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ARTICLE INFO ABSTRACT

Keywords: We propose a morphological characterization of the endocarp of the fruit of the almond tree, Prunus amygdalus
Almond endocarp (Batsch), using computer vision techniques to extract features in 3D almond endocarp meshes with the objective
3D imaging

to describe the diversity of the crop in a systematic and unambiguous form. All the proposed descriptors are
quantitative and easily computable, allowing fast and objective assessments of the morphological variations
between almond varieties. We collect and 3D-scan a total of 9510 almond endocarps to obtain such meshes,
to which we apply an affine transformation so that they are positioned in a standardized reference where
meaningful physical measures can be taken. Complex descriptors derived from the geometry of the endocarp
are then introduced to identify richer features. The use of 3D, compared to simply taking 2D images, allows for
a more accurate and complete description of the endocarp shape. In particular, the contour and apex shapes,
keel development, markings on the surface, and symmetry of the endocarp are analyzed and given quantitative
measures. The validity of the presented morphological descriptors is finally tested on 2610 endocarps from
the collected dataset, corresponding to 36 autochthonous almond varieties from the island of Mallorca (Spain)
and 14 international reference varieties, all with well documented characteristics. Numerical results show
that the proposed descriptors agree with human-made shape classifications of the studied varieties with a
coincidence of 75.0% for contour shape, 76.0% for apex shape, and 80.0% for keel development. Visual
comparisons of the extracted features also show that they are coherent with commonly used guidelines for the
morphological characterization of the almond endocarp. We conclude that the use of 3D imaging approaches
for the description of the almond endocarp is a promising alternative to traditional methods, providing a
reliable way to deal with ambiguity and helping reduce biases and inconsistencies caused by subjective
visual evaluations.

Feature extraction
Surface description
Geometric measure

1. Introduction in countries like India, China, UAE, Japan, and South Korea. This has
lead to an increase in their production.

The almond tree, Prunus amygdalus (Batsch), is a widespread crop However, in some places with a long history and tradition on their

in areas with a Mediterranean climate, and one of the most important growth, such as the island of Mallorca (Spain), almond cultivation is

tree-nuts worldwide in terms of commercial production (Food and Agri- at a serious risk as a result of the bacterial disease caused by Xylella

culture Organization of the United Nations, 2023). Over 1.67 million fastidiosa (Moralejo et al., 2020), which is compromising the traditional
tons of almond. kernel§ were pro<31uced worlfiw1de n 2022. (Inter.na— landscape of the island’s countryside and the high diversity of the
tional Nut & Dried Fruit, 2023), with production concentrating mainly almond germplasm (Esterlich, 1907; Sacarés i Mulet, 1992). A correct
in the USA, A.ustraha, Spain, Turkey, Tun151a, Portugal, Morocco, Chile, varietal description is essential for the preservation of these genetic re-
and Italy. Being a healthy and functional food (Barreca et al., 2020),

. .. . . sources to ensure crop production and to meet growing environmental
the consumption of almond nuts is increasing year by year, especially
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Fig. 1. Parts of the fruit of the almond tree.

challenges and climate change (Socias i Company and Felipe, 1992;
Socias i Company et al., 2012).

Most well-known varieties of almonds have a varietal description
made by governmental plant variety offices to distinguish between
them. However, access to this information is usually not public, and
most local varieties have not yet been adequately described (Fornés Co-
mas et al., 2019).

The guidelines of the International Union for the Protection of New
Varieties of Plants (UPOV) are the current standard for the description
of the morphological traits of the almond tree (UPOV, 2019). The
International Board for Plant Genetic Resources (IBPGR) also provides
a set of descriptors to characterize it (IBPGR, 1985). In fruit species,
the description of fruit traits is a very relevant part of the varietal
description. The fruit of the almond (Fig. 1) is a drupe, of which
the only edible part is the kernel (or seed), composed by an embryo
(two cotyledons) surrounded by a skin (or testa). The pericarp, which
encloses the kernel, contains a green, fleshy hull (epicarp and meso-
carp) and a hard, pitted shell—the endocarp (Gradziel, 2010). The
genetic diversity of the almond germplasm is clearly manifested in the
morphological variability of the endocarps, with the description of the
characteristics of the endocarps being very valuable information for
varietal distinction.

Traditional methods for the morphological description of the al-
mond endocarp are based on its observation and subsequent compari-
son with the traits of a set of reference varieties. A scale and a digital
meter are used for quantitative measurements, while pseudo-qualitative
traits are described based on a subjective visual assessment. In par-
ticular, morphological traits of interest for the endocarp include the
shape of its contour, the shape of its apex, the development of its keel,
and the appearance of its markings. These characteristics and all their
defined pseudo-qualitative states of expression are shown respectively
in Figs. 2, 3, 4, and 5. Yet, such methodology has certain limitations.
For instance, in the case of the latter traits, each individual state of
expression needs to be identified to adequately describe the range of
the characteristic (UPOV, 2002). Different evaluators, depending on
their experience and judgment, can give distinct interpretations of the
same characteristic, which might lead to inconsistencies in its descrip-
tion. Morphological variation due to the influence of environmental
conditions can further complicate varietal description (Grasselly and
Crossa-Raynaud, 1980), especially when the differences between states
of expression are subtle.

There are many works on the study of almond germplasm from
different locations that are based on the UPOV and IBPGR descriptors.
Examples can be found in Iran (Ardjmand et al., 2014; Sepahvand et al.,
2015), Sardinia (Lovicu et al., 2001), Tunisia (Gouta et al., 2009),
Morocco (El Hamzaoui et al., 2014), Lebanon (Chalak et al., 2007)
and the Apulia region in Italy (de Giorgio et al., 2007). More complex
measurements of traits such as mass, volume, diameter, projected area
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Fig. 2. Reference description for the contour shape of the almond endocarp.

Source: IBPGR (1985)
() Rounded

(a) Acute (b) Obtuse

Fig. 3. Reference description for the apex shape of the almond endocarp.
Source: UPOV (2019)

OO

(b) Medium

(c) Strong

Fig. 4. Reference description for the development of the keel.
Source: UPOV (2019)

(a) Sparsely pored

(b) Intermediate (c) Densely pored (d) Scribed

Fig. 5. Reference description for the markings of the almond endocarp.
Source: IBPGR (1985)

and various proportions have been used to study Iranian (Mohamadi
et al., 2010), Moroccan (Sakar et al., 2019) and Portuguese (Oliveira
et al., 2018) crops, with the aim of minimizing the subjective bias that
exists if only visual comparisons with reference figures are carried out.
Taking a step further, a study in Serbia has used image editing tools to
extract leaf area (Colic et al., 2012).

The use of imaging techniques for the study of fruit tree crops
is becoming more and more widespread. Some studies on almond
endocarps use Elliptic Fourier Analysis to define and discriminate be-
tween shape groups according to their contour (Antonucci et al., 2012;
Demir et al., 2019). Likewise, in the agri-food industry, Zhang and Wu
(2012) propose an approach for food classification using supervised



M. Sdnchez-Beeckman et al.

learning methods in digital images. Other works, like those of Halac
et al. (2017) and Benarous (2020), also refer to the classification of
almond endocarps by characteristics such as quality, size, or state of
preservation.

Many other products are being studied with advanced computer
vision techniques aswell, from fruits to nuts to cereals (Costa et al.,
2011). Similar imaging strategies as those used on almonds have been
used with the walnut (Ercisli et al., 2012), the olive (Blazakis et al.,
2017; Ponce et al., 2018), and the plum—where Sarigu et al. (2017)
explore up to 134 morpho-colorimetric and textural features. Newer
works on olive variety recognition (Miho et al., 2024) signal the trend
toward the use of deep learning-based imaging methods in the study of
plant varieties.

There also exist software tools to perform analysis on various fruits.
Tomato Analyzer (Rodriguez et al., 2010) has been developed to ex-
tract the namesake fruit’s features and facilitate its characterization.
SHAPE (Iwata and Ukai, 2002) and GrainScan (Whan et al., 2014)
are able to attribute quantitative descriptors to the shape of vari-
ous seeds and fruits. However, some limitations arise when trying
to describe more complex geometrical features like surface roughness
and curvature.

In recent years, three-dimensional images have started to become
the basis for some applications in agriculture used to describe fruits
and seeds (Vazquez-Arellano et al.,, 2016). Although older related
works can be found on the study of soybean (Sakai and Yonekawa,
1992), Citrus (Ding et al., 2000), and to assess anthracnose lesions on
mango (Corkidi et al., 2006), technological advances in both hardware
and software have permitted a more rapid progression on the field of
study in the last few years. Particularly, numerical models on 3D images
were recently used to extract geometric information of cucumber
fruits (Anders et al., 2019), and to characterize phenotypic parameters
on strawberries (He et al., 2017). The latter fruit’s shape uniformity
was also subsequently studied in a later work (Li et al., 2020).

The state of the art is currently moving toward integrating classi-
cal imaging approaches with those in three dimensions. A combined
strategy using both 2D and 3D images was used in Kyoto University’s
Experimental Farm (Kusumi et al., 2021) for the study of persimmon.
The SHAPE software was used on the bidimensional data to describe
the fruit’s shape, while 3D models were used to measure complex
geometric structures. The same authors continue their research using
three dimensional analysis to study developmental mechanisms under-
lying the complex shape diversity of the fruit (Kusumi et al., 2023).
In other recent works, Manolikaki et al. (2022) have compared and
complemented 2D and 3D-based methods to characterize 50 scanned
olive varieties, based on 8 traits of the fruit and its endocarp. On
almonds, however, comparable techniques have yet to be used.

The proposed work follows the aforementioned trend and focuses
on the morphological characterization of the almond endocarp using
computer vision techniques on 3D meshes. The main objective is to
provide continuous quantitative measures for its description, richer
than the standard qualitative ones given by the UPOV and the IBGPR so
as to reflect the diversity of the crop, yet still easily interpretable and
comparable, to characterize it in a systematic and unambiguous form.
To accomplish it, we make use of scanned 3D models of almond en-
docarps and develop new algorithms to extract different features of the
geometry of their surface, which we convert into meaningful numerical
data. While throughout the work we mainly employ self-obtained
scans of a set of almond varieties mostly originating from Mallorca—
an island with an important almond genetic diversity pool (Morey
and Fornés Comas, 2021)—to test the capabilities of the methods, the
techniques are universal and so can be applied to any almond endocarp
scan. As far as we are aware, this is the first work on the computational
characterization of almonds that uses their geometric properties in 3D
space, thus making the research completely novel.
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2. Materials
2.1. Almond endocarps

Samples of almond nuts were collected by identifying—with the
help of farmers and farm owners—trees known to correspond to dif-
ferent varieties in multiple municipalities of Mallorca. The harvest was
done on the maturity period of the nut, when the external hull can
be easily separated from the endocarp. For each of the selected trees,
around 200 almond nuts were harvested, of which 10 were chosen
to be subsequently scanned. The selected nuts were stored in cold
conditions (+4 °C) and low relative humidity, in order to preserve them
correctly before scanning. Apart from the collected almond nuts, we
also included samples of imported almond varieties provided from
various research institutions. In total, 9510 almond nuts were selected
for scanning.

2.2. 3D scanning

Each nut was scanned individually using a Shining EinScan-SP 3D
desktop scanner’ immediately after measuring its endocarp’s width,
thickness and length with a digital caliper Z503576-1EA with an ac-
curacy of mmo0.1 (Sigma-Aldrich). The scanner is composed of a fixed
light source and a turntable, and it uses phase shift structured light to
capture the geometry of a static object. The turntable is used to rotate
the object, while the light source—a Digital Light Processing (DLP)
projector—captures the object from different angles with a single shot
accuracy of less than 0.05 mm. The software provided by the manufac-
turer (EXScan S) is used to control the scanner and to automatically
merge the captured images into a 3D mesh of the object.

The obtained 3D endocarp meshes were saved in STL format, dis-
carding color information, for their usage as inputs for the algorithms
presented in Section 3. Then, out of all the 9510 meshes, a total of
2610 scans distributed among 50 selected varieties (36 autochthonous
from Mallorca and 14 international reference varieties) were chosen
to be used as validation data to assess the adequacy of the algorithms
for feature extraction. Fig. 6 shows an example of a 3D mesh of each
of these varieties viewed from two different angles, alongside a ruler
for scale. These 50 varieties were selected so as to coincide with those
present in the databases from either the Institut de Recerca i Formacié
Agroalimentaria i Pesquera de les Illes Balears (IRFAP?)-an adminis-
trative organization affiliated to the Conselleria d’Agricultura, Pesca i
Medi Natural of the Government of the Balearic Islands—, or the Centro
de Investigacién y Tecnologia Agroalimentaria del Gobierno de Aragén
(CITA*)—the accredited center by the Community Plant Varieties Office
(CPVO) to carry out Distinctness, Uniformity and Stability (DUS) tests
of new almond varieties. Both of these institutions characterize these
varieties according to the UPOV Almond DUS guidelines (UPOV, 2019)
and the IBPGR almond descriptors (IBPGR, 1985).

3. Method
3.1. Scanning and preprocessing of the 3D meshes

The process of scanning each of the selected almond endocarp is
performed in two steps. First, the endocarp is placed on the turntable
of the scanner, lying on its side with its keel to the right (like the left
examples in Fig. 6 if seen from above). In this position, 8 captures are
taken at 45 degree intervals while the turntable rotates automatically in
the horizontal axis. Then, the endocarp is manually rotated 90 degrees
vertically to lie on its back, with the keel facing upward (right examples

2 https://www.einscan.com/einscan-sp/
3 https://varietatslocalsib.com/ca/
4 https://www.cita-aragon.es/
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Fig. 6. Example of an almond endocarp of each collected variety, with its name on top. For each endocarp, we show its lateral (left) and front (right) views alongside a ruler to

measure its dimensions. Units are in millimeters.

in Fig. 6). Another 8 captures are taken in this position. The resulting
16 captures are then aligned and merged into a single 3D mesh using
the software provided with the scanner.

To guarantee that the computation of the descriptors is performed
on a common frame of reference, we position each mesh so that the
center of the peduncle (the base of the endocarp) is located on the
origin of coordinates O = (0,0,0), and the apex (its highest point) lies
on the positive side of the y-axis. We develop a Python program based
on the PyVista library to do so (Sullivan and Kaszynski, 2019).

Given a mesh of an almond endocarp in an arbitrary position and
orientation, we manually mark three unaligned key points that should
lie on the same plane: the peduncle P, the apex A, and any third point
B on the ventral suture. This spanning plane splits the almond endocarp

in two almost-equal parts by the ventral suture (as seen in the second
row of Fig. 7), and thus can be used as a baseline to orient it with an
appropriate isometric transformation. If u and v are the unit vectors
facing respectively A and B from P, n = “i:l is the unit normal vector

to the aforementioned plane, and w = n X u, then the mapping

npooup Wy
where M=|n, u, w, (@)
ny  uz; Wi

X 0+M'(X - P),

positions the mesh the desired way.

Placing the almond endocarp as described, we define its views as
the 2D images resulting from the projection of the 3D mesh into the
different coordinate planes, as seen in Fig. 7. The front and back views
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(a) Front.

(b) Back. (c) Right.
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(d) Left. (e) Top. (f) Bottom.

Fig. 7. 3D views of an almond endocarp mesh of the Rutlé variety. The bottom row shows the vectors used to position the mesh. These vectors go from the peduncle to the apex

(blue arrow) and from the peduncle to the ventral suture (red arrow).

are defined as looking at the mesh perpendicular to the plane xy from
different directions; the right and left lateral views, perpendicular to the
plane zy; and the top and bottom views, perpendicular to the plane xz.

On the oriented mesh, we can define some relevant points of the
endocarp. We consider the top and bottom points, P, and P, as the
points with largest and smallest y coordinate, respectively. The left and
right points in the front view, Plf and P,f , are defined similarly using
their x coordinate. Likewise, the left and right points in the lateral view,

PI’ and P!, are the points with largest and smallest z coordinate.
3.2. Physical measures

The basic physical measures of interest of the almond endocarp are
its length, width, thickness, area and volume. Since we have previously
oriented the meshes, it is straightforward to compute all of these traits.
Thus, we define:

» The length L as the absolute difference between coordinate y of
points P, and P,. This can be interpreted as the height of the box
of minimal area with sides parallel to the coordinate axes that
completely contains the almond endocarp.

» The width W as the absolute difference between coordinate x of
points P/ and P/.

+ The thickness T as the absolute difference between coordinate z
of points P,f and P,f .

» The area and volume of the almond endocarp as those of the
closed surface defined by the mesh, which can be computed as
in Zhang and Chen (2001).

While these measures are not used directly in this work to describe
the almond endocarp, we use them in the definition of some of the
proposed continuous quantitative descriptors that follow.

3.3. Feature extraction and description

Among the geometric features of the almond endocarp, we study
its contour shape and that of its apex, the development of its keel,
the markings on its surface, and its symmetry viewed from different
perspectives. In this section, we propose computational methods to
obtain meaningful quantitative descriptors to facilitate the character-
ization of these features. We implement these algorithms in Python
using the PyVista framework. Note that to study the keel and the
markings, we make use of the full 3D mesh of the almond endocarp,
while for the other traits, we project it to its different 2D views.
Although the algorithms for the latter could be adapted to work on sets

of photographs, projecting the 3D mesh is more precise, guarantees that
the endocarps are aligned and at the same scale, and avoids problems
derived from perspective and illumination changes.

Contour shape. According to the Almond Test Guidelines (UPOV,
2019), the shape of the lateral view of the almond endocarp (character-
istic 34) can be ovate, elliptic, circular or obovate. This classification
has shown to be too narrow, as it does not reflect the great diversity
of shapes that exist in the wild. The IBPGR (1985) specifies a more
realistic classification, dividing almond endocarps into five categories
(characteristic 6.2.13): round, ovate, oblong, cordate, and extremely
narrow (see Fig. 2). Even though this division is more accurate, it can
still be difficult to distinguish between some of these categories when
examining some varieties visually. We propose to use instead a com-
bination of two quantitative measures—eccentricity and ovacity—to
describe the trait numerically.

The process to obtain these measures is summarized in Fig. 8. We
first remove the mucron of the endocarp from all computations. Since
all the almond endocarps are centered and oriented such that the vector
from the peduncle to the apex is completely straight, we can study the
elongation of the endocarp by considering the vertical ellipse inscribed
in its lateral view’s bounding box. That way, given a = max(L, W) and
b = min(L, W), we define the eccentricity of the endocarp as that of the
aforementioned ellipse,

b2

e=14/1- = 2
so that high (resp. low) values of e correspond to elliptical or narrow
(resp. circular or ovate) shapes. We also describe how the width of the
endocarp is distributed along its vertical axis with its ovacity
10, - P,|

-

where P, and Q, are the vertical components of the center of mass
of the endocarp and the center of the ellipse, respectively. That way,
endocarps with an evenly distributed width (usually round or oblong
ones) have an ovacity value close to 0. The opposite happens to ovate
or cordate ones, whose lower center of mass increases the value in (3).

Apex shape. The apex is the highest region of the almond endocarp.
The UPOV (2019) establishes three categories to describe its shape on
the lateral view of the endocarp, defined in characteristic 35: rounded,
acute, and obtuse (see Fig. 3). Visually, the latter two have a distinct
sharp point where lines meet at an angle, while the former lacks such
a pointed feature and instead presents a smoother shape, similar to
the rest of the contour. We precisely quantify this by measuring the
roundness of the apex and the angle of its tip, as in Fig. 9.

O = 3
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L
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Fig. 8. Process for the description of the contour shape of the almond endocarp. Notation: p, indicates the component y of point p; &p,on iS @ parameter pointing to the position

of the mucron relative to the length L of the endocarp.

by

C = contour(B)
< @mucron} (€ = C1 U C,, disjoint)

ll = ﬁtLine(Cl)
4r = fitLine(C,)

angle(£;,£,) > Apex angle

inliers(E, C, )|

> Apex roundness
IC

Fig. 9. Process for the description of the apex of the almond endocarp. Notation: p, indicates the component y of point p; @,pex and pcron are parameters locating the apex and
the mucron relative to the length L of the endocarp; ¢ is a threshold used to determine whether points of the ellipse are close enough to the apex to be considered inliers.

Given the lateral view of the endocarp, we remove the mucron and
extract the contour of the topmost region. This leaves two disconnected
sets of points, for each of which we fit a line using a classical least
squares method. We define the angle of the apex as the inner angle
between these two lines. Simultaneously, we fit a non-rotated ellipse
(i.e. with null quadratic xy term) using a RANSAC strategy as described
in Halif and Flusser (1998) and Fischler and Bolles (1981). We define

the apex roundness as the proportion of inliers in the ellipse model over
the whole set of points.

Keel development. The keel of the almond endocarp is the flat zone
that lies on the side of the lateral view, surrounding the ventral suture .
Depending on its size, the UPOV (2019) classifies it as weak, medium or
strong (characteristic 38), as seen in Fig. 4. We follow the same concept,
measuring its size numerically as the ratio of the area it spans relative
to the full area of the endocarp.
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area

area u
v

Keel/area ratio

Fig. 10. Process for the description of the keel of the almond endocarp. Notation: n, is the unitary normal vector of the surface at point p; e, is the vector (1,0,0); p, indicates
the component x of point p; a and g are thresholding parameters; 7 is the thickness of the endocarp.

Fig. 10 shows the procedure to detect the keel on the 3D mesh of a curve over the surface of the shell. We translate this idea into our
an almond endocarp. We first search for points on its surface that are method by computing a Principal Component Analysis of the points
close in position to the ventral suture and in slope to the zy plane (i.e. contained in each cluster. We classify the clusters according to the
points for which the cosinus of the angle their normal vector forms proportion of variance explained by the first principal component: a
with e; = (1,0,0) is close to 1 and with an x coordinate close to 0). small value corresponds to a pore, while a larger one means that the
The set of selected points is an approximation of the keel, but can points sway significantly in a concrete direction, which is expected of
still encompass disconnected regions that are not necessarily part of a furrow.
it. Assuming that the majority of the keel has been correctly detected Finally, given the number of clusters and their classification, we
and that small, residual regions do not belong to it, we compute the return the pore density as the number of pores over the total surface
connected components of the filtered mesh and only keep the biggest area, as well as the number of furrows.
one. Finally, we fill the possible holes in that component that the first Symmetry. Neither the UPOV nor the IBPGR establish any charac-
angular validation may have removed (Attene, 2010). We measure the teristic to describe the symmetry of the almond endocarp. Nonetheless,
area of the resulting submesh, divide it by the area of the endocarp, we can quantify it on the different views of the endocarp following the
and return the value. scheme in Fig. 12. A cut in two halves is done by the vertical line that

Markings on the surface. Almond endocarps can have pores and passes through the origin and the apex on the front, back and lateral
furrows on their surface. Although the UPOV does not specify any views, and by the zy plane on the top and bottom views. Then, the left
characteristic to describe them, the IBPGR (1985) establishes five dif- side of the cut is reflected to the right side so that both halves overlap.
ferent types of almond according to the markings of their endocarp: The symmetry value of the respective view is given by the intersection
without pores, sparsely pored, intermediate, densely pored, and scribed over union area ratio of the halves.

(see Fig. 5). These categories, however, are subjective and difficult to

quantify visually. They are also not mutually exclusive, as an almond 4. Results and discussion

endocarp can have both pores and furrows. As an alternative, we

propose to describe the endocarp’s markings by detecting and counting 4.1. Translation from quantitative to qualitative descriptors
its pores and furrows over its surface area.

The algorithm for the detection of pores and furrows is illustrated in We compare the results of our methods with the currently available
Fig. 11. Since the points we want to detect go inward into the endocarp, data by the IRFAP and the CITA on the scanned almond varieties. While
we begin by setting apart candidate points with a small minimum our proposed descriptors yield numerical information of the features
principal curvature (Mokhtarian et al., 2001). Not all of these points they describe, the descriptors provided by those institutions are purely
correspond to a single mark on the endocarp; some of them are false qualitative, since they are based on the guidelines by the UPOV and
positives, while some detections are redundant and should belong to the IBPGR. Thus, we first convert our quantitative values into the same
a unique pore or furrow. Knowing this, we discard points too close to qualitative UPOV and IBPGR descriptors by applying different thresh-
the zy plane (which are likely to belong to the keel and ventral suture) olds. To minimize the influence of outliers, we assign descriptors by
and use the density-based clustering algorithm DBSCAN (Ester et al., variety: for every feature, we compute its descriptor for each individual
1996) to group nearby candidate points into single marks. We then almond endocarp, and select the most common one inside a variety to
remove clusters with too few members in order to reduce the number describe it as a whole. We perform this translation for the descriptors
of false positives. of the contour shape, apex shape and keel development.

Visually, the way to distinguish between different types of marks is Contour shape. We use the states of expression defined by the
by their size: a pore is completely localized, whereas a furrow spans IBPGR, which are richer than the UPOV’s, as qualitative labels to



M. Sdnchez-Beeckman et al.

C={peB:lp.| < BT}

Computers and Electronics in Agriculture 226 (2024) 109420

D = DBSCAN(C, ¢)
(D ={Dy,...,Di})

E={D;eD:|D;|>m,1<i<k}

Per-cluster
PCA

Pore density

#furrows

Fig. 11. Process for the description of the markings of the almond endocarp. This figure should be viewed in color, preferably on a computer screen. Notation: le:u'n is the minimum
principal curvature at point p; p, indicates the component x of point p; T is the thickness of the endocarp; 7, f, m and y are thresholding parameters; ¢ is the neighbor-distance

used by the DBSCAN algorithm; {4;} are the eigenvalues of the PCA in decreasing order.

>

—>

Superpose -

AN
area ’

area

—> Symmetry

Y

Fig. 12. Process for the description of the symmetry of the almond endocarp. The front view is used for illustration purposes; the process is done analogously for other views.
This figure should be viewed in color. Notation: n is the intersection of the superimposed halves of an almond view; U is their union.

describe the contour shape of the endocarp. First, we discriminate by
eccentricity. Those endocarps with a very high value (empirically, e >
0.85) should always be classified as extremely narrow. On the contrary,
those with a very low value (e < 0.6) can be either round or ovate, so
we use the ovacity to differentiate between the two. A value O < 0.02
indicates that the center of mass is approximataly at the same height
as the center of the circle containing the almond endocarp, so it can
be considered round; the opposite means that it is ovate. The range

of intermediate excentricity values is more complex, as oblong and
cordate almond endocarps can have similar features. Generally, oblong
endocarps have a higher excentricity and lower ovacity than cordate
ones, but that is not always the case. We choose to classify endocarps
with 0.6 < e £ 0.75 as oblong if ©@ < 0.03 and cordate otherwise, while
we consider those with 0.75 < e < 0.85 to be similar enough to an ellipse
to always be classified as oblong.
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Fig. 13. Our description of the almond endocarp shapes (vertical axis) vs. data from
the CITA obtained by visual evaluation (horizontal axis). The central percentage at each
square represents the proportion of varieties in it over the total. The number below
it counts the varieties in absolute terms. The right and bottom percentages represent
their proportion over the row and column, respectively.

Apex shape. Apex shape is computed with the upper 7 % of points of
the contour of the almond endocarp and transformed into the UPOV’s
classification. To categorize the results, we first look at the computed
apex angle 6. Although the UPOV uses the words “acute” and “obtuse”
to describe pointed apices, in truth these are not strictly mathematical
terms and are used to mean only general closedness or openness. With
that in consideration, we find that the condition § < 102° works best
to label “acute” apices. Larger angles can mean that the apex is either
obtuse or rounded. In particular, we notice that endocarps with round
apices tend to have very open angles in addition to a high measure of
apex roundness. For this reason, to detect the latter we assert an apex
roundness higher than 0.85 and an angle larger than 135°. Any other
case is classified as obtuse.

Keel development. We measure keel development using the points
of the endocarp mesh with an x coordinate value smaller (in absolute
value) to the # = 10 % of the endocarp thickness. A threshold of « = 0.9
for the cosinus is used in the angular validation step to determine
which points are candidates to be part of the keel. After computing the
keel/area ratio, we consider a keel to be weak if the value is smaller
than 0.018, strong if it is bigger than 0.08, and medium otherwise.

4.2. Comparison with reference institutional data

We assess the validity of the proposed descriptors by comparing our
results with the characterizations by both the IRFAP and the CITA. All
50 varieties are used when comparing apex shape and keel develop-
ment. However, since the IRFAP uses the UPOV’s classification instead
of the IBPGR’s to describe the contour shape of the almond endocarp,
we compare our results only with the CITA’s data (28 varieties) for that
characteristic.

Figs. 13 (contour shape), 14 (apex shape) and 15 (keel develop-
ment) show the confusion matrices between our derived descriptors
and those of the reference institutions. Each of them are respectively
supported by visual results in Figs. 16, 17 and 18. At each square, the
central percentage of these matrices corresponds to the percentage of
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Fig. 14. Our description of the apex shapes (vertical axis) vs. data from the IRFAP and
CITA obtained by visual evaluation (horizontal axis). The central percentage at each
square represents the proportion of varieties in it over the total. The number below
it counts the varieties in absolute terms. The right and bottom percentages represent
their proportion over the row and column, respectively.
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Fig. 15. Our description of the almond endocarp keels (vertical axis) vs. data from the
IRFAP and CITA obtained by visual evaluation (horizontal axis). The central percentage
at each square represents the proportion of varieties in it over the total. The number
below it counts the varieties in absolute terms. The right and bottom percentages
represent their proportion over the row and column, respectively.

varieties classified as the row name by our method and the column
name by the reference data. The number below that percentage counts
the number of varieties. For example, in Fig. 13, four varieties (14.3%
of the total) are classified as being oblong by our method and cordate
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(e) Pau

(f) Pong
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(c) Vairo (d) Bartre

(g) Lauranne

(h) Jordi

Fig. 16. Examples of almond endocarps of different contour shapes, as classified by our method. The eccentricity of each endocarp is the same as that of the blue ellipse with blue
center. The center of mass is painted in red. (a): Round. (b): Ovate. (c): Cordate. (d): Oblong. (e): Extremely narrow. (f): Cordate, classified as ovate by the CITA. (g): Cordate,

classified as oblong by the CITA. (h): Oblong, classified as cordate by the CITA.

by the CITA. The other two percentages correspond to the precision
(right) and recall (down) of each pair of possible values.

The results on contour shape show that the proposed method co-
incides in most cases (21 out of 28, or 75.0 %, summing the diagonal
entries in Fig. 13) with the reference descriptions. However, it mainly
differs from the CITA when distinguishing between oblong and cordate
almond endocarps. Taking a look at Figs. 16(g) and 16(h), we can
find a possible explanation to that phenomenon in the visual ambiguity
of some shapes, which can lead to inconsistent results during manual
evaluation. Our method’s classification is not affected by this kind of
ambiguity, as it is based on objective quantitative measures: given two
endocarps with the same excentricity and ovacity, they will always be
labeled the same.

The descriptions of apex shapes, while they mostly coincide with
the ones proposed by the IRFAP and the CITA (38 out of 50, a 76.0%
coincidence), yield slightly different results for pointed shapes. Partic-
ularly, Fig. 14 shows that there is low precision (66.7%) and recall
(58.8 %) when classifying acute apices. Rounded apices are all classified
correctly without any confusion with other shapes. Visual results in
Figs. 17(a) through 17(c) show examples of correctly classified apices
of each kind, while Figs. 17(d) and 17(e) expose discrepancies in
classification. Since we have already noted that the “acute” and “ob-
tuse” categories defined by the UPOV do not correspond with their
mathematical counterparts, it is possible that some differences in classi-
fication could be partly attributed to inconsistent manual categorization
of edge cases caused by the lack of rigor in the definition of the labels.
Using a fixed threshold for the apex angle, as we do, can reduce such
inconsistencies.

Finally, in Fig. 15 it can be seen that the proposed method agrees
with the CITA and IRFAP’s description of the endocarp’s keel in 40 out
of 50 (80.0 %) almond varieties, although with a low recall in strong
keels and with minor discrepancies between weak and medium ones.
Examples of these are shown in Fig. 18.
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4.3. Visual validation

The IRFAP does not provide data about the symmetry nor the mark-
ings of the endocarp of any of the varieties studied in this work. The
CITA provides qualitative information on the symmetry of the bottom
view of the almond endocarp, but it follows a different methodology
than ours: what is measured is the deviation of the lower part of the
keel from the symmetry axis instead of the proportion of area that falls
on each side. Their classification of the markings of the endocarp also
takes into account the size of the pores, which our algorithm does not.
Furthermore, to the best of our knowledge, no other organization nor
journal has published information on these features for the varieties we
have used. For that reason, we have chosen to evaluate these feature
descriptors only visually.

In Fig. 19 we observe the results of our pore detection algorithm on
several almond endocarps. These results are obtained with a minimum
principal curvature threshold of 7 = —3.0mm~!, a DBSCAN parameter
of e = 0.25mm, and a variance proportion threshold of y = 0.95 to dis-
tinguish between pores and furrows. From Figs. 19 to 19(d), we display
almond endocarps with an increasing proportion of pores over their
surface. Figs. 19(e) and 19(f) also present endocarps with a mixture of
pores and furrows. Through a rough visual assessment, we see that our
method produces a good estimation in terms of false detections (preci-
sion): detected pores tend to correspond to real pores of the endocarp.
With respect to non-detected pores (recall), the method misses some
of the detections, as seen in Figs. 19(c) and 19(d). However, as the
almond variety becomes more pored, the number of detected pores also
increases.

Finally, in Fig. 20 we can see the results on symmetry computation
for two almond endocarps of different varieties. We paint the intersec-
tion of the mirrored left side and the right side of each view in green,
and the rest of their union in red. It is clear that for symmetric endo-
carps, the areas almost coincide and as a consequence the intersection
over union yields a value close to 1. Conversely, asymmetric endocarps
attain a low value of the measure.
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(a) Nonpareil (b) Andreu (c) de Bolic (d) Vivot (e) Ceba

Fig. 17. Examples of different apex shapes, as classified by our method. The apex is delimited by the two red lines. The blue lines in the first row are used to compute the apex
angle, while the blue ellipse in the second row is used to measure the apex roundness. (a): Acute. (b): Obtuse. (c): Rounded. (d): Acute, classified as obtuse by the CITA. (e):

Obtuse, classified as acute by the IRFAP.

(a) de n"Horrac (b) AY (c) Mollar (de Selva) (d) Lluc (e) Pere Xina (f) Ferragnes

Fig. 18. Examples of different keel sizes, as classified by our method. This figure should be viewed in color. The blue area corresponds to the detected keel. (a): Weak. (b):
Medium. (c): Strong. (d): Weak, classified as medium by the IRFAP. (e): Medium, classified as weak by the CITA. (f): Medium, classified as strong by the CITA.

(a) Pou (de Felanitx) (b) Desmayo Largueta (c) Pou (d’Establiments)  (d) Masbovera  (e) Bord des Raiguer (f) Duran

Fig. 19. Examples of different types of markings. This figure should be viewed in color, preferably on a computer screen. The detected pores are indicated with a red dot, while
furrows are highlighted in blue. (a): Almost no pores. (b): Sparsely pored. (c): Intermediate pored. (d): Densely pored. (e): Scribed. (f): Pored + scribed.

bde YO

(a) Ribes (b) Verdereta

Fig. 20. Example of two different almond endocarps viewed from three different perspectives. This figure should be viewed in color. The green region is the intersection of the
right side and the mirrored left side of the almond endocarp, while the red region is their union excluding the intersection. (a) has higher symmetry values than (b).
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4.4. Limitations

The proposed method for the morphological description of the
almond endocarp is a step forward in the automation of the process.
The proposed feature extraction algorithms are fast, and have the ad-
vantage over classical approaches based on simple visual examination
that they use objective measures to deal with ambiguity and favor
consistency. However, these algorithms have the main limitation of
requiring a correctly oriented 3D mesh of the almond endocarp as
input. In this work, we have oriented the meshes manually. Although
only three points need to be selected per mesh to do so, this can be a
time consuming task if large amounts of data must be processed, and
is an obstacle to automation. Automatically orienting the meshes by
detecting the peduncle, apex and ventral suture with computer vision
techniques could be a future line of work to resolve this bottleneck.

Another limitation is that, despite 3D scanning technology becom-
ing more accessible, it is still more expensive and not yet as ubiquitous
as 2D photography. Moreover, the quality of the meshes and the scan-
ning speed can vary depending on the scanner and its software. For the
proposed method to be useful in practice, the 3D scanner must be able
to capture the surface of the almond endocarp with enough detail, and
the captured meshes must be well-formed. For example, if an endocarp
is partially broken (which is common in the case of varieties with soft
endocarps) or the scan process produced errors, human intervention
is required to identify these cases and discard them. Finally, scanning
speed, albeit improving with the years, is still an issue for large-scale
studies.

5. Conclusions

In this paper we have proposed a computer-vision-based method-
ology for the extraction and description of different features of the
endocarp of the almond nut. We have collected almond endocarps from
trees grown in the island of Mallorca—both from autochthonous and
introduced varieties—and scanned them alongside samples from other
imported varieties to form a dataset of 9510 3D endocarp meshes.
Then, based on measures pertaining to the geometry of their surface,
we have defined a set of continuous quantitative descriptors to char-
acterize their contour shape, apex shape, keel development, markings,
and symmetry—traits that have been traditionally computed by simple
visual inspection. Validation with 2610 scanned endocarps from 50
different varieties has shown that the proposed method mostly agrees
(75.0 % coincidence on contour shape, 76.0 % on apex shape, 80.0 % on
keel development) with the qualitative descriptors registered by the
Institut de Recerca i Formacié Agroalimentaria i Pesquera de les Illes
Balears (IRFAP) and the Centro de Investigacién y Tecnologia Agroal-
imentaria de Aragén (CITA), both institutions that study germplasm
collections. Discrepancies can mostly be attributed to the subjective
nature of the traditional evaluation, which our method overcomes.

The proposed method could be further improved by automating the
orientation of the 3D meshes to a common frame of reference, which
is currently done manually. Detecting precisely the peduncle, apex and
ventral suture based on their geometric characteristics could lead to a
substantial speedup in the description process. Another possible line of
future work is to use the proposed quantitative descriptors as a baseline
for cultivar identification. Although the morphological characterization
of the endocarp is not enough to identify a variety with certainty,
complementing it with other types of data—such as tree vigor, texture
of bark, density of foliage, leaf blade shape, kernel size and rugosity,
and colorimetric information of the leaves, flower bud and kernel,
among others—could offer the means to develop a more complete and
reliable method for the identification of almond varieties.
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