Estimation of papaya volume and surface area using a dual ellipsoid
representation and image analysis

Gabriel Scarmana, Australia

ABSTRACT

Knowledge of volume (V) and surface area (A) of agricultural products can be used in the
design of machinery, in predicting amounts of pesticides, and in quantification of bruise,
abrasion, and insect damage. A and V are also valuable for calculating rates of post-harvest
loss in horticultural produce and monitoring fruit growth

In this study, laser scanning methods and standard hydro-static techniques are in first place
used to create accurate and scaled 3D models of a fruit cultivar (i.e. red papaya,
Carica Papaya) of different dimensions. Based on these models a geometric representation for
a rapid estimation of V and A of a given papaya is presented. In essence, this representation
relates to a mathematical function based on a 3D shape formed by two halves of ellipsoids
that have separate radius dimensions. This representation will be referred to as dual ellipsoid
for the remaining of this manuscript.

Statistical data regarding V and A as obtained via the proposed dual ellipsoid is determined by
comparing said data with that obtained from the above mentioned hydrostatic and laser
scanning techniques. Results show that for the relatively large papaya samples considered,
the predicted (via the proposed representation) and the “true” figures for V and A agree within
1.8% and 2.0 % respectively.

The model representation is defined by fruit dimensions which comply with Australian
standards for size and volume characteristics of papaya cultivars in general, that is, papaya
axial dimensions such as width and length. In this work these axial dimensions are derived
from measurements taken on scaled digital images of the fruit using an open source digital
image analysis software. Hence, the proposed model may constitute a practical, effective and
economic tool for many applications related to field measurement, mapping, growth,
monitoring, harvesting, processing, storing and handling of this highly perishable fruit.

In particular it may lead to applications in farm management, production and forecasting. For
example, many present practices related to monitoring of fruit growth in the field are still
relying on callipers and/or measuring gauges. In this context, a GIS (Geographical
Information Systems) field measuring scheme is suggested, capable of storing pictorial
information of papayas, including attributes like location (i.e. latitude and longitude) of
measurements, weather and time of measurements.
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1. INTRODUCTION

In post-harvest processes the physical properties of agricultural products, such as surface area
(A), density (D) and mass (M) have wide applications. For instance, one of the critical factors
in determining respiratory rate, evaluating colour in separation, heating in heat transfer rate,
cooling, and freezing processes is the A. The other crucial component that plays a role in
packaging design and storing agricultural products is V (Arshad, 2014).

In addition, the requirement of measuring and/or predicting A and V of fruit items directly or
indirectly relate to research studies in all fields of entomology, pathology, physiology, and
chemistry. Estimations of A and V also enter schemes of areas of fruit damage, use of
pesticides, toxic gases and dusts which are applied in the control of pests (Petros et al., 2014).

V of fruit items can be determined via hydrostatic (i.e., water displacement and/or
suspension) techniques. Although accurate and reliable, standard hydrostatic techniques are
time consuming and impractical under field conditions. Likewise, laser scanning methods for
defining V and A entail the processing of thousands of sample 3D points (many of them
redundant) over the fruit surface, requiring precise surface thinning and matching techniques
(Dyn et al., 2008), not to mention the economics behind the implementation of adequate laser
scanning instrumentation (Ebrahim, 2014).

By way of example, the reader is referred to the work of Villardon et al. (2020). In this
article, laser scanning based techniques, including their accuracy and consistency, were
applied for determining the V and A of sweet potatoes. Measurements of sweet potato shape
features were comparable with currently accepted manual measuring methods, with the added
benefits of increased throughput and a non-destructive sampling procedure. In summary,
scanner-based A and V computations overcome perceived limitations of simply measuring
axial dimensions of fruit items and other similar agricultural products. However and as
previously pointed out, they do not constitute a practical measuring method for field
applications.

Image processing has also been utilised for determining V and A of fruit items with various
degrees of accuracy results (Blasco et al., 2012, Mieszkalski et al. 2017, and Sabliov et al.
2002). In a typical image processing method a whole fruit item is placed on a rotating disk or
in a static position and 2D images, rectified for distortions and differing by pre-established or
random small angles, are taken to the fruit item (Kim et al. 2021). The contours or profiles of
the fruit are extracted from the images and used to reconstruct the 3D shape of the fruit using
standard mathematical models.

The V and A calculated by way of these methods require (not often mentioned) the
rectification and proper scaling of the object within the image, especially if there are large
variations in the size of the object photographed (i.e., small or large papayas). In other words,
while the location of the camera and the object remains the same, the distance between the
camera and the object is reduced in line with the increasing size of the object of interest
(Elder, 2019). Hence, by simply placing a visible scale bar on the background next to the
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object and using it for measuring and scaling purposes will inevitably lead to incorrect and/or
distorted measurements.

Also, images taken with cameras suffer from lens distortions as it is the case of barrel
distortion, and pincushion distortion. As already inferred, these distortions have the effect of
misrepresenting the dimensions derived from images unless cameras are calibrated and
adequate rectifications are taken into consideration and applied accordingly (Kim et al.,
2021).

In light of these considerations, the proposed method of determining the A and V of a papaya
relates to mathematical equations that are simple to program and sufficiently accurate, and
that can predict the A and V based on fewer measurements as possible, that is, the papaya
axial dimensions.

Due to the reliability of a hydrostatic technique referred to as the suspension method and
laser scanning techniques, they were considered here as a way of establishing a point of truth
for accuracy assessment purposes, and in this manner prove statistically the validity and/or
the accuracy attainable with the proposed dual ellipsoid model.

2. THE DUAL ELLIPSOID MODEL

From a deterministic viewpoint A and V of papayas can be estimated upon the assumption
that they tolerate a similarity to conventional axis-symmetric geometric shapes (i.e., an
ellipsoid) from which A and V can be mathematically approximated using measurements
taken on the fruit as shown in Figure 1. The computation of A and V based on an ellipsoid is
a valid postulation in the case of products like eggs, lemons, limes, oranges, tomatoes (Li et
al., 2011) which to a certain extent have consistent axis-symmetric characteristics and
favourable ellipse-like properties (Sitkei, 1986).

While papaya may be also considered as having an axis-symmetric geometry, their shape in
general is far from directly adhering to a standard ellipsoid per se. However, the shape of a
papaya could be associated to a dual ellipsoid formed by two halves of ellipsoids that have
separate radius dimensions. One half has the radii of a, a, and b, while the second has the
radii of a, a, and c. Hence, the V and A of a papaya can be calculated via the two equation in
Figure 1 (Ayres and Mendelson, 2008).
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Figure 1 - Dual ellipsoid representation of a section of a papaya and its dimensions in terms of the
parameters a, b and c. V is the volume and A is the surface area.

Clearly, these axis-symmetric models do not take into consideration geometric irregularities
over the fruit surface. For instance, measurements of width (i.e., twice the parameter a) taken
at different locations may differ significantly, thus resulting A and V discrepancies when
using the equations in Figure 1. One way of attenuating the impact of these possible differing
width measurements can be achieved by way of averaging a number of them using a calliper.
Alternatively, the measurement of the equatorial circumference may be adopted for
calculating a. In this case a will be the result of averaging all possible a values as derived
from the circumference itself.

Diameter tapes have been considered with more consistency than callipers when measuring
fruit items considered axis-symmetric because they measure an average of all diameters in all
directions (Burkhart and Harold, 1993). Calliper arms only measure one diameter at the time,
but since the cross sections of papayas are not completely circular in essence, different
diameter measurements are possible. At any rate, practical recommendations for diameter
measurements are: (i) the largest and smallest diameter of the section for visible elliptical
sections; and for close-to-circular sections (ii) the largest diameter and another perpendicular
to the former; or (iii) the diameter of two perpendicular axes taken at random.

In these three cases, the two diameter measurements can be either averaged using the
arithmetic mean, or averaged by the geometric mean e.g. for highly elliptical papaya cross
sections. Following Cauchy’s theorem (1841) it can be argued that the average from a
number of random diameter measures using a calliper is comparable to the diameter value
obtained from a perimeter measurement with a tape (Rodriguez et al., 2015). In other words,
both tools provide analogous results (Biging & Wensel, 1988).
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The decision to measure diameter with callipers or circumference by tape often depends on
the available tools and resources, tradition and the level of acceptable error (Barack, 2001).
An interesting manner of using these measurements and optimise results may be found in the
work of Ziaratban et al. (2017) which describes the modelling of V and A area of apples from
their geometric characteristics (that is, measurements taken on the fruit) and artificial neural
network.

3. POINTS OF TRUTH

The true values for papaya V were computed by measuring the V of small objects based on
the Archimedes principle referred to as the suspension method. It involves suspending an
object (i.e. a papaya) in a water-filled container placed on an electronic scale. The principle is
based on the fact that said object can simply be suspended in water and the change in weight
is translated directly into its volume. The reader is referred to Hughes (2005) for a thorough
explanation of this method of volume determination, including its advantages when compared
to the standard water displacement method.

On the other hand, the true value of A was based on a laser scanning process. The scanner
available to the author was the Matter and Form 3D  Scanner
(https://matterandform.net/scanner). The scanning and computation of A for each papaya was
time consuming and it was accomplished with a density of approximately 8-10 XYZ points
per cm?. These points were used to generate triangulated irregular networks or TIN models.

The same points were also used to determine V values for each papaya. Upon comparing the
results of V obtained by the above-mentioned suspension method and the V obtained by the
scanning process it was found that overall they only differ by 0.46%. This gave the author
assurance regarding the dependability of the adopted point of truth values for V and to a
confident extent the values of A.

The scanning process was accomplished in approximately 7-8 minutes per individual papaya
with the scanner set on the QuickScan mode. However, the time needed for the actual
computation of A was in the vicinity of 5 minutes per individual papaya. This involved the
so-called thinning or elimination of duplicate and/or redundant overlapping points of the
dense cloud of points produced by the scanner. Accuracy of the scanner as claimed by the
manufacturer is within £ 0.1mm and the maximum object size should be less than 25 cm.
(height) and 18 cm (diameter). Maximum weight of the object should not exceed 3 Kg. The
scanner operates between temperatures of 15°C and 32°C. The few papayas that exceeded the
above dimensions had to be scanned in two parts by sectioning transversally the fruit into two
pieces.

4. MATERIALS AND METHODS

Thirty-five (35) consumer grade fruit items from the red papaya cultivar were selected for the
tests. All papayas originated from farms located in North Queensland, Australia. Selection
was also based on papayas showing relative irregular shapes and size, except for very
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unusually or markedly asymmetrical fruit, but otherwise random samples were used. Figure 2
gives examples of the selected papayas.

Figure 2 - Typical examples of selected papayas

Fruit weight (W) of the samples ranged between 650 gr. to 1800 gr. They were weighed to the
nearest 0.5 gr. Fruit V was determined by the water suspension method as described in
section 3. Figure 3 shows the frequency distribution of W and V of the fruits. The strong
correlation existing between and V and W is graphically and analytically shown in Figure 4.

For the sample papayas considered here this assumption was verified via regression analysis
using the Trend tool of Microsoft Excel (c). Figure 4 shows the plot of papaya W versus their
corresponding V, including the linear function that estimates V from W. A perfect coefficient
of determination R>= 1 was not expected as two papayas can have the same V but different W
which can be attributed to the shape of the papaya and/or the V of the internal seeds’ cavity.
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Figure 3 - Frequency distributions of the 35 papayas V and W processed in this work.
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Figure 4 - Linear model for V (cm?®) for the total observations based on papaya W (gr.)

Actual papaya A was estimated by scanning each papaya using the technique mentioned in
section 3. The accuracy of the technique was further verified by scanning a near perfect
sphere of known diameter (a solid fibreglass ball, 110 mm. diameter) in the same way.
Estimation of A for the sphere by the scanning method closely approximated (0.35%
difference) the value obtained by mathematical calculation based on the sphere diameter.

Predicted values of V and A using the proposed dual ellipsoid model were then obtained for
each papaya using the average of the major and minor diameters of the fruit item, and its
length L. These dimensions were measured with an off-the shelf large vernier calliper
(300mm, +/- 0.05 mm. accuracy as claimed by manufacturer). Statistical figures related to the
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accuracy of the equations in Figure 1 were established upon comparing the results of the
point of truth of V and A and the predicted values obtained from the equations of the dual
ellipsoid representation. This is further illustrated in the ensuing section.

To determine the variables b and c in Figure 1 and thus estimate the values of A and V it was
thought of defining a standard ratio between the length L of the papaya and the point of
maximum width. This ratio was used to simplify the calculations of the long and short polar
radii b and c.

The typical ratio for the thirty-five papayas was determined by averaging all ratios and
considering the principles given in the paper of White and Alspach (1996). In this paper,
digitised video images of fruits (i.e., pears) were taken and three different height and width
ratios describing fruit shape were estimated from measurements on a large population 17 pear
cultivars.

Based on this initiative, Figure 5 illustrates the definition of the standard ratio r employed in
this work and applied for all 35 papayas. The graph in this same figure illustrates the
fluctuation of the 35 values of the ratios and the resulting average value. This ratio r was
determined to be equal to 0.395 with a standard deviation of 0.052 with maximum and
minimum values ranging between 0.425 and 0.384 respectively.

r=Db/L =0.395
stdev = 0.052
c 0.5 +
¢ L W 2 L 2
L *» . o, ¢ ot
&
b * * o ,‘00
0.3 T T T 1
0 10 20 30 40

Figure 5 - Ratio relating the length L of a papaya to the parameter b and c used in estimating V and A
via the dual ellipsoid model. Right, is the graph showing all ratios r for the 35 papayas. The red line
represents the average of all 35 ratios. In this instance r = 0.395.
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5. RESULTS

Table 1 illustrates the RMSE (Root Mean Squared Error) of the differences between the point
of truth values of V and A and the predicted values using the proposed equations. The
differences in terms of the overall percentage are also included. The table also indicates the
maximum and minimum differences from the “point of truth” values.

RMSE Overall Diff. % Max. Diff. Min. Diff.
A | +/-2.03cm? 2.00 3.75 cm? -4.33 cm?
Vv +/- 2.05 cm?® 1.82 4.00 cm?® -5.03cm?

Table 1 - RMSE of the differences between predicted values of A and V using the dual ellipsoid model
and those determined by the point of truth methods. The overall difference in percentage and
maximum and minimum deviation from the point of truth values of A and V are also shown.

6. AFIELD MEASURING SYSTEM

The decisions on plantation management are in most cases based on visual and subjective
observations, in other words a result of experience rather than based on objective information
(Manfrini et al. 2012). Standard monitoring strategies are mostly used to release information
on environmental variation, which may not directly/easily relate to crop status, thus making
at times the interpretation of the seasonal production scheme not easy.

In papaya production schemes the monitoring of fruit size can relate to papaya quality
(Nantawan et al., 2017). However, fruit growers need monitoring schemes that are both rapid
and sufficiently truthful (Nissen, 2018). Hence, the dimensional measuring system presented
in this section may help fill this knowledge gap. The intention is to provide a support system
at critical times of the crop season, and to provide fruit dimensional information during the
fruit growing stages to help better plan harvest and associated post-harvest logistics.

In this context, measurements on a papaya growing stages on trees could be taken at intervals
during the growing season. These measurements could be recorded using a mobile phone and
a square ruler as illustrated in Figure 5. This simplistic method allows a single person to
record a scaled image of a papaya in a very short period of time, including GNSS (Global
Navigation Satellite System) coordinates for location and mapping purposes. Any
observation and or attribute of interest can also be recorded if standard and/or mobile field
data collection systems like ESRI Collector (https://esriaustralia.com.au/arcgis-collector) or
Avenza Map (https://www.avenzamaps.com/) are considered.

For the purpose of obtaining accurate dimensional data from a single photo, an open-source
image analysis software referred to as ADI (Analysing Digital Images) was considered. ADI
can be used for analysing each scaled image captured in the field and thus derive the
parameters L, a and c of the fruit. ADI is educational image analysis software available on
either PCs or Macs. ADI is a software adapted from Real Basic to Java with additional work
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on the Java version done at the University of Massachusetts between 2013 and 2015.

In a papaya plantation environment scaled images of the fruit can be based on a tree selection
strategy (Manfrini et al., 2015) for the purpose of sampling and data collection. The trees and
rows selection can be done randomly, and on each tree an established number of images of
different fruit samples are taken as shown in Figure 6.

The image in this figure was taken using a current android mobile phone. The papaya was
imaged on its resting position on the tree. A square ruler is also visible. Images with an
overall spatial resolution of 2560x1920 pixels were stored as PNG (Portable Network
Graphics) files.

Pattern analysis of imaged objects requires all images be scaled to a uniform number of
pixels per unit length. Photographs were taken vertical to the fruit (straight on) thus
minimizing perspective distortion. The location of the square ruler was crucial for obtaining
consistent measurements in terms of accuracy. The square ruler was placed by hand as much
as possible levelled with the papaya middle section so to be aligned with the plane or
maximum diameter. In other words, the square ruler was set to correspond with the same
plane as the papaya longitudinal section (so that the scale and the profile of the papaya could
be viewed similarly by the camera).

The phone recorded the location where the photograph was taken, the papaya ID, whereas the
fruit dimensional parameters were determined in the office using the ADI software. All
measurements taken on the image via the ADI software can be stored and exported to
program for data analysis and documentation (i.e., Microsoft Excel). In this instance the L of
the papaya was measured to be 23.3 cm, with ¢ and b equal to 16.55 cm. and 6.73 cm.
respectively. Hence, the value of a was equal to 3.25 cm.

Spatial tools measure the color and
size of features in digital images.

Select Version of Image to View and Analyze

(@ Orignal _) Enhanced () Masked
Line ool [~
Select a spatial analysis tool above
® RGB 0 HSV
Select color [ rdetool |
of tool | Emsetool |
Pixel Position Adjust
a0
yﬁl 2 331

l:. 148 145

Number of Pixels 548
Length:  301.2mm

Figure 6 - The field measuring system captures the papaya dimensional data on a tree. A square ruler
is visible in the image for scaling/dimensioning purposes. The ADI software is used to obtain accurate
measurements of the length (301.2 mm) and width (not shown) of the papaya still attached to the tree.
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7. CONCLUSIONS AND DISCUSSION

This study relates to a model that allows a mathematical description of the geometry of
papayas with only a few parameters. The dual ellipsoid model approach described here
provides a simple and practical tool for characterizing important papaya physical dimensions
such as V and A.

The study findings confirmed the capability and accuracy of the model in predicting V and A
of papaya fruit. The proposed equations are easy to program using conventional software
such as Microsoft Excel (c).

Clearly, methods of measuring V and A by water suspension and laser scanning techniques
would yield more accurate results but these methods are time consuming, they require
measuring equipment and associated software and are impractical for field measurements
(i.e., assessing papayas still attached to trees).

The following conclusions can be drawn from this study:

e The adopted dual ellipsoid model can define the geometry of papayas in terms of
minimal dimensional parameters and shape coefficients (i.e., axial dimensions).

e The proposed papaya dual ellipsoid model was validated satisfactorily in terms of
precision and accuracy when compared to actual papaya geometry.

e The model has a potential for application in fruit-related computer aided design and
simulations and may suggest ideas for further geometric modelling of agricultural
products.

e Implementation of the proposed model is scalable can be adjusted or modified so to
be used in fruit growth monitoring in the field as needed.

Further studies are required to determine whether the potential transformations of the dual
ellipsoid model may be suitable for other cultivars different than the one examined here but
having similar shapes (i.e., avocados or pears). Hence, departing from this model, it may be
possible to design new geometries applicable to other papaya cultivars (i.e., yellow papayas).
Finally, all papayas included in the above tests were consumed and none of them were
disposed or destroyed.
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