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profilometry analysis The macaw palm crop has been studied because of its bioenergy potential due to the high oil
optical sensors yield, which is linked to fruit maturity stage. Digital images have been adopted as a contactless
maturity stage way to obtain information about fruit surface area and volume, acting as a sensor for quality
Moiré technique control and the classification of fruits, based on physical aspects during the maturation stage.

The aim of this study was to estimate the volume of macaw palm fruits from digital models
obtained by the Moiré technique using only one camera, associated with digital image-
processing tools to unwarp the images, allowing the comparison with conventional methods.
The volumes obtained by the Moiré technique were compared with those obtained by water
displacement method (WDM) and millet-seed displacement method (SDM). The results
show that the volumes measured by the Moiré technique exhibited a mean error of 13.54%
compared with the SDM, and 11.09% when compared to WDM, which indicates that the
digital Moiré technique is a robust, low-cost tool to measure the volume of macaw palm fruits.

Palavras-chave: Mensuragdo do volume do fruto de macatuba por meio

andlise perfilométrica L . . L . . .y
sensores 6pticos das técnicas convencionais e pela tecnica d1g1tal de Moiré

estddio de maturagio

técnica de Moiré RESUMO

A cultura da macauba vem sendo estudada devido ao seu potencial bioenergético propiciado
pela alta produtividade de 6leo que, por sua vez, estd associado ao estadio de maturagéo
do fruto. Imagens digitais tém sido utilizadas como forma para extrair informagées sem
contato sobre a drea superficial e volume de frutos, com a finalidade de construir sensores
que possam atuar no controle de qualidade e classificagdo a partir de aspectos fisicos
ligados ao estadio de maturagdo. O objetivo deste trabalho foi estimar o volume do fruto
de macauba a partir de imagens digitais obtidas pela técnica de Moiré por meio de uma
unica cAmera associada ao uso de técnicas de correcdo digital da deformagao das imagens,
comparando os volumes estimados por métodos convencionais. Os volumes obtidos pela
técnica de Moiré foram comparados com os volumes obtidos pelo método de deslocamento
de coluna de agua e pelo método do deslocamento de sementes de paingo. Os volumes
medidos pela técnica de Moiré apresentam um erro médio de 13,54 e de 11,09% quando
comparados aos métodos convencionais, sendo considerada uma alternativa robusta e de
baixo custo para a mensuragio do volume de frutos de macauba.
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INTRODUCTION

Among many emergent species with great potential for
biofuel production, the macaw palm (Acrocomia aculeata) is
considered as a promising crop for raw material in biodiesel
production. As its main characteristic, the macaw palm has
high oil production in its fruits (Pimentel et al., 2011; Viana
et al., 2011). The macaw palm is found in abundance in the
Brazilian Cerrado, concentrating mainly in Minas Gerais,
Goias, Mato Grosso do Sul, Mato Grosso, Piaui, Tocantins and
Ceard (Lorenzi et al., 2011).

The determination of biometric characteristics of macaw
palm fruits, such as weight, volume, diameter, surface area and
thickness, is important in the process of evaluation and selection
of fruits (Manfio et al., 2011; Bottega et al., 2013); in addition,
these characteristics are relevant in the marketing. Optical
metrology techniques have been proposed as alternatives for
the direct-contact methods with samples analysed to obtain
information on fruit surface area and volume (Riddle, 1979;
Rashidi & Ghomali, 2008; Khojastehnazhand et al., 2009;
Rashidi et al., 2009).

Digital techniques for measuring boundary surface known
as profilometry have been largely employed in agricultural,
medical, civil engineering and robotic areas (Braga et al., 2009).
Profilometry, for being a powerful tool in the determination
of forms and surfaces, allows the classification and evaluation
of materials with distinct forms and behaviors (Srinivasan et
al.,, 1985). Among various techniques for the construction
of profilometry, the Moiré technique can be considered
as a theoretical basis for many methods and digitalization
equipment (Sciammarella, 1982; Braga et al., 2009).

The Moiré technique is a method used for measuring
deformations, topographic outlines, slopes, curvatures and
general forms of objects (Sciammarella, 1982). Its advantage,
compared with other sophisticated optical profilometric
techniques, such as the laser scanner, consists in obtaining
satisfactorily efliciency of the results, without the adoption of
costly apparatus. In the agricultural-livestock sector, the Moiré
technique is applied in the control of fruit quality, inspection
and classification of the topography of general objects and
deformations in active pieces (Braga et al., 2009; Albiero et
al., 2012). The improvement in image digitalization from the
Moiré technique can be achieved by using techniques such as
phase shifting, associated with the demodulation of the phase
or unwrapping (Judge & Bryantson-Cross, 1994). However,
since the presence of perspective is the basis for performing
the Moiré technique, the final result of the digitalized object
may have deformations. Correcting deformations can be
achieved through the increase in the quality of the images
obtained with the cameras or through the digital correction
of the deformation. Gomes et al. (2009) proposed a correction
of the deformation in the axis out of the plane, thus correcting
the distortion in only one axis through a constant value. This
calibration by a constant value in only one axis does not correct
distortions completely, thus requiring the adoption of other
digital techniques to correct deformations in the three axes
of the image.

The technique of correction of image distortions, known
as unwarping, has been applied to improve images from
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magnetic resonance (Gholipour et al., 2011) in applications
such as images of behavior of broilers (Sevegnani et al., 2005).
The potential of application of unwarping in agriculture is
great, since the inference on information related to crops
can be performed through optical biometry. Studies on the
measurement of leaf area are typical examples of this potential
(Marcon et al., 2011; Silva et al., 2011; Ribeiro et al., 2013).

The topographic profiles generated by the Moiré technique
can be directly related to physical and mechanical attributes
of fruits (Rohlfing et al., 2005; Lino et al., 2008), and can be
used as an alternative method for the evaluation of biometric
characteristics, such as surface area and volume of fruits,
potentially for macaw palm. The maturation stage of macaw
palm fruits is directly related to the amount of oil obtained
from the fruit, which in turn is associated with physical aspects,
such as weight and volume (Mota et al., 2011). The closer it is
to the harvest point, the higher will be the oil contents in the
fruits (Tan et al., 2010).

Since macaw palm biometry is directly associated with
maturation degree and oil content of the fruits, this study
aimed to estimate the volume of macaw palm fruit from
digital images obtained using the Moiré technique, through a
robust approach with the use of only one camera associated
with digital correction techniques for the images, comparing
the volumes estimated through the Moiré technique with
volumes estimated through the conventional methods of water
displacement and millet-seed displacement.

MATERIAL AND METHODS

The volumes of macaw palm fruits were digitally estimated
using the Moiré Technique (MT) and the conventional
methods of water displacement (WDM) and millet-seed
displacement (SDM).

MT images were obtained using a projector (Epson® -
Model S8) with intensity of 2500 lumens, a portable computer
(Acer® — Model ASPIRE 5252-V874) and a digital camera
(Canon® - Model EO Digital Rebel XTI) with resolution of
10 megapixels (Figure 1A). The projection grids above the
analysed object had a thickness of 3 mm and step of 7 mm.
Images were collected with the grids projected on the object
(Figure 1B) and on the screen, without the object. Figure 1C
shows an image resulting from the initial pre-processing that
eliminates the image background through a logic operation,
using an image with the fruit without the grids in the binary
form, in order to create the edges to remove the background.
The estimate of fruit volume was calculated through a
computational routine (Figure 2).

The deformation in the images caused by the use of only
one camera was corrected using a mathematical model based
on an actual sphere as an image of the reference surface,
according to Eq. 1.

(x—a)z+(y—b)2+(z—c)2:rZ (1)

Where a, b and c are coordinates of the center of the sphere
allocated in the axes x, y and z. The term " represents the
radius of the known sphere.
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Figure 1. Experimental configuration and images generated
by the Moiré Technique (A) before (B) and after (C) pre-
processing

Reading of the images of the grid without the object

v
Reading of the images of the object without the projected grids
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Y

Subtraction of images of the object with projected grids and
images of the grid without the object

¥
Utilization of a Gaussian filter to remove noises -
v
Generation of one of the faces of the object; the union of the
faces of the object \
v

Estimation of fruit volume from the equation of the sphere
volume

Figure 2. Flowchart of the computational routine for
calculating the volume of a sphere

After identifying the image of the reference surface, the
digitalized image was corrected using a polynomial function (Eq.
2). The degree of the polynomial corresponds to the value of the
highest exponent of the variable, i.e., the ‘n’ value of the function.

P(){)zznlai)(i 2)

Each line of the actual and the digitalized images was
adjusted by a single polynomial that showed the best fit, thus
performing the correction of the complete image.
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For the determination of the volumes through WDM, each
fruit was placed in a graduated cylinder (200 mL) containing
a known volume of water (initial volume). Based on the
difference between the final volume (after immersion of the
fruit) and the initial volume, fruit volume was obtained (Manfio
et al,, 2011). The measurements through SDM were obtained
from the volume of millet seeds displaced after immerging the
fruit in a graduated cylinder (mL) (Griswold, 1972).

Twenty nine macaw palm fruits in similar maturation
stages were used, and the volume of each fruit was estimated
through the three methods described. Fruit volume estimated
by MT was compared with the respective volumes measured
by WDM and SDM, based on the percent error between the
measuring methods. In addition, WDM x MT and SDM x MT
were compared using the difference between means (Dm) and
standard error (Er), and Pearson’s correlation coefficient at
0.05 probability level.

The difference between the means of volumes measured
through each method was analysed using Student’s t-test at
0.01 probability level, in order to verify the statistical difference
between the evaluated methods.

In addition, the weight of each fruit was used as a reference
parameter for the verification of the precision of each method.
The relationship between the volumes estimated through each
method and the weight of each fruit were evaluated using
simple regression analysis, at 0.05 probability level.

RESULTS AND DISCUSSION

The application of the unwarping technique to correct the
deformation of fruit images, showed a sixth-order polynomial
equation as a result, observed in Eq. 3.

P(x) = -32.3425x°+117.0517x" -
- 167.4241x" +120.7227x" - (3)
- 46.5141x* +9.7397x - 0.2394

Figure 3 shows the 3D result of the correction using
the unwarping method for one of the fruits. The three-
dimensional representation of half the fruit shows a smooth
surface, without noise and without problems of discontinuity
on the edges, as questioned by Braga et al. (2009), evidencing
that the use of only one camera associated with digital
correction can overcome the problems caused by the
perspective.

Figure 3. Three-dimensional result using the unwarping
method for half the fruit of macaw palm
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The correction or “unwarping” is a necessary step for the
improvement of images, according to Gholipour et al. (2011)
and Sevegnani et al. (2005). The deformations in the digitalized
images of macaw palm fruits generated by the perspective, due
to the use of only one camera, were corrected by using the
technique of correction of image deformations. This shows that
the presented model and the proposed protocol for obtaining
the images can be applied in other studies.

Determining biometric characteristics, such as the volume
of macaw palm fruits, is important in the process of fruit
evaluation and selection (Manfio et al., 2011). Based on the
estimate of volume of macaw palm fruits, it is possible to
develop systems capable of relating this attribute to oil content
and maturation stage of the fruits (Bottega et al., 2013). The
main advantage of performing image digitalization through
MT for the determination of physical attributes is that it is
a non-destructive, robust and precise method (Forbes &
Tattersfield, 1999).

The volumes measured using each method with the
respective errors, in the comparison of MT with WDM and
SDM, are shown in Table 1. Measuring the volume through
MT promoted mean error 13.54% higher compared with SDM,
while the comparison with WDM showed an error of 11.09%.
In the comparison of MT x WDM, 64.29% of the measurements
showed errors of 0-10%, 32.14% showed errors of 10-30% and
3.57% showed error higher than 30%. The minimum error was
1.21% and the maximum was 34.36%.

Table 1. Comparison of fruit volumes (cm?) obtained by
the Moiré Technique (MT) with the methods of water
displacement (WDM) and millet-seed displacement (SDM),
with the respective percent errors (Er)

|Er| | Er|

Sample WOM  MT (o SOM  MT o)
1 4118 3972 354 4150 3972 429
2 3526 4362 2370 37.00 4362 17.88
3 4412 4892 10.88  43.00 4892  13.77
4 3529 32090 907 3600 3209 10.86
5 4118 4740 1510 36.50 47.40  29.85
6 4118 3847 658 3950 3850 261
7 5000 4939 121 4700 4939 509
8 4411 4520 247 4050 4520  11.60
9 5000 5399 799 5000 5399 7.9
10 4147 4212 231 4050 4212 4.01
11 4706 5375 1422 4800 5375  11.99
12 4118 4204 208 4150 4204  1.297
13 4118 4064 132  41.00 4064  00.89
14 3823  47.27 2365 37.00 47.27 2177
15 3823 4360 1429 3800 4360  14.98
16 3823 3528 773 3600 3528  02.01
17 3823 4009 486 3500 40.09  14.53
18 3235 4028 2453 3150 4028  27.89
19 3823 4406 1524  37.00 44.06  19.07
20 4118 4523 985  39.00 4523  16.00
21 4118 4814 1690 38.00 48.14  26.69
22 3823 37.33 235 3700 37.33 089
23 3823 4864 27.22 3500 4864  38.96
24 3525 4736 3436 3550 47.36  33.41
25 4705 5014 656 4350 5014  15.26
26 5000 5322 644  51.00 5322 4356
27 5000 4629 741 4750 4629 254
28 3823 4155 868 3500 4155 18.71
29 - - - 3900 4191  07.46
Mean 4128 4450 11.09 39.90 44.41  13.54
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The comparison MT x SDM showed that 41.38% of the
measurements had errors of 0-10%, 51.72% showed errors
of 10-30% and 6.90% showed errors higher than 30%. The
minimum value was 0.89% and the maximum was 38.96%.

The highest errors between estimates of volume obtained by
conventional and digital methods, as observed in the samples
23 and 24, can be associated with irregularities in fruit shape.
From the perspective of volume estimation using digital images,
the closer to the shape of a sphere, the fewer deformations and
noises in the digitalization of fruit surfaces tend to occur,
which guarantees higher precision of measurements. On
the other hand, the application of conventional methods in
fruits with irregular forms can hamper the correct volume
measurement, because the verification is performed through
visual observation of the graduated cylinder.

In the comparison of WDM x MT and SDM x MT (Table
2), there were significant correlations of 0.654 and 0.622,
respectively. The mean difference (Dm) and the standard error
were 3.75 cm’ and 3.78 for WDM x MT and 4.51cm’and 3.92
for SDM x MT, respectively. These results suggest that volumes
measured through MT are close to the values of conventional
methods, especially WDM, and reinforce the hypothesis that
the application of MT with only one camera associated with
correction of image deformations, unwarping and unwrapping,
can be performed as a method for the analysis of the volume
of macaw palm fruits.

The analysis of the differences between the means, in the
comparison of the methods for fruit volume measurement
(Table 3), showed that the volumes estimated by MT were
not considered as equal to those estimated by conventional
methods, which suggested the hypothesis that the digitally
measured volumes can be more precise. In the comparison
between the conventional methods, WDM and SDM, they
were statistically equal. Although the conventional methods,
WDM and SDM, are extensively used for the measurement
of volume, some errors can occur during their use, especially
related to the reading of the displaced water column.

Since macaw palm fruits were in an approximate maturation
stage and, therefore, considered with approximate densities,
the weight of the fruits was used as a reference parameter for
the analysis of precision of the volume measurements.

Table 2. Statistical comparison of the Moiré Technique
(MT) with the methods of water displacement (WDM) and
millet-seed displacement (SDM)

Comparison between methods N Dm Er r
WDM x MT 28 3.75 3.78  0.65*
SDM x MT 29 4,51 392  0.62*

N — Number of samples; Dm — Mean difference (cm®); Er — Standard error; r — Correlation;
(*) Significant correlation at 0.05 probability level

Table 3. Analysis of the difference between mean volumes
of macaw palm fruits obtained using the methods of water
displacement (WDM) and millet-seed displacement (SDM)
and the Moiré technique (MT), according to Student’s t-test

Difference between means (cm®) p-value

MT x WDM 3.75* 0.0005
MT x SDM 4512 * 0.9x10°°
WDM x SDM 0.764 0.2603

*Difference between means at 0.01 probability level

R. Bras. Eng. Agric. Ambiental, v.20, n.2, p.152-157, 2016.



156

In the analysis of the relationship between the volumes
measured using the three methods and fruit weight, the
volumes obtained through conventional methods, WDM and
SDM, did not show significant correlation with fruit weight (R?
=0.306 and 0.305); on the other hand, the volumes measured
by the digital method (MT) showed a significant correlation,
with R? = 0.837 (Figure 4). This fact suggests that, when the
relationship between volume and weight is considered as a
comparison parameter, the volumes estimated by MT tend
to be more precise than those obtained through conventional
methods.

Previous studies, such as Negreiros et al. (2007), who
evaluated the relationship between physical characteristics
and pulp yield of passion fruits, and Oliveira et al. (2013),
who physically characterized babassu fruits in order to obtain
attributes that helped oil extraction, also have shown direct
correlation between these parameters. Although conventional,
the methods of WDM and SDM may fail at dimensioning the
actual volume, since they depend on manipulation and the
reading of water column height, which make them subjective
and susceptible to distortions.

Negreiros et al. (2007) also report that passion fruits with
greater diameters allowed obtaining heavier fruits with higher
pulp yield. In macaw palm, the oil content found in the pulp
can reach up to 70% in dry basis (Mota et al., 2011). Thus, fruits
with larger volumes tend to show higher pulp yield, generating
greater amount of mass to be processed for oil extraction.
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Figure 4. Relationship between the volume of macaw
palm fruits measured through the Moiré Technique (MT)
and the weight

CONCLUSIONS

1. The measurement of volume through the Moiré technique
promoted a mean error of 13.54% compared with the millet-
seed displacement method, while the comparison with the
water displacement method showed an error of 11.09%, which
allowed concluding that the Moiré technique can be used as
a digital analysis method and is a low-cost, robust alternative
for the measurement of volume of macaw palm fruits.

2. The application of techniques to correct image
distortions allowed obtaining a digital profile without noises
or discontinuities on the edges, showing that using only one
camera associated with digital correction can overcome the
problems caused by perspective.

3. Based on the analysis of the relationship between the
measured volumes and fruit weights, the Moiré technique

R. Bras. Eng. Agric. Ambiental, v.20, n.2, p.152-157, 2016.
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showed a significant correlation (R*= 0.837), indicating that
the volumes estimated by MT tend to be more precise than
those estimated by conventional methods.
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