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Abstract: Crop phenotyping data collection is the basis for precision agriculture and smart decisionmaking
applications. In this study, a dynamic slicing and reconstruction canopy volume (DR) algorithm is proposed
to accurately estimate citrus canopy volume. The algorithm dynamically slices nearby slices based on their
proportional area change and density difference, subsequently conducting AS reconstruction and volume
calculation for each slice using an iterative mean point spacing as the a-value. Compared with six point cloud-
based reconstruction algorithms, the DR approach achieved the best results in removing perforations and
lacunae (0.84) and exhibited volumetric consistency (1.53) that closely aligned with the growth pattern of citrus
trees. The DR algorithm effectively addresses the challenges of adapting the thickness and number of canopy
point cloud slices to the shape and size of the canopy in the ASBS and CHBS algorithms, as well as overcoming
inaccuracies and incompleteness in reconstructed canopy models caused by limitations in capturing detailed
features using the PCH algorithm. It offers improved adaptive ability, finer volume computations, better noise
reduction, and anomaly removal. In conclusion, we recommend selecting appropriate operating environments
for each algorithm based on their principles, geometric properties, volumetric values, running time, and linear
relationships with one another to guide orchard mechanization and intelligent operation.

Keywords: citrus tree; LIDAR; canopy volume; point cloud reconstruction; dynamic slicing;

1. Introduction

Citrus cultivation plays a pivotal role in the rural revitalization strategy of southern China, with
China leading globally in terms of both total output and planting area. However, there are persistent
challenges, such as inadequate intelligence and mechanization levels, as well as incomplete
information construction[1]. The collection of crop phenotyping data serves as the fundamental basis
for intelligent decision-making applications in agriculture. The canopy of a fruit tree constitutes the
primary section responsible for light absorption during respiration and photosynthesis. It
encompasses the majority of branches, leaves, and fruits that provide the essential nutrients and
energy required for growth. The fruit tree canopy plays a crucial role in the growth and productivity
of trees, making it an essential indicator for monitoring tree biomass, estimating growth, predicting
yield, estimating water consumption, monitoring health status, and tracking long-term productivity
[2-6]. Moreover, this approach enables the quantification of pruning effects and the evaluation of tree
characteristics. This approach enables the quantification of pruning effects and the evaluation of tree
characteristics. Recognizing citrus canopy features is vital in citrus tree production, breeding, and
management. It is inextricably associated with orchard precision management projects such as
irrigation and fertilization practices, moisture detection techniques, fruit crop breeding, and yield
assessment methods[7]. At the same time, accurate canopy volume measurements can serve as a
foundation for determining crop pesticide doses and making decisions[8,9], as well as technical
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assistance for pruning robots[10], assisting managers in making sound agricultural production
decisions[11-13]. As a result, the rapid and accurate estimation of canopy features plays a crucial role
in monitoring fruit tree growth dynamics and enhancing orchard management optimization[14].
Citrus trees are evergreen perennials, and their canopy characteristics are essential for
understanding how they grow. These features can make it easier to analyze how they relate to yield,
physiological markers, and growth circumstances[15]. Currently, the most common methods for
measuring canopy volume are manual measurement and noncontact automatic measurement.
Manual measurements often entail measuring the height and width of fruit trees with equipment
such as tape and height rulers. The crown is then approximated to a corresponding geometric model
based on its shape and structure, and its volume is calculated using the geometric model’s volume
formula. Miranda-Fuentes et al.[16] estimated canopy volume for olive trees by assuming an
ellipsoidal shape. Zheng et al.[17] Computed crown volume for Hamlin sweet orange trees assuming
an uneven columnar shape. Scapin et al.[18] determined crown volume by measuring the contour
shape of citrus trees along their rows and combining that information with crown height data. Lee et
al.[19] introduced a novel approach for accurately measuring the geometric features of tree crowns
by slicing the crown horizontally at a 20 cm spacing, measuring the circumference of the slices with
a PVC pipe around the tree, and multiplying the area of the sliced circle by the height to determine
the slice’s volume. Li et al.[20] the formula for calculating the volume of slices in this method was
changed to a formula for calculating the volume of circular platforms and then used to calculate the
volume of citrus trees, which was more accurate than the previous method of comparing the entire
fruit tree to a single geometric model and more responsive to the volume of the actual fruit tree.
Although manual measurements are simple and convenient, they are prone to errors due to
subjective factors, and there is also a significant difference between the model used and the canopy’s
true form; moreover, no model can completely and accurately simulate the canopy’s true form.
Researchers have tried and developed a variety of noncontact automatic measurement methods
to meet the requirements of efficient and accurate measurements. Dong et al.[21] employed a camera-
carrying drone to capture photos, reconstruct a single fruit tree and extract its area and diameter.
Jurado et al.[22] employed a camera to capture numerous overlapping photos to estimate plant height
and volume. Cameras for 3D reconstruction have the benefit of being low-cost and rich in texture.
Cameras, on the other hand, have the disadvantage of being readily limited by light and climatic
conditions, requiring a high level of equipment and technology, complex data processing, and the
necessity for vast amounts of data capture. Dong et al.[23] collected canopy volume, trunk diameter,
tree height, and fruit number in an orchard by putting an RGB-D depth camera on a pole to gather
data from a horizontal or top-down view, and then 3D reconstructed an apple tree using photos on
both sides. Subsequently, they utilized these data to reconstruct a three-dimensional model of an
apple tree by employing images taken from multiple angles. Yin et al.[24] employed depth cameras
to generate a three-dimensional reconstruction of a cherry tree and perform volume calculations.
Although depth cameras are more precise and accurate in 3D reconstruction and are more sensitive
to changes in light than are standard cameras, they nevertheless have drawbacks, including low-
quality depth images and a small measuring range. A system built using wireless networks and
ultrasonic sensors was created by Yu et al.[25] to achieve three-dimensional reconstruction and
volume extraction from fruit tree canopy. H Maghsoudi et al.[26] Ultrasonic sensors at various
heights were placed on a sprayer to detect canopy information in real time, and then a multilayer
perceptual neural network technique was used to calculate canopy volume. Measuring data using
ultrasonic measurement technology has the advantages of being noncontact, highly efficient, and
highly accurate; however, in practice, measurement results are easily influenced by environmental
noise and temperature changes, and the detection range is limited, necessitating the use of multiple
devices and complex technology. Zhang et al.[27] used tilt photography to create a linear relationship
between the crop volume model and manually determined biomass. Zhu et al.[28] used tilt
photography to determine the canopy structural parameters of maize. Tilt photography has the
advantages of wide range and quick speed, but its measurement accuracy is greatly influenced by
lighting conditions, background interference, camera distortion, and other variables. Because of the
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complicated canopy structure of fruit trees, tilt photography cannot reconstruct the bottom of the
canopy and is easily influenced by environmental changes during acquisition.

LiDAR (Light Detection and Ranging) can be employed with effective information management
to characterize tree canopy and generate canopy point clouds at various viewing angles and spatial
resolutions [29]. This method has the advantages of high accuracy, long-distance measurement, high
density, lack of light, and fast data acquisition and is widely used in agriculture. Liu et al.[30]
employed a handheld laser scanner to achieve 3D canopy reconstruction and volume extraction of
pomelo trees. Wang et al.[31] developed a dynamic grid division of fruit tree canopy volume LiDAR
online detection method for determining the canopy contour and volume of peach groves. Pagliai et
al.[32] created a terrestrial LIDAR-based canopy volume assessment algorithm that uses a tractor in
conjunction with terrestrial LIDAR and GNSS technology to achieve exact vineyard spraying, which
has the advantages of being faster and requiring fewer postprocessing computations. Yu et al.[33]
utilized a handheld mobile laser scanner, scanned and reconstructed 367 blueberry plants, and
collected height, breadth, and volume data for each. The usefulness of these data was then assessed
statistically by examining the extracted canopy size and shape characteristics to identify the best
shrub structure for mechanical harvesting.

The following algorithms are commonly used by researchers for point cloud-based canopy
reconstruction. Lee et al.[19] employed a convex hull approach to determine the volume of Hamlin
sweet orange trees, resulting in more valuable information for predicting tree growth and
productivity. Xu et al.[34] employed a convex hull slicing approach to determine the predicted
volume and surface area of the canopy, lowering the computational error of complicated canopy
structures. Colago et al.[35] used the alpha-shape algorithm and the convex hull algorithm to
reconstruct the surface of citrus trees and compared it to artificial measurements based on cylinders
or cubes. The experiment revealed that the use of the alpha-shape algorithm may better describe the
distributions of the canopy and provide a more realistic representation of the canopy. Mahmud et
al.[36] employed the alpha-shape algorithm to estimate the volume of a fruit tree, with the canopy
volume calculated by this algorithm showing a significant correlation with the physically counted
foliage. Chakraborty et al.[37] employed a handheld 3D LiDAR scanning device to determine the
volume of a grapevine canopy, and they found that the voxel-based algorithm more accurately
accounts for changes in canopy structure than does the convex hull algorithm. Fernandez-Sarria et
al.[38] used seven methods reconstruct the canopy of Platanus hispanica trees. They assessed the
leftover biomass produced by pruning faster by analyzing the volume and runtime of multiple
techniques, which will aid future management. Wang Jia et al.[39] the tree crown was split into many
uneven platforms, and the crown volume was obtained, but viewing the crosssection of each point
cloud slice as circular or elliptical resulted in a large deviation in the calculation results. Yang et al.[34]
improved this platform method to determine the volume of the platform by calculating the area of
the convex packet of each crown point cloud slice, and high-precision and fast reconfiguration of the
canopy structure was achieved. Yan et al.[40] developed an adaptive sliced convex hull approach,
achieving street tree reconstruction and volumetric computation. Liu et al.[30] proposed a slice-based
alpha shape algorithm for canopy reconstruction and volume calculation of pomelo trees.

Most agricultural researchers still use manual measurements of the volume of citrus, the world’s
number one fruit crop, which not only is time-consuming and laborious but also has a large deviation
from the true volume, which is not conducive to further analysis by researchers. We summarize six
typical point cloud reconstruction algorithms(PRAs) for reconstructing a citrus circle with 160 orange
trees and propose a set of preprocessing procedures for 3D reconstruction of a large-scale citrus
orchard using a hand-held laser scanner. These algorithms include Convex Hull (CH), Alpha-Shape
(AS), Platform Convex Hull (PCH), Voxel-based (VB), Convex Hull by Slices (CHBS), with Alpha-
Shape by Slices (ASBS). We then synthesize the principles, geometric properties, volume values,
runtime, and linear relationships between each algorithm to analyze the reconstruction effectiveness
and problems. The efficacy and issues of each algorithm’s outputs are evaluated. The findings
demonstrate that even with the best performance of these six algorithms(the ASBS algorithm) is used
to reconstruct an orange tree, the thickness and number of canopy point cloud slices are not always
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able to match the size and shape of the canopy itself. Accordingly, we developed a dynamic slicing
and reconstruction canopy volume algorithm (DR), which, compared to existing algorithms,
dynamically slices nearby slices based on their proportional area change and density difference,
better capturing and reflecting the actual growth characteristics of the tree canopy. Finally, we
integrate the benefits of each algorithm to identify acceptable operating fields for them, providing an
effective reference for the intelligent mechanization of orchards in the future. Section 2 describes the
preprocessing process of segmenting a single fruit tree, as well as the principle method and
implementation process of each algorithm; Section 3 describes the experimental process and results
with a detailed analysis; Section 4 discusses the influence of the number of slices on the reconstruction
effect, followed by the application scenarios of each algorithm; and Section 5 concludes this paper’s
work and contributions.

2. Materials and Methods

2.1. Test Area

The experimental citrus variety used was late-maturing blood orange No. 8, a trifoliate orange
rootstock with a tree age of 3 years. Blood orange no. 8 is a bud mutation discovered in the
descendants of Italian Tarocco blood oranges and is a late-maturing type among blood oranges[41].
Its main cultivation areas are in Sichuan Province and Chongqing Municipality, China. The trees are
vigorous, with tree forms including round-headed, main stem shapes, and open-hearted. The
experimental orchard has a spacing between rows of 5.5 m, a tree standing of approximately 2.5 m,
and a plant distance of 2 m. The base adopts the method of high ridges with deep furrows for soil
bundling, with the height of the ridges ranging from 0.3-0.6 m. The blood orange tree has a natural
round head structure, which is more compact and full, with a slightly open posture, and the middle-
length branches easily droop. The crown is more rounded, the branches are evenly distributed, and
the bottom of the crown is densely foliated; however, there are also many holes and gaps. The
experiment was conducted in December 2023 in Jingba village, Jielong town, Fushun County. The
local area (29°12.78" N, 105°5.97" E) features an average altitude of 310 m above sea level, a mean
yearly precipitation of 1081.69 mm, and a typical yearly temperature of 19.82°C. It is located in the
southwest Sichuan Basin and has a shallow hill landscape, a subtropical humid monsoon climate,
abundant rainfall, abundant light, a lengthy frost-free period and four distinct seasons. 4 rows
totaling 160 blood orange trees were selected as the subjects of this experiment. Figure 1 shows the
experimental site.

Figure 1. Photographs of the experimental area: (a) Satellite image of a blood orange orchard; (b)
ground-level image of a blood orange orchard.
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2.2. Acquisition Device and Acquisition Method

The handheld 3D LIDAR scanning device (GoSLAM RS100) consists of a laser scanning head
and a data processing unit (Figure 2). The laser scanning head is made up of a laser emitter, receiver,
and scanning mirror that allows quick scanning of the target surface. The data processing unit
consists of an inertial measurement unit (IMU) for measuring device acceleration and angular
velocity and a microcomputer for data processing, map generation, localization, and navigation
activities. This device scans a distance of 120 m, a scanning rate of 650,000 points/second, a point
accuracy of 1 cm, 32 lines of laser lines, a scanning range of 360° x 285°, and two lithium batteries,
allowing the LIDAR system to work continuously for 4 hours.

I laser scanning head |

data processing unit |

Figure 2. Constituent part of the handheld 3D LIDAR scanning system (GoSLAM RS100).

The experimenter used a handheld LiDAR scanning device to collect scanning data in a closed
loop around the experimental site line by line, and the roadmap of the collection is shown in Figure
3. The laser scanner scans the experimental area along with the nearby environment during operation.
The figure was taken after the experimental test area was delineated using the point cloud cropping
and slicing function in the GoOSLAM Studio point cloud processing software.

A : Scan starting point
Yk : Scan end point

=== :Scan route

Height(z) +

Figure 3. 3D LiDAR map of the blood orange orchard. The gradient color by z value indicates altitude;
the white dashed line represents the path traveled by the LIDAR scanning equipment during the scan,
and the triangle and star markers indicate the starting and ending points of the scan paths,
respectively.
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2.3. Preprocessing for Canopy Reconstruction

The canopy reconstruction preprocessing flow can be found in Figure 4. Initially, a 3D model of
a blood orange orchard was created utilizing a LiDAR scanner. The experimental area was then
cropped using GoSLAM Studio software. The CSF algorithm was employed to filter ground points,
followed by the application of the fast Euclidean clustering algorithm for segmenting individual fruit
trees. Finally, the SOR algorithm was utilized to eliminate noisy points, and the unique() function
was used to remove repetitive points.

3D map of Blood
Orange Orchard

Cropping out the experimental area
using GoSLAM Studio software

v

Ground point filtering
using CSF algorithm

v

Single Fruit Tree Segmentation Using
Fast Euclidean Clustering Algorithm

v

SOR algorithm to remove noise,
unique() function to remove duplicate points

Point cloud data for
canopy reconstruction

Figure 4. Preprocessing for canopy reconstruction flowchart. Note: CSF, cloth simulation framework
algorithm; SOR, Statistical Outlier Removal algorithm.

2.3.1. Ground Filtering

To facilitate the subsequent extraction of fruit tree information, it is necessary to select a suitable
algorithm to filter the ground points in the test area. Common algorithms include least squares plane
fitting (LSPF)[42], random sample consensus (RANSAC)[43], and the cloth simulation framework
(CSF)[44]. The LSPF fits the ground plane model by minimizing the distance between the point and
the plane. RANSAC is primarily used to fit the model and remove outliers, and it is commonly used
to recognize simple geometric objects (such as planes and straight lines). Since the test area is a blood
orange orchard with high ridges and deep furrows, the LSPF algorithm assumes that the ground is
planar and cannot accurately identify ground points for orchard ground with irregular ground
surfaces or large elevation variations. The RANSAC algorithm is also unable to accurately fit a
complex ground model, is sensitive to noise and occlusions, and has high computational complexity
and difficulty in parameter selection. The CSF algorithm can fully consider the local and global
characteristics of point cloud data to better cope with complex orchard terrain. Through regional
growth and point cloud segmentation technology, ground points can be accurately identified, a
reliable ground model can be extracted, and a reliable database can be constructed. This paper thus
employs the CSF algorithm.

The 1lidR package in RStudio includes the CSF function, which contains four parameters.
sloop_smooth determines whether the point cloud is smoothed to decrease the impact of noise. The
class_threshold function is used to modify the accuracy and stability of ground extraction by
adjusting the threshold for dividing ground and nonground points. The cloth_resolution parameter
is used to control the grid resolution of ground point cloud data to balance processing efficiency and
ground extraction accuracy. The time_step parameter is used to control the rate at which the amount
of ground points increases. This study employed four feature values: TRUE, 0.4, 1, and 1. Figure 5
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shows the filtered results. Although certain dispersed weeds and ground points remain unfiltered,
they have no effect on subsequent single-tree segmentation.
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Figure 5. The experimental area after completing CSF ground filtering, with some weeds and ground
points still present (indicated by white circles).

2.3.2. Single-Fruit Tree Splitting

After finishing the ground filtering, the point cloud should be segmented by clustering using
appropriate clustering algorithms in conjunction with the crop growth characteristics and the size of
the test area to get each fruit tree’s point cloud data. Among the frequently employed clustering
algorithms are the region expanding algorithm[45], Kmean clustering[46], DBSCAN clustering[47]
and Euclidean clustering[48] algorithms. The point cloud is split up by the region expanding
algorithm into different regions based on the similarity between neighboring points to form point
clusters with continuity. The Kmean clustering algorithm separates the point cloud data into a set of
groups, with the centroid of each representing a grouping result. The DBSCAN clustering algorithm
identifies and segments clusters based on the density of points. The Euclidean algorithm for
clustering classifies point cloud data into discrete clusters based on their physical closeness, allowing
for the identification and separation of unique objects or features within the dataset. Considering that
there are 160 fruit trees in the test area, the point cloud file has close to 30 million points, the file size
is 1 GB, the computational complexity of the area growth algorithm is high, the Kmean clustering
requires a certain number of groups, and it requires numerous testing for fruit trees of various forms
and densities and is highly reactive to noise. The DBSCAN algorithm is more sensitive to parameter
selection, and the processing of large files is too time-consuming. Therefore, they are not suitable for
processing large files of blood orange orchard point clouds. Liu et al.[30] have chosen to use
Euclidean clustering for single tree segmentation of pomelo orchards containing 36 fruit trees and
achieved good segmentation results, which shows that compared with traditional Euclidean
clustering algorithms, Euclidean clustering algorithms are more suitable for citrus orchards. Yu et
al.[49] proposed fast Euclidean clustering algorithms to optimize the data structure and algorithmic
flow of the Euclidean clustering algorithm. clustering data structure and algorithmic process, avoids
constantly traversing each point, and has higher efficiency and speed when dealing with large-scale
point cloud data; therefore, this experiment adopts the fast Euclidean clustering algorithm for single
tree segmentation.

The fast_euclidean_cluster() function is implemented in the open3d library in the Python
environment, and the function contains four parameters. The tolerance parameter specifies the search
range of the closest search. The parameter max_n represents the maximum number of points for a
nearby search. The choice of this value affects the speed and accuracy of the clustering. The
min_cluster_size parameter determines the smallest amount of points required for a group of points.
The parameter max_cluster_size determines the largest amount of points required for a group of
points. Based on the real planting tree spacing, plant distance, and the number of points between the
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smallest and largest fruit trees within each row of the blood orange orchard, this paper sets the values
of the four parameters to 0.08, 800, 18,000, and 600,000, respectively. Figure 6 shows the clustering
results after the algorithm has been run; each different color represents a fruit tree segmented out,
and from the results, the fast Euclidean clustering method also removes those scattered weeds and
ground point clouds from the point cloud.
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Figure 6. Clustering results for the blood orange orchard 3D map. Each different color represents a
split fruit tree, manually numbered on the original image, indicating trees from 1-160.

2.3.3. Point Cloud Denoising and Deduplication

Laser scanning typically produces point cloud datasets of nonuniform density, and errors in
measurements and environmental disturbances can also lead to the appearance of sparse outliers.
Statistical Outlier Removal (SOR) algorithm[50] is used to remove obvious outliers, which indicates
that a point cloud is considered invalid if it is less than a certain density. The SOR algorithm requires
that the parameters k and n be set. The number of neighborhood points taken into account when
determining the mean distance for each point is indicated by the expression “k number of nearest
neighbors.” The notation “n multiple of standard deviation” means that the algorithm, after
determining the average distance between every single point, examines the distribution of distances
for each point from a point cloud. If a point’s distance exceeds the mean plus n multiplied by the
norm deviation, that is thought to be an anomaly. In this study, it is experimentally found that when
k=600 and n=3, not only are the noise points around the citrus tree point cloud effectively removed
but also the original structure of the citrus tree point cloud is completely preserved. Figure 7
compares the data before and after denoising.

(b)

Figure 7. Comparison of the data before and after denoising: (a) The data before denoising. The red

dashed circle shows a few obvious noise points (including the stick used to support the branch); (b)
The state after denoising,.
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Due to the movement of the scanner or the intricate structure inside the tree canopy, when
scanning citrus trees with a laser scanner, the scanning region overlaps. This means that points at the
same position are scanned more than once, resulting in duplicate points. Repetitive points can
generate data bloat and impact the accuracy and efficiency of the reconstruction algorithm
throughout further processing and analysis, particularly during AS reconstruction. Repetitive points
make the algorithm process more data and cause the reconstruction results to have undesired
concavities, convexities, or discontinuities. Point cloud duplicate points were removed using the
unique (pointCloud, ‘rows’) function in MATLAB, which takes every single point from the point
cloud as a row afterwards to locate the unique point within it. Duplicate points were removed for 160
test trees, with an average of 52 duplicate points removed per tree and an average time of 0.19 s per
tree.

2.4. Calculating the Canopy Height and Width of Fruit Trees

Assessing the physical properties of fruit trees (e.g., tree height, crown spread, and canopy
volume) is essential in agricultural studies and is increasingly a significant subject in precision
agriculture[29]. Horticulturists can use accurate morphological estimates to evaluate the impact of
these characteristics on crop output, wellness, and growth. Growers, such as experimenting with
various root stocks, determine which rootstock produces the most per unit volume in a given
geographic region. They also utilize parameters such as the height of trees and crown spread when
predicting fruit yield. This approach of assessment requires significant human effort and frequently
lacks precision[23]. These geometric features for phenotyping are now available for extraction via
LiDAR scanning. To assess the accuracy of the current scanner acquisition data, we manually
measured the plant height and east-west and north-south crown widths of 160 blood orange fruit
trees using a tape measure. For the LIDAR-scanned and preprocessed point clouds of individual fruit
trees, we used CloudCompare software to calculate the minimum AABB box. The box’s x and y
lengths indicate the fruit tree’s two canopy widths (W), and the z length indicates the fruit tree’s
height (H).

The H was determined uniformly with the following formula(1):

H=Z, ~Z, ()
where Z _ and Z_, represent the highest and lowest points of the Z elevation.

The W was calculated uniformly using the following formula (2):

where W, represents the horizontal width and W, represents the vertical width.

A comparative analysis of the canopy height (Table 1) and width (Table 2) measured by the two
methods revealed that the errors between the manual measurement method and the LiDAR scanning
data were very small (RE of 0.039 for H and 0.081 for W), and the minimum RE values for H and W
even reached 0.005 and 0.003, respectively. Therefore the data processed using LIDAR scanning more
accurately represent the real fruit tree morphology, which provides an accurate basis for later canopy
volume calculations.

Table 1. Comparison of height values measured by manual and CC methods.

H(m) Manual CC Absolute Error Relative Error
Mean 1.835 1.814 0.072 0.039
Var. 0.118 0.130 0.004 0.001
Max 2.590 2.616 0.397 0.178

Min 0.880 0.83 0.001 0.0005
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Table 2. Comparison of the measured width between the manual and CC methods.

W(m) Manual CcC Absolute Error Relative Error
Mean 1.619 1.719 0.131 0.081
Var. 0.087 0.114 0.011 0.004
Max 2.400 2.460 0.513 0.343
Min 0.730 0.793 0.0005 0.0003

2.5. Canopy Reconstruction and Volume Calculations

The fruit canopies of the trees were reconstructed using the MM and 7 types of PRAs to compute
canopy volume. These PRA algorithms were run using MATLAB R2023a.

2.5.1. MM Approach

Ellipsoidal models are frequently utilized by researchers as geometric models for typical citrus
canopy trees[51]; hence, in this study, the ellipsoidal formulation was employed as the MM approach
to determine the canopy volume of blood orange trees. The volume was computed with the following
equation(3):

_7z-W2~H
6

v (©)

where W is crown width and H is the plant height, both of which were measured by the
CloudCompare software above.
Figure 8a shows a picture with manual method.
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Figure 8. Canopy reconstruction effect diagram with (a) manual method (MM); (b) convex hull (CH);
(c) convex hull by slices (CHBS); (d) voxel-based (VB); (e) alpha-shape (AS) (f) alpha-shape by slices
(ASBS); (g) platform convex hull (PCH); (h) dynamic slicing and reconstruction (DR) algorithms.
Note: X, y, and z denote the horizontal width, vertical width, and height, respectively.

2.5.2. CH Approach

In computer graphics, a convex packet is the smallest convex set containing a finite set P of points
in an arbitrary dimensional space. It consists of convex hull vertices and behaves like a convex solid
in a three-dimensional environment. In this study, the QuickHull method was used to determine the
volume of a convex hull on the surface of a citrus tree. Figure 8b depicts the canopy reconstruction
effect diagram using a CH algorithm.

2.5.3. CHBS Approach

The CHBS approach works by taking a specific amount N of equally spaced slices of the point
cloud in the z-direction after running the CH algorithm on each segmented point cloud slice to
determine the slice volume. Finally, the total volume within the canopy is computed by adding the
volumes of the individual slices. Various numbers of slices had varying effects on the experimental
results, and Yan initially selected a 15 cm spacing in his slice investigation since estimating the
volume using the CH or AS algorithms required at least three points per slice[40]. In this study, the
mean value of H was 1.835 m (Table 1); hence, the value of N was set at 10. Figure 8c depicts the
canopy reconstruction effect diagram using the CHBS algorithm.

2.5.4. VB Approach

The VB approach works on the premise of segmenting the tree crown in the tree height direction
in k steps of equal distance. The points in each segment of the canopy are projected onto a plane
perpendicular to the tree height direction, and then the plane is divided into image elements of size
k*k. Determined by the number of dots projected into every graphic element, the validity of the image
element is judged, and the number of valid image elements is counted T. Finally, the volume of the
canopy can be expressed as the sum of the T k*k*k voxel elements. Lecigne[52] proposed that when
k equals one-tenth of the width of the canopy, the calculations are stable. In this investigation, the
mean value of W was 1.619 m (Table 2); hence, the value of k was set to 0.1 m. Figure 8d depicts the
canopy reconstruction effect diagram using the VB algorithm.

2.5.5. PCH Approach

The PCH algorithm views the entire canopy of a fruit tree from bottom to top as a geometry
composed of many platforms and a cone[53]. First, the canopy’s point cloud data are sliced based on
elevation. Subsequently, every slice is created into a convex packet of planar point sets using the
Graham convex packet algorithm. The area of the convex packet (S) is then determined using Green'’s
formula; thus, the volume of each platform is obtained. Finally, the canopy’s total volume is
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calculated by combining the platform and cone volumes. In this investigation, we fixed the
segmented platform thickness (h) to 0.2 m and the thickness of the slice to 0.04 m. Figure 8g depicts
the canopy reconstruction effect diagram using a PCH algorithm. The calculation methods are shown
in formulas (4) and (5).

m

1
§= EZ(kaku _xk+1yk) 4)
=1

where m is the number of endpoints and (x,y,,,) and (x,,,y,) are the plane coordinates of the kth
and k + 1th endpoints, respectively.

n—1

V= %Z(Si + Sm +\/SiSi+l )hi +§thn+l ®)

i=1

In the formula, S§,S,,, signifies the area of the i, i+1th layer of point cloud slices, n signifies the

number of slices, A, defines the spacing between neighboring slices, #,,, denotes the cone’s height,

n+1

and V denotes the canopy volume.

2.5.6. AS Approach

The AS approach is a classic method for edge extraction. The core idea is to rotate a sphere with
radius a inside the specified point set S. When a is sufficiently large, the ball will only roll tangent to
the point set’s boundary rather than into its interior. At this moment, the points the ball has rolled
through come together to create the point set S’s boundary (convex hull). Every point could be a
border point if « is small enough.

The parameter o influences the fineness of the surface reconstruction results. After
reconstructing the experimental fruit trees, it was discovered (Figure 9) that when a = 0.05, the
reconstruction effect contains more details and characteristics, making the overall 3D model more
realistic and fine. When a = 0.25, there are several flaws, such as insufficient details, particularly for
small-scale structures, which can be disregarded, resulting in information loss. When a = 0.5, there is
excessive smoothing, which causes blurring of the surface’s concave and convex parts as well as the
loss of precise branching characteristics. When a = 0.75, an oversimplification develops, resulting in
a significant loss of surface details and a structure that is not realistic or exact enough. This research
suggested that varying a has a significant impact on the spatial form, compactness, and branching
properties of the fruit tree canopy model. Therefore, a value of 0.05 was used in this study (Figure
8e).

a=0.05 a=0.25 a=0.5 a=0.75

- 0.5
Y(m) LR X(m)

(@) (b)

Figure 9. Effect of the AS algorithm reconstruction for varying a values.
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2.5.7. ASBS Approach

The ASBS algorithm works on an identical basis to the CHBS method. The AS algorithm uses «
= 0.05 for each segmented point cloud slice, which is the only variation. The value of N was set at 10,
as is the case with the CHBS algorithm; the ASBS method results are given in Figure 8f.

2.5.8. DR Approach

Although ASBS performs well in determining canopy volume, due to the varied shapes and
sizes of each citrus tree’s canopy, slicing the canopy vertically with a consistent thickness has the
following disadvantages: it is unable to adapt to the irregular shapes of the canopy, especially at the
edges or the top of the canopy, which can lead to over- or underslicing; slicing the center of the canopy
generates too many data points; it does not accurately reflect the complex structures and cavities
inside the canopy; and it may ignore some details and properties of the canopy, including branching
and density of the foliage; thus, it can comparatively overestimate the volume. Furthermore, it has
been established[54] that in the canopy slicing zone, the relatively moderate change in the area of
nearby canopy point cloud slices does not necessitate a separate layer. As a result, the slicing method
must be adjusted so that it can be used on citrus trees of various shapes and sizes, as well as to
compute canopy volume more correctly.

The experimental fruit trees range in height from 0.83 m to 2.616 m, and the number of slices per
tree is variable, typically between 10 and 30 after adaptive slicing, whereas citrus trees are dense and
morphologically complex, with varying densities of branching structure and distribution. When the
fixed value of a=0.05 is still applied, the problem of volume underestimation occurs due to the smooth
surface transition in some locations and the lack of detail in the reconstruction results or the loss of
information due to excessive denoising. Using the point cloud’s average point spacing as a better
reflects the distribution and adapts to point cloud files with different densities, preserving the
characteristics of the original point cloud files and reconstructing a volume that is more adaptable,
accurate, and reliable.

Cheng et al.[53] developed the triangular mesh growth algorithm and proposed a dynamic
threshold improvement a-shape algorithm considering the boundary point cloud density. This
algorithm was used with the platform algorithm to compute the volume of the tree, and while it can
produce a relatively accurate canopy slice contour, its simple geometric shape reconstruction by
using the platform algorithm means that it is unable to capture the features of complex shapes or
scenes with many details, which results in inaccurate reconstruction results and a certain amount of
holes and gaps. In this paper, based on the above features and obstacles, we propose a dynamic
slicing and reconstruction algorithm for tree canopy volume (DR). The algorithm flowchart is
illustrated in Figure 10. The algorithm’s particular phases are listed below:

1) The canopy point cloud was split into 50 equally spaced slices.

2) According to the literature[55], when using the a-shape algorithm to construct a contour, a
threshold is present «,; with aa 2 ¢,, the boundary shape formed can include all points from the
point set P. The enhanced a-shape approach proposed in the literature[53] iteratively searches for the
threshold value av of each point cloud slice and obtains the area of the slice’s outside geometries
under this threshold using the following iterative formula(6):

o, =a,+Aa (i=1,2,---,n) 6)

where Aa denotes the increment size of each iteration and i denotes the iteration count. In this
study, the initial a is set to 0.05, and i is set to 0.1.

3) Calculate the percentage change in area, R, for each neighboring slice with the following
formula:

R= @)

i
A,
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A
where —— indicates the area ratio of adjacent slices.

i+1

4) Calculate the overall density of each slice using the KNN algorithm:

k
mean(pdist2(Data;, Data;; ) ..41)) (8)

localDensity, =

density, = mean(localDensity)

k is the number of nearest neighbors; here, 10 is used. Data, is the data point of the ith slice. idx:i

is the index of the nearest neighbor of the ith slice. pdist2(Data;,Data; (,.,4) denotes the distance

from the ith slice to its k closest neighbors (excluding itself).
The difference between the slice density and the average density is then calculated:

D, =| density, — mean(density) | )

5) If the percentage change in the area of two neighboring slices R is greater than the average
neighboring slice’s percentage of area Mean-R or if the difference between the density of two
neighboring slices and the average density D is less than the overall average difference Mean-D, the
slice is labeled 1; otherwise, it is labeled 0.

6) If the markers of two neighboring slices are the same, then these two slices are merged;
otherwise, the next slice is traversed until all slices are traversed.

7) The slices are reconstructed by employing the AS algorithm, using the mean point interval
distance of the point cloud in the current slice as the a value. The a value is updated until a complete
region is generated, and then the volume of that reconstructed region is calculated. The mean point
interval distance is as follows: first, the kd-tree structure was utilized to swiftly determine the nearest
neighbor of each point in the current slice of the point cloud, and the total distances among each spot
were calculated. The average distance was determined by multiplying the total distance by the total
number of points in the point cloud.

8) The total canopy volume was calculated by summing the volumes of all slices.

Figure 8h depicts the performance visualization for crown reconstruction using a DR algorithm,
and its performance will be reviewed in Section 3.3.3.
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T
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‘ Calculate slice volume and totalize u=g+point cloud mean point spacing

Output the totalize volume
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Figure 10. Flowchart of the DR algorithm.
3. Experiment and Results
3.1. Canopy Reconstruction

3.1.1. Comparative Analysis of Volumetric Values Using Various Approaches

Figure 11 shows that the relationships between the volumes measured by the six algorithms and
the MM method are Vmv>Veu>Venss>Vve>Vrecu>Vas>Vasss. Of these, the MM method’s calculation of
crown volume was greater than that of all PRAs calculations (Vmm=2.72m3). This is because the MM
method considers the crown to be an oval, whereas the morphology of blood orange fruit trees is
frequently complex and irregular. This simplified model accounts for both the external space between
the ellipsoid model and the crown’s holes and crevices. Consequently, the volume values calculated
using the MM method are significantly greater than the canopy’s actual volume. Because the CH
algorithm treats the fruit tree as a convex polyhedron and accounts for the holes, cracks, and
depressions inside the canopy, as well as produces convex packets larger than the canopy contour, it
yields the largest calculation result of all PRAs (Vcu=2.51m3). The result still overestimates the canopy
volume (Vcnps=1.87m?3) even after the CHBS algorithm partially closes the gaps and holes introduced
by the CH algorithm. This is because CHBS also has the problem of the nature of the CH algorithm.
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Although the VB algorithm considers the cubes on the surface of the canopy, because it is difficult to
choose the right size of cubes for each fruit tree with a different canopy width and because the cubes’
shape and layout cannot be sufficiently adapted to the canopy morphology, its final volume
(Vve=1.76m?3) is larger than the results of the subsequent algorithms. The PCH algorithm can
determine three-dimensional canopy information by fully utilizing external geometric features. It is
a simple, fast, and effective method for measuring the volume of a canopy. However, this approach
simplifies the canopy morphology to a certain degree and ignores the details of the internal holes,
which leads to an increase in the error of volume estimation (Vrci=1.42m3). The AS algorithm can
accurately extract the boundaries of the canopy point cloud with a reasonable setting of a. The ASBS
can eliminate perforations and lacunae in trees with some degree of success, so the AS algorithm
calculates a smaller volume (V4s=0.97 m?3), and the ASBS algorithm calculates the smallest volume
(V asBs=0.90 m3).

——-MM —8—CH —4A—CHBS —8—VB PCH —9—AS ASBS —— DR
8

~1

(=

o

W=

G

N

Crown Volumes (m?)

Number

Figure 11. Comparative plot of volumetric values of 160 blood orange trees measured by the MM
method and 7 PRAs.

3.1.2. Comparative Analysis of R? and Regression Coefficients for Various Approaches

The volume fits calculated by the eight methods are shown in Table 3 to investigate the
associations between the different methods, with the R? values of MM and PRAs being relatively low,
ranging from 0.802 to 0.854, and the R? values of the seven types of PRAs ranging from 0.962 to 0.999.
The R? and regression equation for various approaches in Table 3 agree with the quantitative
connections in Figure 11.

Table 3. R? and regression equation for various approaches.

Eq./

R Vmm Vcu Vcuss Vvs Vecu Vas Vasss Vbr
v y=0.884x+0.4 y=1.124x+0.6 y=1.345x+0.3 y=1.460x+0.6 y=2.199x+0.5 y=2.353x+0.6 y=2.346x+0.7

v 95 15 41 4 75 00 50
v 0.85 y=1.284x+0.1 y=1.536x- y=1.664x+0.1y=2.516x+0.0y=2.690x+0.0 y=2.678x+0.2

Aoy 09 0.201 45 61 91 65
0.82 y=1.195x- y=1.297x+0.0 y=1.963x- y=2.097x- y=2.088x+0.1

Vems 0989 0.242 25 0.042 0.017 18
. =1. x+0.2 y=1. x+U.1 y=1. x+U.1 y=1. X+U.
0.81 y=1.078x+0.2 y=1.646x+0.1 y=1.759x+0.1 y=1.743x+0.3

Vvs 9 0.979 0.989 33 61 33 04



https://doi.org/10.20944/preprints202405.1153.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 May 2024 d0i:10.20944/preprints202405.1153.v1

17
0.82 y=1.509x-  y=1.611x- y=1.602x+0.0
Vecw 00977 0.995 0.989 0 oas s -
Ve 080 o 0978 0,994 0,98 1=1.068x+0.0 y=1.053x+0.0
2 13 90
Vasss Of_f 0 0964 0.977 0.994 0.980 0.999 y=0‘9§§X+0‘0
0.79
Vo 0948 0.962 0.968 0.962 0.965 0.964

A Dboost in the variation in regression coefficients between the Vmm and the volume
measurements of the other methods implies a boost in the variation in the Vmm and the volume
measured by the other methods. The Vmu ‘s linear fit R? to other methods’ volume measurements
decreases as the volume discrepancy increases. This is because the ellipsoid model takes into account
both the perforations and lacunae inside the trees as well as the exterior space between the canopy
and the oval model, resulting in a significant overestimation of canopy volume. The CH algorithm
removed some of the outside area surrounding the canopy and the ellipsoid model, the CHBS
algorithm removed some of the holes and gaps, and the subsequent algorithms all progressively
removed more holes and gaps to some degree to optimize the details of extracting the canopy
boundaries. The changes in the regression coefficients and R? that were previously discussed are thus
the result of the continuous growth in the disparity between the measured MM and PRAs.

The lower R2 of the CH algorithm compared to that of the other algorithms suggests that its
predictive power is relatively weak, and the larger intercepts of the regression equations of the CH
and CHBS algorithms compared to the smaller intercepts of the other algorithms imply that the CH
and CHBS algorithms overestimate the volume of the tree crowns more than do the other algorithms.
The VB algorithm is a voxel-based algorithm that does not compute a cube’s volume when there is
no point cloud present, which is why Vcuss is larger than Vvs. The PCH algorithm fits the data well,
with moderate slopes and minor intercepts in the fitted equations and a significant correlation with
the AS method, indicating that its estimated volumes are relatively accurate. The CH and AS
algorithms have substantial differences in terms of reconstruction effectiveness and accuracy. The
CH algorithm simplifies the canopy shape and ignores internal details and holes. The AS algorithm,
on the other hand, can generate canopy shapes with varying degrees of fineness based on the
parameter a. This algorithm is more sensitive to external details and can accurately reconstruct the
canopy shape. The intercepts of the AS and ASBS algorithms with the other algorithms are small
(between 0.013-0.91), and only with the VB algorithm are the intercepts the largest (0.161 and 0.183),
which suggests that the VB algorithm does not represent the genuine fruit tree structures with the
details of the contours very well using small cubes and overestimates the volume of the canopy. The
R? values for the AS and ASBS are 0.999, and both the intercepts and the slopes are very small,
indicating that they are strongly correlated; since the ASBS has the smallest volume, its slope (1.068-
2.690) is greater than that of all the other algorithms.

3.1.3. Comparative Analysis of DR Algorithms

Figure 1b shows that the natural round-headed type of citrus tree will have branches that
naturally droop when fruiting, with fruit moving toward the bottom and central sections of the
canopy, with the lower part usually having more fruit and branches and leaves concentrated in the
elevated and central sections of the tree. Because the experimental fruit tree is a blood orange fruit
tree that was grafted and planted in 2021 and is still in the process of cultivating the second layer of
the tree, the majority of the top is covered with new, unfruitful branches, and it is quite sparse. The
DR algorithm dynamically merges slices by taking into account the ratio of area change and density
difference of neighboring slices: the change in the area of slices tends to reflect the actual shape and
growth characteristics of the canopy; if the ratio of area change of a slice is larger than the average
area change ratio, it means that the canopy in that part is growing more vigorously; these areas may
be new-growing branches or foliage or rapidly growing fruits; if a slice’s density difference is less
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than the average density difference, this suggests that the health of that portion of the canopy is more
stable and that the growth is more balanced.

Following the analysis of the agronomic traits, the side-by-side reconstruction view of the DR
algorithm (Figure 12) shows that the dynamic slices more thoroughly consider the area and density
characteristics of the slices, making it easier to identify the areas of dense foliage and branches, areas
of concentrated fruit, and areas of sparse density in the roots and tops of trees. The best « values for
these regions are automatically determined by the constant iteration of point spacing «a values: for
the branch- and fruit-rich regions, a smaller a value is used to refine the reconstruction (0.0244-0.0775),
which better captures the detailed contour and structure of the branches, leaves, and fruits, making
the model more structurally realistic; for the root and top slices of the tree, which are sparsely
populated with branches and fruits, a slightly larger a value is used for a looser reconstruction
(0.1161-0.3306), which is able to capture the overall shape and structure, resulting in a smoother and
more stable overall contour of the canopy;

\Y%
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0.0184
0.2144
0.0838
0.0466
0.1630
0.1146

o

0.2997
0.3306
0.2342
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0.0481
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Figure 12. Lateral angle of the reconstruction using the DR algorithm. Note: a, the a-value used for
AS reconstruction from the slice; Sum(V) signifies the total volume from the canopy; V, sliced point
cloud volume.

Because the true volume of the canopy is not available, we used the ASBS algorithm, which
performs better than the other six algorithms; the PCH algorithm, which is widely applicable; and
the CHBS algorithm, which also uses a slicing method, for comparison with our proposed algorithm.
We used the four methods to compute the average number of slices per tree (1), the average value of
«a per slice (@), the average value of volume consistency (VC), and the average value of volume per
slice (V) for the 160 blood orange fruit trees. The volume consistency of a tree is obtained by
multiplying the standard deviation of the slice volume by the mean value of the slice volume as
follows:

volumeConsistency =

(10)

) (R
\/nzml(Vm Ve )2
Vv

ave

V. denotes the

ave

where 7 represents the number of slices, V,, denotes the current slice volume, and

average slice volume.

As shown in Table 4, both CHBS and ASBS used a fixed number of slices (10) in each tree and
reconstructed each slice in the same way, resulting in extremely consistent volume consistency (0.556
and 0.665). However, the growth pattern of citrus trees is inherently inhomogeneous, and the density
and volume of each part (for example, the root, middle, and top of the canopy) vary greatly, which
CHBS and ASBS did not account for in the stratification, resulting in reconstructed models that are
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too consistent and stable to accurately represent citrus tree growth. Because the PCH divides the
circular platform at a height of 0.4 m, it dynamically stratifies the citrus trees to some extent.
Specifically, it divides each tree’s top into a conical shape and platform slicing of the remaining area
according to the height of the canopy. As a result, its volume consistency is closer to the citrus
distribution pattern (0.710) than that of ASBS and CHBS, but because it still relies on a basic geometric
model to calculate volume, the volume that is obtained will be on the large side and will not be able
to adequately remove the holes and gaps. DR dynamically stratified each fruit tree and used different
a-values for different parts of the tree. According to the results (1.532), DR better represented the
growth characteristics and morphological features of various parts of the citrus tree (e.g., canopy
densities, branch/fruit distributions), as well as more continuous and smoother reconstruction results
and alpha shapes that better matched the original data to obtain a more accurate canopy volume.

Table 4. Comparative analysis of DR with CHBS, PCH, and ASBS.

Algorithm n a v Ve |4
CHBS 10 No 0.187 0.556 1.872
PCH 5 No 0.254 0.709 1.339
ASBS 10 0.05 0.09 0.664 0.901
DR 13.806 0.085 0.065 1.532 0.84

Note: the average number of slices per tree, 71; the average value of a per slice, , @; the average value of volume
consistency, VC; and the average value of volume per slice, V.

According to the density and shape of the point cloud files, DR dynamically modifies the
thickness of the slices and the a-value to more closely resemble the real canopy situation when
processing the point cloud data, effectively eliminating holes and gaps. As shown in Figure 11, the
volumetric values measured by the DR on the 160 experimental trees tended to be stable, and the
volumetric mean value was lower than that of all six algorithms (VDR=0.84). Table 3 shows that DR
has more significant slopes and intercepts in the regression equations with other algorithms (the
intercepts are more significant than the effects of PCH, AS, and ASBS examined in the previous
section). Additionally, the previous analysis revealed that the R? value of the fit with MM is lower for
algorithms that are more accurate because ellipsoidal models differ significantly from the actual
volume of the crown, which ignores the fact that every tree is distinct, with varying fruit distributions,
branch and leaf densities, and gaps and holes between canopies (which the CH algorithm does as
well). The R? for DR and the other algorithms is approximately 0.96, indicating that the volume
derived by the algorithm is stable and that the goodness of fit is satisfactory. The R? is lower than that
of the ASBS and other algorithms because DR begins with the canopy’s internal structure, using the
correlation between density and area to dynamically slice the slices and iteratively searching for the
optimal a-value for reconstruction based on the distribution of branches, leaves, and fruits in each
slice. Conventional algorithms all utilize a simple uniformized slicing and reconstruction approach
rather than dynamically correcting changes from the underlying structure of the canopy, as does DR;
hence, R?is greater among numerous other algorithms, while DR is lower. This information is crucial
for analyzing citrus tree growth patterns and forecasting fruit supply in the future.

3.1.4. Comparative Analysis of Algorithm Runtimes for Various Approaches

MATLAB R2023a software was used for running seven PRA programs on a Dell computer
(processor Intel Core 19-12900 @2.40 GHz, Samsung DDR5 4800 MHz 16 GB x 2 RAM, 512 GB SSD).
All other background processes were closed during the program execution. The running times of
several algorithms are displayed in Figure 10.

Figure 13 illustrates the link between the running times of the seven volume-finding algorithms
as follows: Tve<Tcrps<Tcu<Trcu<Tasss<Tas<Topr. VB employs a simple data structure (3D labeled array)
and a straightforward traversal technique with low processing complexity. In the loop, only one
traversal of the point cloud files is performed, and each point is assigned to the appropriate rectangle.
Due to its simplicity, this procedure takes the most quickly to complete (Tvs=0.126). Although CHBS
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requires an additional slicing phase, the small amount of data in each slice results in a very fast
computation of the CH. Sliced data can often make greater use of the computer’s memory architecture,
such as caches, perhaps leading to faster computations. Because the sliced dataset is smaller, it fits
more easily into the cache and allows for faster data reading and manipulation during processing
(Tcres=0.145). In comparison, applying the CH method (Tcu=0.2) directly to the complete point cloud
data will have a higher computational complexity because it needs to process a larger quantity of
data; hence, the CH takes slightly longer than the CHBS. Similarly, the ASBS algorithm (T asss=1.294)
outperforms the AS algorithm (Tas=1.457) according to the same principle. Slicing also streamlines
the calculation process and minimizes the overall computational effort when considering hardware
environments such as processor multicore architecture and memory access efficiency. Because the
DR algorithm executes many lookup and iteration operations, it is the longest running algorithm
among the PRAs (Tpr=11.429).

—8—VB —0—CS—A—CSBS—®—AS—®—ASBS —*—TT—*—DR
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Figure 13. Comparison plot of run times for 7 PRAs measuring 160 blood orange trees.
4. Discussion

4.1. Discussion of the Number of Slices

Based on earlier investigations[30,40] on the number of slices, five distinct numbers of slices (N
= 10, 20, 30, 40, and 50) were selected for the discussion of how the number of slices affects the
outcomes of ASBS and CHBS reconstructions in terms of both volume and runtime.

4.1.1. CHBS

Figure 14 demonstrates how the amount of slices affects the reconstructed volume in the CHBS.
The percentages of perforations and lacunae eliminated by the original CH algorithm were 26.4%,
31.3%, 33.7%, 35.3%, and 36.5%, respectively, when varying numbers of slices were used (N = 10, 20,
30, 40, 50). As the number of slices increased, the regression coefficients (slope and intercept) between
CHBS and CH slowly increased, and the weak change in R? suggested that increasing the number of
slices from the interval of 20-50 did not significantly improve CH.
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Figure 14. Impact of the amount of slices (N) on the reconstruction volume in the CHBS approach. (a)
N is set to 10; (b) 20; (c) 30; (d) 40; (e) 50; (f) Impact of various numbers of slices on the running time

of the CHBS approach.

Figure 14f shows that when the number of processed point clouds increases, the CHBS algorithm
running time increases progressively. The runtime climbs by 0.02 seconds for every 10 extra slices in
terms of the number of slices and by 0.07 seconds when the number of slices climbs from 40 to 50.
According to this linear relationship, the computational cost of the algorithm increases with the
number of slices, and this increase becomes more noticeable as the number of slices increases.

. ASBS

Figure 15 depicts the effect of the amount of slices on the reconstructed volume in the ASBS. The
percentages of perforations and lacunae eliminated by the original AS algorithm were 8.0%, 16.1%,
23.7%, 30.7%, and 36.9%, respectively, when varying numbers of slices were used (N = 10, 20, 30, 40,
50). The trends and reasons for the regression coefficients and R? values of Vas and Vasss were identical
in terms of Ve and Venss, but the regression coefficients of ASBS versus AS increased more with the
number of slices, and the R? values decreased faster, indicating that the AS algorithm was more
successful at eliminating perforations and lacunae than the CH algorithm.
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Figure 15. Impact of the amount of slices (N) on the reconstruction volume in the ASBS approach. (a)
N is set to 10; (b) 20; (c) 30; (d) 40; (e) 50; (f) Impact of various numbers of slices on the running time
of the ASBS approach.

With regard to execution time, T asss takes 2 seconds more than the T cuss algorithm in
processing the same amount of points. When the amount of points computed increases, the running
time shows a stable linear increase, indicating that the execution time of the ASBS approach remains
constant across a range of point cloud file sizes. Interestingly, as the number of slices increases, the
running time of the ASBS algorithm decreases, and this decrease becomes increasingly obvious as
the number of points increases (Figure 15f). We predict that this is associated with the peculiarities
of citrus tree point cloud data as well as the working concept of AS. Citrus tree point cloud data have
a high density and volume, and increasing the number of slices reduces the size of individual slices,
reducing the processing time per slice. Furthermore, because citrus tree point cloud data contain
some overlap and continuity, increasing the number of slices reduces the degree of overlap between
slices and unnecessary calculations, resulting in increased efficiency. AS typically reconstructs
surfaces by identifying local geometric structures in the point cloud data and then utilizes the
geometric structures to generate smooth surface representations. Increasing the number of slices will
provide more local geometric information, which will help to reconstruct the surface more accurately,
thus reducing the time for subsequent processing. This is also related to the possible optimization of
the hardware environment and MATLAB version, as mentioned before.

4.2. Discussion on the Application Scenarios for Each Algorithm

When selecting relevant algorithms, different application scenarios and needs must be
considered to provide valuable data support and decision-making references for connected
businesses. We discuss this phenomenon after a thorough analysis of the reconstruction effect,
algorithm principle, volume, and running time.

The MM volume is significantly greater than the real volume of the tree canopy; this approach
is laborious and complicated, and it is weaker than a point cloud-based approach. CHBS reduces
some of the flaws and gaps of the CH method, making it less significant than overestimation, and it
also keeps the fruit tree shape contour while improving the runtime, with an average runtime that is
only 0.02 slower than that of the VB approach. In the case of real-time obstacle avoidance in
agricultural robots, which requires quick and precise volume and contour information from the tree
canopy, CHBS combines fast slice-volume computation with an accurate convex bagging technique,
making it an excellent candidate. The VB can determine the volume of tree crowns rapidly and
precisely, making it useful for measuring leaf area and analyzing plant health. It also has uses in
urban greening planning and forest resource management. The PCH algorithm has a strong
mathematical foundation and reliability, is resistant to data noise and interference, and the
computational process is relatively simple, resulting in high computational efficiency and certain
advantages in large-scale data processing and real-time monitoring. It can be used to examine the
development and canopy structure of forest vegetation, as well as to offer data for forest preservation
and resource utilization. ASBS is an optimization of the AS algorithm that produces more accurate
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results than previous algorithms and is appropriate for large-scale spray volume estimation. DR can
better describe the canopy shape and density distribution, and it can also be used to assess crop
growth status and the exact volume of the plant canopy, allowing agricultural producers to adjust
management measures such as irrigation and fertilization in real time to increase crop yield and

quality.
5. Conclusions

This study presents a DR algorithm for citrus tree canopy reconstruction and volume estimation,
which was analyzed along with six mainstream algorithms. The specific research is summarized
below:

(1) A collection of processing procedures is offered for three-dimensional reconstruction designed
to use handheld laser scanners on large-scale citrus farms. Detailed procedures and parameters
for the reconstruction of pretreatment are provided, especially for high ridges and deep
furrows for soil bundling in southern hilly areas. The accuracy of the handheld laser scanner
precision was demonstrated by measuring the parameters of 160 blood orange trees. It was also
shown that the MM method is time-consuming and subject to subjective influences, that the
volume obtained by ellipsoidal modeling is grossly biased, and that PRAs proved to be a fast
and reliable method of canopy measurement.

(2) Six popular canopy reconstruction algorithms were evaluated and tested on orange trees, and
their reconstruction effects were examined. The merits and disadvantages of each algorithm are
examined by combining the principle, geometric qualities, volume value, runtime, and linear
relationship between each algorithm, and appropriate operating environments are proposed for
each algorithm. For example, CHBS, which has a shorter runtime, is excellent for obstacle
avoidance for agricultural robots that require fast real-time sensing. VB can be used to measure
leaf area and estimate plant health, PCH can be used to assess forest vegetation growth and
canopy structure, and ASBS can be used for large-scale, accurate spraying volume estimation.

(3) Only when N=10 did shifting did the amount of slices significantly affect the volumetric values
calculated by the CH algorithm, and the running time was reduced compared to that of CH, but
as the number of slices increased, this effect became weaker and the running time increased;
therefore, the CHBS algorithm with N=10 is recommended for citrus tree reconstruction. The
AS algorithm had a considerable effect on the volumetric values after increasing the number of
slices, and this effect became more steady and significant as the number of slices increased.
Furthermore, adding slices to the AS algorithm enhanced the operational efficiency, indicating
that slicing-based optimization of the AS algorithm is useful for citrus tree reconstruction.

(4) A dynamic slicing and reconstruction algorithm is developed to determine the volume of the
citrus canopy; this algorithm integrates the percentage change in the area of the citrus tree point
cloud with the density difference, better captures and reflects the actual shape and growth
characteristics of the canopy, and adopts the iterative point cloud average point spacing in the
reconstruction to find the appropriate a-value for each slice, which can reconstruct the parts of
the citrus tree more accurately to obtain a more realistic three-dimensional model.
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