposed descriptors

In this section, we show the relationship between
reconstructions from the proposed coefficients that were
obtained for otolith contours depending on their orien-
tation in the image. Figure 5 shows four cases that all
show the face on which the SA appears. Cases a) and

b) correspond to the reconstructions of the left sagitta
when it is rotated from positional normalization at an
angle of between —90° and 90° and between 90° and
270°, respectively. Cases c) and d) correspond to the
reconstructions of the right sagitta (not used in AFORO)
when it is rotated between —90° and 90° and between
90° and 270°, respectively. Note that the contour in ¢) is
the one that was obtained by turning the otolith in a) to
hide the SA. The same is true for b) and d). The desirable
silhouette for the AFORO system is a). It is important to
note that all sequences that describe the contours start
at a point on the real axis (with phase 0). We insist on
this detail because we can begin the same contour at
any other position, but, as is well known, changing the
sampling starting point changes the phase of the DFT
coefficients. The rest of the contours can appear in the
system if, for example, a very significant error is made
in the positional normalization; if the otolith is photo-
graphed with SA not visible, or if a mistake enters the
right otolith. Although the silhouettes are different, there
are symmetries between them. The descriptors that re-
construct them also show essential relationships. If we
take as a reference the descriptors of contour a) as C}, the
rest of the descriptors for contours b), c), and d) can be
written regarding C; according to the following relations
that involve the (IDFT) function:

idft(C)) — contour a
idft(=1)*'-C)) — contour b
idft(-1)*'-C*)) — contour ¢

idft(C*)) — contour d

SCI. MAR. 84(1), March 2020, 000-000. ISSN-L 0214-8358 https://doi.org/10.3989/scimar.04961.15A



The super index ()* stands for the complex conju-
gate operation. When calculating the descriptors of a
randomly rotated contour (360°) that has (or does not
have) a possible specular symmetry, it will always fit
with one of the four previous expressions. In the litera-
ture we find other ways of dealing with symmetries,
such as those described in Agarwala et al. (2011), but
our proposal is very simple and robust.

Invariant Fourier descriptors for rotations,
symmetries and the initial sampling point

We can see that the modules of the coefficients
coming from the four expressions (corresponding to
contours a to d) presented in the previous section are
the same. Therefore, a group of descriptors that are in-
dependent of the rotations, symmetries and the initial
sampling point can be:

M,=|cl|=L I=1-,N-1

il

Expression (9) is similar to the one proposed in
Zhang and Lu (2001) to obtain invariance and has a
similar performance in classification tasks as those
proposed by Nixon and Aguado (2008), as it was re-
ported in (Marti-Puig and Reig-Bolano 2016).

©))

A compact and efficient set of features

Features must represent the contour efficiently, and
through them, the amount of information to describe it
must be much less than the complete information that
defines the silhouette. The most energy-intensive DFT-
based coefficients are those at the beginning and end of
the sequence. An efficient representation requires the
number 2L, to be much lower than N. For automatic
recognition purposes, after a specific L. value, the
recognition rate is no longer improved. The selected k
indices range from 1 to L. and from LN to N-1. Note
that the values of C, are complex.

The K-nearest neighbour classifier (K-NN) and
leave-one-out cross-validation (LOOCY)

The k-nearest neighbour algorithm, which is one
of the most straightforward classifiers, is used in our
classification stage. According to the k-NN strategy, a
new specimen that is characterized as a vector of char-
acteristics is classified according to the governing class
of their k well-classified nearest neighbours. In the pre-
sent case, the proximity between elements is calculated
by the Euclidean metric.

The LOOCYV strategy is the option used to evaluate
the performance of the classifier. LOOCYV uses a single
observation from the original set as the validation data
and the remaining observations as training data. All the
elements are tested against the rest, so we know how
each particular element is classified. With LOOCYV, all
the observations are used for both training and valida-
tion, with each observation being used once for valida-
tion. In datasets in which there are few elements per
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class, as usually happens in our case, LOOCV seems to
be an appropriated strategy.

RESULTS

Several experiments were conducted to evaluate
the performance of the presented descriptors accord-
ing to two different scenarios. The first scenario con-
siders that the incoming image (the query image) has
been taken by someone with sufficient knowledge to
correctly distinguish the left sagitta, to determine the
face of the otolith that shows the SA and to orient it
correctly according to the indications of AFORO. In
this scenario, the errors are only minor orientation
errors and will always be between —90° and +90°. In
the second scenario, we want to evaluate the capac-
ity for identifying species just from the silhouette
of the otolith, regardless of whether it is the right
or the left sagitta and regardless of its orientation in
the image. Therefore, no normalization positions are
considered at all.

Common to all experiments, the effectiveness of
the proposed contour descriptors will be evaluated us-
ing a K-NN classification test with (K=1) and using
LOOCV. The first scenario was also used to assess
the impact on the classifier accuracy depending on the
number of coefficients and the number of points that
are employed to represent the contour. To do this, we
codified all the contours under a test, the coefficients
C, were calculated according to the expression (8) and
the initial contour sampling point was forced, as has
been described. The coefficient C, was eliminated, and
the 2L coefficients with indices 1 to L and N-L to N-1
were selected. These coefficients are complex, so the
descriptors that are used are the real parts followed by
the imaginary parts of those C,.

LOOCYV involves selecting one contour and delet-
ing its coefficients from the group. We apply a ran-
dom rotation of between —90° and 90° to that contour.
We codify it by applying (8) and selecting the same
2L coefficients as those considered, ordering real and
imaginary parts as explained above, and classifying it
using k-NN with Euclidian distance and k=1. This op-
eration is repeated for all contours in several ways, and
the average results are obtained as shown in Figure 6.
Note that in Figure 6B we have considered the Merluc-
cius bilinearis collected in Canada and the Merluccius
bilinearis collected in the USA as belonging to two
different classes, while in Figure 6A, they belong to
the same class. In both cases, the abscissas represent
the number # of real coefficients that were used (so a
complex coefficient splits into two real coefficients).
The accuracy is represented by the ordinates. In both
subplots, the accuracy in the function of the number
of components that are employed is computed for the
same contours as those sampled at N equal to 256,
512 and 1024 points. The results suggest that contours
represented by 1024 points achieve better accuracy in
all cases. In addition, given a certain number of coeffi-
cients, the accuracy no longer improves, being an opti-
mum of 28-32 real coefficients for the case of contours
that are represented with 1024 points.
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In the most straightforward experiment completed
for the second scenario, the otolith (left or right) can
appear in any position and can show any face; there-
fore, without observing any positional normalization,
the descriptors that are presented in expression (9) as
well as the expressions given in Nixon and Aguado
(2008, p. 307) are used. For this purpose, all the con-
tours of the test group are parameterized in both ways,
and the /-NN classification with the LOOCV test is
carried out. The contours under the test are randomly
rotated by between 0° and 360° and an inversion with
the intention of simulating turning the otolith face is
optionally applied. The accuracy regarding the number
of real coefficients that are employed in the experi-

ments shows that the optimum performance is observed
for the range 26 to 28 real coefficients. However, the
accuracy that is obtained in comparison with the first
scenario has fallen considerably: from near 80% to
72.4%, as shown in Figure 7.

To improve the classification results in the second
scenario (avoiding the positional normalization in the
query image), we propose the use of the descriptors
that were developed in (8) in the following form.
The contour in which the otolith appears with any
normalization is sampled counter-clockwise and is
parameterized according to (8), as in the first scenar-
i0. Then, from these parameters, we reconstruct the
contour again, obtaining any of the forms shown in
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Figure 5. Thus, the contour obtained is rotated 180°,
inverted, and inverted and rotated to obtain three
other silhouettes, as shown in Figure 5. We can use a
fast implementation with the ifft by using the expres-
sions that are presented in shape symmetries and their
relationship with the proposed descriptors. Those four
contours are parameterized according to (8) again and
are classified individually in the database, saving the
four results of the classification, as well as the dis-
tance to the nearest neighbour, in such a way that the
winning option is the one with the lowest distance.
The option that is decided by the four generated con-
tour shapes for a single otolith image is therefore the
one that obtains the lowest distance metric.

With this procedure, the classification results are
close to those obtained in the first scenario. The results
can be seen in Figure 8A for the second scenario. It is
interesting to note that with a similar number of coef-
ficients applying this second strategy, we achieve the
same accuracy as in the first solution. The performance
of the full invariant methods that are described in the
paper are plotted together in Figure 8B.

DISCUSSION

The success of automatic species recognition from
the images of otoliths that are sent to AFORO requires
the otolith to follow positional normalization. The de-
termination of the contour sampling starting point de-
pends on this. Studies that are carried out in the frame-
work of the AFORO database show that the contour
descriptors that achieve the best performances, such
as those based on FT, WT, and CSS, are sensitive to
the determination of that point (Marti-Puig and Reig-
Bolano 2016). The translation and scale invariances
are addressed in a non-ambiguous and straightforward
way. The shape rotation with respect to the positional
normalization has a more significant impact on the

starting sampling point. The reason is that it allows for
a certain degree of ambiguity, because it depends on
the identification of the rostrum region rather than on
a single point. Actually, rotational normalization de-
pends ultimately on the criteria of an expert. Therefore,
even if specialists have taken the query images, it is
inevitable that slight rotational variations will appear
because of the differences in criteria.

Taking advantage of the use of the well-known
DFT properties that relate rotations and sampling point
changes in the spatial domain with changes in DFT co-
efficients, and specifically in their phase, our approach
outperforms other Fourier-based methods that are de-
pendent on a strict positional protocol. The proposed
parameterization directly corrects the starting point of
sampling and variations of between 90° and —90° with
respect to the positional normalization that is required
in AFORO.

To completely eliminate the positional standardiza-
tion protocol (positional normalization), in the second
framework we can directly employ the modules of the
DFT coefficients f;. To make them independent of the
scale, Nixon and Aguado (2013) divide f; by |f,|. For
automatic recognition of shape contours, we achieve
the best results by normalizing by |fi|+|fy_i|, as given
in (9), because |f}|+|fy_,| is a magnitude that is directly
related to the length of the principal ellipse axis. How-
ever, the main contribution of this paper is that accu-
racy can be improved using the descriptors that are pro-
posed in (8) by merely adding four possible variants for
each contour and selecting the one that obtains the best
score (the minimum Euclidean distance to the clos-
est neighbour). From Figure 8 A we observe that with
only 4x(28-32) coefficients per contour (and working
with 1024 points per contour) we obtain classification
rates of 80%. These results are for contours that can
appear randomly rotated by 360 degrees and inverted.
This achievement is noteworthy because they are the
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same classification rates as those obtained for manual
positional normalization (Marti-Puig and Reig-Bolano
2016). It is important to note that to maintain the classi-
fication rate, we need to increase the number of points
used to represent the contour. In this case, decreasing
the number of points means a decrease in the classifica-
tion rate (see Fig. 8A). The four related shapes include
robustness to the introduction of images showing the
wrong otolith face (with the SA not visible) or even
the introduction of the right otolith rather than the left
in the recognition system. We thus reach practically
the same classification accuracy performance as the
one obtained using positional normalization but, in
this case the user can avoid normalization completely.
Therefore, the proposed descriptors facilitate the use of
AFORO and other online catalogues and could open up
the range of potential users and applications, thereby
eliminating irregularities and errors in the image nor-
malization process.
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