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Abstract: Non-destructive and destructive leaf area estimation are critical in plant physiological and
ecological experiments. In modern agriculture, ubiquitous digital cameras and scanners are primarily
replacing traditional leaf area measurements. Thus, measuring the leaflet’s dimension is integral
in analysing plant photosynthesis and growth. Leaf dimension assessment with image processing
is widely used nowadays. In this investigation employed an image segmentation algorithm to
classify the ice plant (Mesembryanthemum crystallinum L.) canopy image with a threshold segmentation
technique by grey colour model and calculating the degree of green colour in the HSV (hue, saturation,
value) model. Notably, the segmentation technique is used to separate suitable surfaces from a
defective noisy background. In this work, the canopy area was measured by pixel number statistics
relevant to the known reference area. Furthermore, this paper proposed total leaf area estimation in a
destructive method by a computer coordinating area curvimeter and lastly evaluated the overlapping
percentage using the total leaf area and canopy area measurements. To assess the overlapping
percentage using the proposed algorithm, the curvimeter method experiment was performed on
24 images of ice plants. The obtained results reveal that the overlapping percentage is less than
10%, as evidenced by a difference in the curvimeter and the proposed algorithm’s results with
the canopy leaf area approach. Furthermore, the results show a strong correlation between the
canopy and total leaf area (R%: 0.99) calculated by our proposed method. This overlapping leaf area
finding offers a significant contribution to crop evolution by using computational techniques to make
monitoring easier.

Keywords: canopy area; HSV colour model; image segmentation; leaf area estimation; overlap-
ping percentage

1. Introduction

Leaves are fundamental organs to plants and constitute plants” power generation
and aerial environmental sensing units [1]. The amount of photosynthetic light harvested
depends directly on the leaf area. Leaf area plays an integral role in plant growth analysis
and presumably crop growth, photosynthetic efficiency, light interception, and transpira-
tion. Furthermore, leaf area is a key index in plant breeding practices and plant growth
measurement. According to Carvalho et al., 2017 [1], leaf area also indicates productivity
and cultural and technical evaluations, such as seedling density, fertilizer, irrigation, and
agrochemical application.

In this sense, in modern agriculture, there are direct and indirect techniques for
calculating leaf area. Direct methods are destructive, expensive, and involve electronic
meters that are difficult to maintain [2]. Therefore, contemporary global operations focus
on non-destructive accuracy methods for leaf area and canopy area measurement, as
revealed by Madhavi et al., 2021 [3]. Moreover, compared to the destructive method, the
major advantage of the non-destructive method is that the dimensions of the leaf surface
are measured without detaching the leaf from the plant surface [4]. Regardless, various
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destructive approaches have been investigated in recent years, namely, the square grid
method, planimeter method, gravimetric method, and regression equitation method [4].

The grid counting method entails projecting the leaf onto a piece of grid paper, sketch-
ing the leaf surface on the grid paper with a pencil, and counting the number of grids
covered by the leaf. This method is time-consuming and laborious to implement for many
leaves [5]. The planimeter method consists of two units, a stationary optical scanning
system and a microcomputer system (MS), to facilitate embedded and controlling functions.
The leaf is placed on a conveyer belt and driven by a servomechanism and controlled by the
MS unit. On each leaf, the sample propagates by 0.1 cm and an optical scanner measures
the maximum length and breadth of the leaf and registers it as an area, as reported by Dey
etal., 2019 [6].

The plant’s leaf is specifically removed and placed on white paper in the gravimetric
procedure. Then, the paper is sliced to match the shape of the leaf. The weight of this
paper is eventually compared to the weight of the known area on the same piece of paper.
The constraints of this approach are difficult and time-consuming when applied to a large
number of leaves [1].

Furthermore, as indicated by Montgomery et al., 1911 [7], the regression equation
approach estimates the leaf area using the following formula: A =b x 1 X w, where b is
the leaf shape coefficient, 1 is the length of the leaf, and w is the width of the leaf [4]. Even
though this method is fast, the limitation associated with this formula is not similar for
every plant, and b varies depending on the plant type.

Accurate and comprehensive validations are still difficult due to the limitations of
direct measurement. Several challenges remain, given the requirement of increased accu-
racy for indirect measurements [8]. The clumping effect, leaf inclination angle, and woody
component affect the accuracy of indirect and direct leaf area measurements. Clumping
effect correction attained significant progress for continuous canopies with non-randomly
distributed leaves [8-10].

Indirect non-destructive methods are more straightforward and faster and are not
affected by human subjective factors like destructive methods are. However, the accurate
evaluation of non-destructive methods highly correlates with the results of destructive
methods as ground truths [11]. Digital image processing is one effective non-destructive
method for implementing canopy area calculation to analyse plant growth. The canopy
area consists of overlapped leaves that are captured by a digital camera. The overlapping
leaf area of plants demonstrates the disparity between the actual total leaf area and the
canopy area [12].

The image segmentation from plant leaves is one of the effective methods to obtain
biomass characteristics from a complicated background. As a result, crop growth condi-
tions, diseases, and insect pest damage are all monitored using the target leaf from the
collected photographs. Image segmentation consists of threshold-based methods, region-
based methods, edge-based methods, model-based growing methods, and clustered-based
methods, as reported by Wang et al., 2018 [12].

The Otsu and Canny operators were proposed by Wang et al., 2013 [13], to segment a
single leaf from a leaf image retrieved from an online system’s video stream. Cerutti et al.,
2013 [14], devised a two-step active contour segmentation algorithm based on a polygonal
leaf model to extract the contour of the leaf from the background. Grand et al., 2015 [15],
reported the comparative study of various segmentation methods for images of tree leaves.
Chaudhary et al., 2012 [4], proposed CIELAB colour space and the Otsu method for the
L component for image segmentation. Simultaneously, the region filling technique was
applied to the binary image for calculating the leaf area.

Researchers have used the aforementioned image processing techniques to measure
whole leaf and canopy areas accurately [12]. Total and canopy area of leaves are calcu-
lated by the following methods: image acquisition, image pre-processing, segmentation,
region filling, and area calculation. In addition, other researchers apply threshold-based
segmentation or contour extraction approaches for leaf region segmentation [16].
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Previously, most of the research focused on leaf area index combined a deep learning
algorithm and RGB images obtained by multispectral images. Yamaguchi et al., 2020 [10],
explored the leaf area index of rice plant leaves using the RGB images with the model
developed by deep learning algorithms. The results showed that the estimation accuracy of
the model developed by deep learning was obtained with the highest performance metrics
(R? = 0.963, and RMSE = 0.334) [10]. Apolo et al.,, 2020 [17], revealed that the measurement
of leaf area index in wheat breeding based on gap theory analysis and the hemispherical
photograph showed high performance (R? = 0.94) compared to the ground truth (R? = 0.81).
Moreover, the main drawback of the deep learning approach for leaf area estimation is
that more datasets are needed compared to the image processing approach. This study
mainly focused on the image processing approach to measure the overlapping leaf area
of ice plants. Islam et al., 2021 [18], proposed an image processing algorithm to estimate
ice plant leaf area from RGB images under different light conditions. Consequently, the
leaf area was calculated from the number of pixels and using the known object area. The
results depicted that the correlation between actual and measured leaf area was found to
be over R? = 0.97 under different light conditions.

The canopy area of ice plant leaves in the juvenile stage was measured using an image
processing-based approach in this study. Subsequently, the total leaf area of the same
ice plant leaves was measured manually using a computer coordinating area curvimeter.
The overlapping leaf area was calculated as the difference between the total leaf area and
canopy area and is presented as an overlapping percentage. The significance of finding the
overlapping leaf area of ice plants is determining the plant productivity, photosynthetic rate,
and light interception capacity. Moreover, this proposed algorithm for image segmentation
is simple and easily applicable for a greenhouse or closed-type plant production system
and does not require highly expensive equipment for leaf area monitoring. Previously,
many researchers attempted to use the HSV colour space model for calculating the leaf
area. To date, very few studies have applied the image-based leaf area estimation technique
for ice plants, especially those grown in plant factories. There is an overall lack of research
on the overlapping leaf area measurements of ice plants. To the best of our knowledge,
this study is the first of its kind to evaluate the overlapping percentage of ice plants using
a destructive and non-destructive method. The method developed in this study can also
be used to discern the overlapping leaf area and canopy area of different flat, green, leafy
vegetables in the future.

2. Materials and Methods
2.1. Experimental Design

The present investigation was carried out in the controlled plant factory system at
Smart Farm Systems Laboratory of Gyeongsang National University, South Korea. The
cultivation period spanned from early March to late June 2021, which mostly coincided
with the summer season. The plant factory was equipped with control systems recording
temperature, humidity, light luminance, and CO;, automatically monitored daily using a
specific high-precision sensor unit (Hanam Engineering Co. Ltd., Hanam, Korea) [3,19,20].
The light effects were the same, and the images were taken under light-emitting diodes
(LEDs) in controlled conditions in the plant factory, as shown in Figure 1.

Plant images were taken using the digital camera and software implemented in Google
Colaboratory and an algorithm developed by the Python program language. The exper-
iment was carried out on 24 ice plant samples different in size and shape to test the
performance of the suggested algorithm.

Subsequently, images were resized and converted into HSV colour spaces to extract
the image intensity from chroma or the colour information [4]. Consequently, mask the
green, sliced the green mask, converted it into two channels, and applied the threshold
to all images. The same procedure was applied to the yellow and cyan mask images.
Eventually, the final threshold was used for two-channel images. Initially, the same process
was applied for reference. The following method was implemented after converting to
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HSV colour space. Concurrently, the reference magenta colour was masked, the extra mask
was sliced, and the background was eroded. Eventually, all the reference images were
converted into two channels, and thresholding was applied. Correspondingly, the pixel
values of plants and relevant references were calculated. The last canopy area of all ice
plants was calculated using a known reference area (Supplementary File S1). Subsequently,
ice plant leaves were scanned on grid paper. In the last step, the total leaf area of the same
ice plant leaves was measured directly using a computer coordinating area curvimeter.
Eventually, the overlapping percentage (%) was calculated by utilising total leaf area and

canopy area.

Figure 1. The ice plants (M. crystallinum) in the plant factory system under controlled environmental
conditions.
2.2. Calculation of Canopy Area and Total Leaf Area

All the procedures for calculating the canopy and total leaf area were implemented
according to the diagram illustrated in Figure 2.
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Figure 2. The flowchart of the measurement of overlapping percentage (%) of ice plant leaves.
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2.3. Measurement of the Canopy Area
2.3.1. Image Acquisition

The images of ice plant canopies were obtained using a digital camera (SONY DSC-
RX100 vii, Seoul, Korea). For image acquisition, the camera was placed on top of the
plant, and the camera angle was nadir to the plant. All images had a resolution of
5472 x 3648 pixels and were stored in JPEG format for the image acquisition; the ref-
erence was placed close to the plant. All images were cropped and rescaled up to 25% to
reduce the background effect.

The images of ice plants were captured with the purple-coloured square-shaped
reference (4 cm?) shown in Figure 3.

Figure 3. Image acquisition system of ice plant canopy.

a.  Image colour transform

All images were transformed from RGB to HSV colour space to wipe out the noise
introduced from the background. Furthermore, this colour space image was used for
classification based on the colour of the object. In this image type, the hue channel was
used to decide the colour type. The saturation channel represented shades of that colour,
and the value channel presented the brightness of the colour [16]. Using HSV images, the
green pixels representing the green canopy were classified from each image, as shown in

Figure 4.
®
(@

Figure 4. Segmented image of the ice plant canopy (a), inverted binary ice plant canopy image (b),

©

segmented reference image (c), inverted binary reference image (d).
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The colours of an image were differentiated based on Equation (1), which returns a
vector with the data that defines the resulting image [16].

dst (I) = {255 — lowerb (I)y < src (I)g < upperb (I)g )
0 — of the opposite

where dst (I) corresponds to the vector or returned image, 255 is the size of each pixel of
the src (I)g vector or input image, and lowerb (I)g and upperb (I); refer to the lower and
upper limits of the HSV colour space, respectively.

b. Image segmentation

Image segmentation is a process of grouping together pixels that have similar at-
tributes. Notably, this process is integral to correlating the leaf, reference object, and
background image. Leaf canopy and the reference were segmented using the threshold
technique. The threshold was applied to segment the mask images that extracted the green,
yellow, and cyan colour of the canopy. Simultaneously, the colour channel image was
retained as the candidate image for the subsequent image segmentation. Eventually, the
canopy image was segmented according to the mean value of the grey image and the
same colour for the foreground and a different colour for the background, as reported
by Chaudhary et al., 2012 [4]. This segmented image was inverted to binary images to
determine the pixel values of the plant canopy and the reference (Figure 4).

2.3.2. Canopy Area Calculation

The canopy area of the ice plant was calculated through pixel number statistics. The
number of pixels of the leaf region and reference region was measured. In this paper, the
reference area is 2 x 2 cm?, or 4 cm?. The canopy area was calculated using Equation (2), as

proposed by Lu et al., 2010 [11].
P
= — 2

S =55 x B )
where S; and Sy denote the area of the canopy and the reference, respectively. Moreover, P,
and Py indicate the pixel number of the canopy and the reference. Notably, S¢is known. P
can be obtained by counting the number of pixels with the grey value of 255 in the plant
canopy image. Furthermore, Py is acquired because the square-shaped reference in the
corrected image is known.

2.4. Total Leaf Area Calculation

The ice plant samples which were applied for image processing, utilised the total leaf
area calculation. Initially, all ice plant leaves were attached to grid papers and scanned
by the scanner (Canon Image FORMULA DRM1601I). Concurrently, the leaf area was
calculated by a computer coordinating area curvimeter (Ushikata Shokai X-Plan360dii,
Kobe, Japan), as demonstrated in Figure 5. The accuracy of the curvimeter method was
scrutinised with the grid count method. Curvimeter readings coincided with the grid
count method. Therefore, the curvimeter method was implemented for all ice plant leaves.
Eventually, the overlapping leaf percentage was evaluated by Equation (3), as proposed by
Primer et al., 2018 [21].

_ Total leaf area (TA) — Canopy area (CA)

Leaves overlapping percentage(%) = x 100 3)

Total leaf area (TA)
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Figure 5. Calculation of the total leaf area of ice plants (M. crystallinum) using the curvimeter method.

2.5. Validation Procedure

To determine whether there are inconsistencies between the calculated total leaf area
and canopy area values, a scatter plot of the total leaf area versus canopy values was
produced with a reference line at y = x. To quantify the validity of total leaf area and canopy
area by our proposed algorithm, the coefficient of determination (R?) was calculated using
Equation (4):

R2—1_ Zim(xi-yi )’ @
2 (xie i )?
where x; and y; are the canopy area and the calculated total leaf area, respectively, and  is
the number of samples.

3. Results and Discussion

It is crucial to choose a suitable threshold for separating one object from another
in an RGB image. In previous studies, the threshold value was frequently determined
directly based on the colour features of the foreground and background; alternatively, a
suitable threshold may be obtained after converting RGB colour space into HSV colour
coordinates [22]. In this study, it was determined that the surface colour of the leaf was
uniform, as shown in Figure 3. This may facilitate the determination of an appropriate
threshold value based on an HSV image of the ice plant leaf. It was found that there was
little colour variation with the reference. In this context, thresholding in the HSV image
successfully separated the plants from the background. In addition, the segmentation
method used by the proposed method produces suitable results, which means that the loss
of the leaf edge pixels, which often results from poor segmentation, may be minimised
when extracting the leaf edge from the images. Thus, the structure of the leaf edge is well
preserved by the proposed method. As a result, the positions of the ice plant leaf tip and
petiole insertion could be accurately located. The sum of the number of pixels belonging
to the longest row in the binary image was extremely close to the corresponding canopy
area value. The proposed method is also feasible for calculating the canopy area of the
ice plants.

3.1. Calculation of Canopy Area and Total Leaf Area

The experiment area of ice plant samples was determined by a manual approach using
the curvimeter method and the indirect method of the image processing algorithm. The
results are given in Table 1.
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Table 1. Comparison of results, measured by the proposed algorithm and curvimeter method.

Image CA (cm?) TA (cm?) Overlapping Leaves Percentage (%)
1 57.53 58.12 1.02
2 60.62 63.15 4.01
3 62.63 65.17 3.90
4 65 67.58 3.82
5 66.25 69.17 422
6 67.84 70.15 341
7 101.75 107.73 5.55
8 103.45 110.60 6.46
9 105.85 112.90 6.24
10 130.91 135.15 3.13
11 132.56 137.97 3.92
12 135.86 139.98 2.94
13 171.07 174.56 2.00
14 175.52 178.87 1.87
15 177.76 180.32 1.42
16 180.56 184.11 1.93
17 182.97 185.11 1.16
18 185.50 189.70 2.21
19 206.95 212.15 2.45

20 207.15 215.12 3.70
21 209.13 219.17 4.58
22 255.96 267.95 4.47
23 258.16 279.17 7.53
24 260.13 282.18 7.81

In the developed algorithm for calculating the overlapping leaves percentage (%),
the overlapping percentage is less than 10%, as evidenced by the preceding experiment.
The overlapping leaves are minimal based on the analysis results utilising the datasets,
and the viability of the proposed method appears promising. There are two types of leaf
overlapping that can be found in plant species, namely, cross overlapping and coplanar
overlapping. The interaction of many curved blades from different layers in the canopy or
a non-parallel connection among neighbouring edges on the same layer causes the cross
overlapping. As indicated by Li et al., 2019 [23], coplanar overlapping occurs when two flat
and coplanar leaves link or one leaf covers the others on a plane. The ice plant is an ideal
example of coplanar overlapping, as shown in Figure 3. The measurements with the lowest
overlapping percentages correspond to plants whose leaflets are positioned at different
heights between them, such as plants 1 and 17, unlike plants 23 and 24, whose leaflets
are of similar average height [16]. As a result, leaflets being the same height causes high
overlapping, and long distances between leaflets results in less overlapping. Accordingly,
leaf positions are directly correlated with the overlapping percentage of plants.

3.2. Measurement of the Canopy Area

Sandino et al., 2016 [16], proposed the HSV colour space algorithm to determine the
leaf coverage of strawberry plants. This finding resulted in the average accuracy of leaf
coverage in cm?, with up to 90% accuracy. Chaudhary et al., 2012 [4], compared the leaf
area of 70 leaf samples using the algorithm including CIELAB colour space and the Otsu
method. This finding resulted in 99% average accuracy, which was confirmed by comparing
the results with the measurement of the grid count method. Lu et al., 2010 [11], suggested a
method for calculating the leaf area based on the contour extraction algorithm and ground
truth method. This experimental result also showed a low absolute error for leaf area
calculation using the image processing technique.

The precise segmentation of leaves is a major challenge in precision agricultural op-
erations, such as identifying weeds in crop fields. Globally, the HSV colour space model
with the thresholding technique detects the approximate region of the target plant. The
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implemented method allows obtaining the overlapping percentage of ice plants and other
horticultural crops efficiently and effectively, without relying on the mathematical model
variables [24]. This finding could be implemented with other works, and combining the
method with other image acquisition systems would be feasible. Estimation of overlap-
ping percentages is vital for identifying the abnormalities present in plants through their
leaflets [25].

3.3. Total Leaf Area Calculation

Total leaf area calculated by the curvimeter method gave the nearest values to the
canopy area. Therefore, the ice plants overlapped in the lowest percentage compared to
other leafy vegetables. However, the planimeter method is fast and efficient compared
to cumbersome leaf area meters [4]. Singh et al., 2018 [26], reported the measurement
of cucumber leaf area using the grid paper technique and the development of a linear
regression model for validating leaf area and leaf area index accuracy. In comparison, the
measured and predicted leaf area data showed good agreement with the percent error in
the range of 0.8-8.2. Posse et al., 2009 [27], estimated the total leaf area of papaya trees
by a non-destructive method. The leaf area of each of papaya leaf was obtained with a
leaf area meter, and the authors developed a linear regression model for the determination
of the total leaf area. The model looked promising and the coefficient of determination
was close to 0.99. Therefore, total leaf area and canopy area are intriguing parameters in
understanding the relationship between crop development and the environment [27].

Some improvements can be proposed for future work on predicting overlapping leaves.
First, numerous environmental factors such as illumination may alter image features in the
field, making correct segmentation more challenging for an autonomous algorithm [28].
Hence, a more practical strategy would be to investigate the major factors influencing
segmentation and then devise solutions to address them.

3.4. Validation Results

Figure 6 illustrates the validation results for all the plants using R? for the canopy area
and the total leaf area.

"
.".
258.12
~
= £
g20812f( . =
[
W o
= oo
® 158.12 :
3 % y =1.0564x-2.3275
— L
® - R2=0.99
°
~ 108.12 -
58.12
57.53 107.53 157.53 207.53 257.53

Canopy area (cm?)

Figure 6. Correlation between canopy area and total leaf area.

The value R? for the ice plant leaves has a higher coefficient of determination (R?:
0.99), which means that the calculation could reflect a strong relationship. However, the
plant factory light conditions are diverse, and the performance of our method was quite
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impressive. This method can be implemented to determine the overlapping leaf area and
canopy area of different leafy vegetables.

4. Conclusions

The present study concluded that the HSV colour space and threshold method is
highly feasible for determining the canopy area and overlapping percentage of ice plants
(Mesembryanthemum crystallinum L.) . Furthermore, this investigation proposed an image
segmentation algorithm to classify the ice plant canopy image with a threshold segmen-
tation technique by grey colour model and calculating the degree of green colour in the
HSV model. The novelty of the method is that all images were transformed from RGB
to HSV colour space to wipe out the noise introduced from the background. This study
sheds light on both destructive and non-destructive approaches for measuring overlapping
areas without using the complex method as point clouds. The experiment was carried
out on 24 plants of different sizes. The investigation showed less than 10% overlapping
percentage with the differences in canopy area measurement with the image processing
algorithm and computer coordinating area curvimeter method. The results also showed
a strong correlation between the canopy area and total leaf area (R 0.99). Overall, the
proposed method for estimating the overlapping leaf area of ice plants is effective. The
development results can improve the efficiency and accuracy of individual plants’ leaf
surface estimation tests. Currently, the proposed method still has some restrictions. There-
fore, several parameters need to be tuned for an optimal segmentation result. This study
can be extended to add an adaptive mechanism for parameter tuning in the future. In
addition, it is suggested that future studies also consider the prediction of overlapped
leaf areas of different leafy vegetables using deep learning algorithms. However, it is
integral to implement an algorithm to improve its discriminant ability to consider various
environmental changes in the future.
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for the canopy area calculation.
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