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Abstract: The canopy volume of fruit trees is an important input for the precise and varying applica-
tion of pesticides in orchards. The fixed mesh division method is mostly used to calculate canopy
volumes with variable target-oriented spraying. To reduce the influence of the working speed on
the detection accuracy under a fixed mesh width division, the cuboid accumulation of divided areas
(CADAs), which is a light detection and ranging (LiDAR) online detection method for a fruit tree
canopy volume based on dynamic mesh division, is proposed in this paper. In the method, the area is
divided according to the number of unilateral nozzles of the sprayer in the canopy height direction of
the fruit tree, and the mesh width is dynamically adjusted according to the change in the working
speed in the moving direction of the sprayer. To verify the accuracy and applicability of the method,
the simulation canopy and peach tree canopy detection experiments were carried out. The test
results show that the CADA method can be used to calculate the contour and volume of the canopy.
However, detection errors easily occur at the edge of the canopy, resulting in a detection error of 8.33%
for the simulated canopy volume. The CADA method has a good detection accuracy under different
moving speeds and fruit tree canopy sizes. At a speed of 1 m/s, the detection accuracy of the canopy
volume reaches 99.18%. Compared with the existing canopy volume calculation methods based
on the alpha-shape algorithm and canopy meshing-profile characterization (CMPC), the detection
accuracy of the CADA method is 2.73% and 7.22% better, respectively. This method can not only
reduce the influence of the moving speed on the detection accuracy of the canopy volume, but also
improve the detection accuracy. Thus, this method can provide theoretical support for the research
and development of target-oriented variable spraying control systems for orchards.

Keywords: canopy volume; dynamic meshing; LiDAR; orchard; variable spray

1. Introduction

The prevention and control of orchard diseases mainly rely on chemical pesticides.
The traditional spraying method is continuous spraying; however, this method creates
pesticide waste and environmental pollution caused by excessive spraying [1]. An accurate
target-oriented variable application technology for orchards is an effective way to solve the
above problems. It detects the orchard target characteristic information (position, volume,
leaf area density, etc.) online through a sensor system, calculates target drug demand, and
regulates the variability of drug supply to achieve the on-demand application of pesticides
according to target-oriented variables [2]. The detection of target feature information of
fruit trees is a prerequisite for achieving precise and variable spraying. Target feature
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information has been detected mainly via ultrasonic sensors [3–5], light detection and
ranging (LiDAR) [6,7], and visual sensors [8–10]. LiDAR detection can obtain rich target
feature information, is not affected by temperature or climate, and has flexible downstream
processing methods [11]. It has become the main method for detecting canopy feature
information [12].

The canopy volume is the basis for the calculation of the precise variable for the
spraying amount [13–15]. The main canopy volume calculation methods are the regular
geometry method [16,17], slice method [18–20], alpha-shape algorithm [21], convex hull
algorithm [22], and voxel simulation method [23–25]. The regular geometry method
describes the canopy as a stack of one or more regular geometries, a method which is more
suitable for regularly shaped fruit trees. The slicing method divides the canopy into equal
segments horizontally or vertically. The point cloud of each part is projected onto a two-
dimensional plane to calculate its contour area, combined with the cumulative calculation
of the slice thickness, to obtain a complete canopy volume. This method is suitable for
wall-type orchards with small spacing between fruit trees. Both the alpha-shape algorithm
and the convex hull algorithm calculate canopy volume by extracting the edge points of
the point cloud to form a closed envelope volume. Unlike the convex hull algorithm, the
alpha shape-algorithm allows the point cloud contour to have a concave shape, but the
convex contour may increase the space and cause erroneous canopy volume calculations.
When calculating canopy volumes, the true value of the α parameter for one tree is not
necessarily the same for other trees. Thus, the alpha-shape algorithm is more suitable for
evaluating the volume of a single fruit tree and is difficult to apply to an entire orchard.
The voxel simulation method is a refined regular geometry accumulation method. Its core
idea is to use countless small cubes to simulate the canopy to calculate its volume. This
method fully considers the internal voids of the canopy, and it performs better than the
convex hull algorithm [26]; however, the accuracy of this method is affected by the size of
the voxel, the calculation is complicated, and the calculation burden is large, which is not
conducive to the real-time detection of the target volume in orchards.

The above canopy volume detection methods are mainly used to calculate the canopy
volume of a single fruit tree. To improve the calculation accuracy of the canopy volume
and meet the flow control requirements of a single sprinkler during the spraying of a
target-oriented variable, the fruit tree canopy needs to be meshed. Escolà [27] divided the
canopy into multiple horizontal prisms along the tree row and with the height direction
as 0.1 m × 0.1 m, and the depth of each horizontal prism was computed as the distance
between the two most distant points. The canopy volume was calculated as the total of the
horizontal prism volumes. In dense areas, it is difficult for LiDAR to detect deeper canopy
layers due to the shielding effect of leaves and the fact that the depth calculation method
needs to be optimized. Cai [28] divided the canopy into a mesh, divided the mesh into sub-
meshes, and calculated the mesh volume as the total volume of sub-meshes. This canopy
mesh volume detection method can improve the calculation accuracy but requires two
sub-mesh divisions, has a high calculation burden, and has limited practical applications.
Gu [29] proposed the canopy meshing-profile characterization (CMPC) method, which
divides the canopy into meshes of a fixed size, 0.1 m × 0.1 m, and forms the outer contour
of the canopy by finding the thickness of the canopy at the intersection of the meshes to
calculate the contour volume. The method can accurately describe the contours of irregular
fruit tree canopies, but when calculating the canopy volume, its accuracy is easily affected
by the LiDAR moving speed: the larger the speed is, the larger the calculation error.

The purpose of this paper is to propose a LiDAR online detection method for fruit
tree canopy volume based on dynamic meshing to reduce the influence of the scanning
speed on the detection accuracy of canopy volume and facilitate the establishment of
a dosage control relationship between the canopy meshing and the sprayer nozzle. To
evaluate the accuracy and applicability of the method, simulation canopy and peach tree
canopy detection experiments were carried out, and the detection accuracy errors between
the existing canopy volume detection methods and this method were compared. Our
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results can provide theoretical support for the research and development of a precise,
target-oriented, variable spraying control system for orchards.

2. Materials and Methods
2.1. Fruit Tree Canopy Point Cloud Data Acquisition System

To obtain the LiDAR point cloud data of the fruit tree canopy and simulate a real
spraying operation scene, a fruit tree canopy point cloud data acquisition system (Figure 1),
which mainly consisted of a LMS111-10100 LiDAR, (Sick, Waldkirch, Germany), a guide
rail, a laptop computer (HP ZHAN 66 Pro 14 G4), mobile platform, stepper motor (86HB250-
80B), and driver (KH-Louis Martin). The basic parameters of LiDAR are shown in Table 1.
The length of the slide rail is 4 m, the LiDAR device is fixed on the moving slider, and the
centre of the LiDAR device is 1.6 m above the ground. During operation, the laptop is
connected to the LiDAR device through the cable interface, and the moving speed of the
slider is controlled by the stepper motor driver, thereby realizing the canopy scanning of
fruit trees at different moving speeds.
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Figure 1. Schematic diagram of the fruit tree canopy point cloud data acquisition system: 1. LiDAR;
2. guide rail; 3. computer; 4. LiDAR power supply; 5. stepper motor power supply; 6. stepper motor
controller; 7. stepper motor driver; 8. mobile platform; 9. stepper motor.

Table 1. Main parameters of LMS111-10100.

Parameter Performance Specification

Measurement range (m) 20
Scanning frequency 25 Hz/50 Hz

Accuracy ±30
Angular resolution (◦) 0.25/0.5

Response time (ms) 20/40
Scanning angle (◦) −45~225

Ambient temperature (◦C) −30~70

LiDAR had a scanning frequency of 50 Hz and an angular resolution of 0.5◦ to con-
tinuously scan the unilateral canopy of fruit trees. The scanning frequency is the number
of scans completed by LiDAR per second. There were 50 LiDAR scans per second, and
each scan line contained 541 data points. The LiDAR communicates with the computer
using the Ethernet port, uses SOPAS software to perform real-time visualization, records
the real-time data stream, and stores it in the laptop as a .txt file.

2.2. Manual Measurement of Canopy Volume

Referring to the point net canopy (PNC) method proposed by Pagliai [30], the canopy
volume was manually measured, and the half-side fruit tree was meshed, as shown in
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Figure 2. The mesh was arranged at a position 1.46 m away from the centre of the tree
row, and the size was 0.1 m × 0.1 m. During the test, the mesh lines were first arranged on
the centre plane of the tree row and the outermost plane of the canopy. Starting from the
leftmost end of the canopy layer, each mesh line was marked at an interval of 0.1 m until
the rightmost side of the canopy layer. The mesh plane consisted of a 0.1 m × 0.1 m mesh;
then, for each mesh, we manually measured the vertical distance di between the outermost
branches of all branches and leaves in the mesh and the mesh plane, using the maximum
distance of 1.46 m minus di, yielding the canopy depth of each mesh. We multiplied this
value by the area of the mesh (Ai = 0.01 m2), and obtained the canopy volume under a
single mesh. Finally, the canopy volumes of all the meshes were added to obtain the canopy
volume of the entire fruit tree, as shown in Formula (1):

Vmanual =
n

∑
i=1

Ai × [1.46 − di] (1)

where Vmanual is the fruit tree canopy volume, m3; di is the distance between the outermost
canopy and the mesh plane m; and Ai is the single mesh area in m2.
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Figure 2. Principle of artificial canopy volume measurement.

2.3. CADA Method

The CADA method divides the fruit tree canopy into regional meshes to establish a
coordinate system with the spraying direction as the x-axis, the forward direction of the
sprayer as the y-axis, and the vertical direction of the canopy as the z-axis. The specific
implementation process is shown in Figure 3. The CADA method takes the plane in which
the tree row (y–z plane) is located as the data plane and takes the canopy layer of the
sprayed half-side of the fruit tree for mesh division. The z-axis direction is divided into m
areas, which equals the number of unilateral nozzles of the orchard sprayer (m). The canopy
is divided into m areas of equal height (many Chinese orchard sprayers have 5–7 unilateral
nozzles, so we selected seven unilateral nozzles for mesh division) to facilitate the target-
oriented variable regulation, accommodate different locations of the sprayer outlet, and
provide the vertical direction of the mesh area a one-to-one correspondence. In the y-axis
direction, the mesh width is divided into LiDAR scanning intervals of length k, and the
mesh width changes dynamically with the operating speed.

For each mesh after area division, we detect the thickness of the canopy in the mesh,
extract the point clouds of five slices at equal intervals in a single mesh, and detect the
thickness of the slice point cloud. The distance between the outermost edge of the slice
point cloud and the centreline of the tree row is the canopy thickness of the section. The
average value of the canopy thickness of the five sections is the canopy thickness in the
mesh, so the canopy in the mesh can be fitted with the length, width, and height of the
mesh width, canopy thickness, and mesh height of the cuboid. The volume of the cuboid
is regarded as the volume of the canopy in the mesh, and all the meshes are combined to
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obtain the volume of the target canopy. The canopy volume calculation equation is shown
in Formula (2): 

w = 1
f vk

h = H/m
dij =

1
5 ((d1)ij + (d2)ij + (d3)ij + (d4)ij + (d5)ij)

VLiDAR =
m
∑

i=1

n
∑

j=1
w · dij · h

(2)

where f is the scanning frequency of LiDAR, Hz; v is the moving speed of LiDAR, m/s;
k is the number of LiDAR scanning intervals, positive integer; m is the number of mesh
divisions in the vertical direction of the canopy; n is the mesh division in the moving
direction of the sprayer number; w is the mesh width, m; dij is the canopy depth of the jth

mesh in the ith area, m; (d1)ij, (d2)ij, (d3)ij, (d4)ij and (d5)ij are the canopy depths of the point
clouds of five slices in the jth mesh of the ith area, m; H is the height of the canopy, m; h is
the height of the mesh, m; and VLiDAR is the canopy volume, m3.
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2.4. LiDAR Point Cloud Processing

The point cloud processing process includes the extraction of the target canopy, the
calculation of the canopy volume using the CADA method, and the generation of 3D and
2D color maps of the canopy thickness (Figure 4). Raw point cloud data from LiDAR scans
were processed using MATLAB (R2021a, MathWorks Inc., Natick, MA, USA). By converting
polar coordinates to Cartesian coordinates, pesticide application is usually carried out on
one side of the orchard canopy; therefore, points beyond the horizontal stretch between the
LiDAR device and the tree trunk (x > 2.5 m) are excluded from the dataset, and a region
of interest is drawn to extract the target canopy point cloud. Setting the lowest point of
the point cloud as the origin of the coordinate system, the coordinates of the point cloud
are translated and transformed. The transformed canopy point cloud is meshed with the
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CADA method, and the volume is calculated. Finally, the bar3h() function and the imagesc()
function are used to generate 3D and 2D color maps of the canopy depth.
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2.5. Experimental Design of the Simulated Canopy

To simulate the canopy structure of the fruit tree, the simulated canopy was designed
with a carton (Figure 5). The simulated canopy consists of 40 cartons of 0.3 m × 0.2 m × 0.1 m
stacked into seven layers, each of which has the same height. The thickness of the first and
second layers is 0.6 m, the thickness of the third and fourth layers is 0.4 m, the other thicknesses
are 0.2 m, and the artificial canopy volume is 0.24 m3. During the test, the fruit tree canopy point
cloud data acquisition system was placed at the innermost 2.5 m from the simulated canopy,
and the control LiDAR moved at 1.0 m/s. The fruit tree canopy point cloud data were obtained
based on LiDAR, and the simulated canopy volume was calculated based on the CADA method,
which was compared with the manual measurement value to evaluate its detection accuracy.
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2.6. Orchard Experimental Design

The test was carried out at the Xiaotangshan National Demonstration Base for Precision
Agriculture Research (longitude 116◦ E, latitude 40◦ N) in Changping District, Beijing, on
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5 June 2022. The climatic conditions were cloudy, and the temperature was 18–34 ◦C with a
northwest wind speed of between 1 m/s–2 m/s. Three consecutive fruit trees with different
growth shapes and sizes in the same tree row were selected as the detection objects. The
fruit trees were 6-year-old peach trees, the spacing between the rows was 5 m, and the
spacing between the plants was 4 m. The canopy size of the fruit tree is shown in Table 2,
and the test fruit tree is shown in Figure 6. The canopy of Tree 1 was smallest, and its
internal branches forked to produce large gaps. The canopy of Tree 2 grew evenly, its body
was small, and it had no protruding branches or leaves. The inside of the canopy of Tree 3
grew evenly, without obvious gaps, with a larger body and prominent branches and leaves
at the top of the canopy.

Table 2. Target canopy dimensions.

Target Canopy Canopy Height/m Canopy Width/m Canopy Depth/m

Tree 1 1.2 1.8 0.85
Tree 2 1.5 1.6 0.8
Tree 3 1.55 2.5 1.2
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During point cloud data collection, LiDAR was detected at a distance of 2.5 m from
the centreline of the tree row with a constant scanning frequency and angular resolution,
and the mobile platform was always parallel to the tree row. The target-oriented variable
of the spraying speed in orchards is usually 1 m/s [30]. The slower the LiDAR moving
speed is, the greater the density of the acquired point cloud, and the more detailed the
detected canopy contour. In this experiment, the LiDAR was controlled to collect canopy
point clouds at speeds of 0.6 m/s, 0.8 m/s, and 1 m/s. The process was repeated four times
for each detection speed. Before point cloud collection, the mesh lines were removed to
prevent the mesh lines on the outer edge of the canopy from affecting the canopy. The
effect of depth probing left only the two mesh lines at the centre and outer edge of the tree
row at the bottom of the canopy as markers for point cloud processing.
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3. Results and Analysis
3.1. Analysis of Simulation Canopy Detection

The real value of the simulated canopy volume and the value calculated using the
CADA method were compared and analysed, as shown in Figure 7. The colour bar repre-
sents the canopy depth according to different numerical values in these maps. Moreover,
the darker the colour is, the thinner the canopy. From the test results, the CADA method
can simulate the canopy contour well, but the measured values and the detection values of
some mesh positions appear too large or too small at positions where there is no carton
at the edge of the simulated canopy (position in the red circle in Figure 7b). The calcu-
lated value of the simulated canopy volume using the CADA method is 0.26 m3, and the
detection error is 8.33%.

Figure 7. LiDAR measurement vs. ground truth: (a) manually measured 3D colour map;
(b) LiDAR-measured 3D colour map (average depth); (c) LiDAR-measured 3D colour map (maximum
depth); (d) manually measured 2D colour map; (e) LiDAR-measured 2D colour map (average depth);
(f) LiDAR-measured 2D colour map (maximum depth). Note: The red circles in the figure refer to the
edge grids that can detect the canopy depth.

To further analyse whether the edge position detection error is caused by extracting
the point cloud of five slices at equal intervals in a single mesh and taking their average
depth as the canopy depth, the maximum depth of the point cloud in a single mesh along
the spray direction is set as the canopy depth (Figure 7c). It can be seen that there are
similar problems, and the calculation error of the simulated canopy volume increases by
7.5% (Table 3). This shows that the detection error of the simulated canopy edge position is
not caused by taking the average depth of five slices as the canopy depth of a single mesh,
and the average value method reduces the edge position detection error and improves the
detection accuracy of the simulated canopy volume.

Table 3. Effect of the mesh canopy thickness setting method on the volume measurement.

Selection Method Canopy Volume (m3) Relative Error (%)

Real value 0.24 /
Average depth 0.26 8.33

Maximum depth 0.278 15.83
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3.2. Influence of the Horizontal Mesh Division on the Detection Accuracy of the CADA Method

By analyzing the obtained canopy LiDAR point cloud data, the canopy contour of Tree
1 is generated (Figure 8). The colour bar represents the canopy height according to different
numerical values. The lighter the colour is, the higher the height. Taking the measured
value of the PNC method as the reference value, when the LiDAR scanning k value is 2, 4,
6, or 8, the detection error of the CADA method is as given in Table 4. The experimental
results show that as the LiDAR scanning interval increases, the detection value of the fruit
tree canopy volume first decreases and then increases. When k = 6, the canopy volume
detection error is the smallest, at 0.82%; when k = 8, the measurement error is the largest,
at 35.28%.
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Table 4. Effect of the mesh width on the canopy volume measurement.

Measurement
Method

Scanning
Interval Mesh Width (m) Canopy Volume

(m3)
Relative Error

(%)

PNC method / / 0.6961 /

CADA method

2 0.04 0.5792 16.79
4 0.08 0.7536 8.26
6 0.12 0.7018 0.82
8 0.16 0.9417 35.28

MATLAB software was used to generate a 2D canopy depth color map (Figure 9). The
canopy of Tree 1 is divided into 41, 21, 14, and 11 meshes in the horizontal direction, and
the four mesh widths can clearly obtain the outline of the fruit tree canopy. The division of
the canopy becomes increasingly finer, and the fitted mesh cuboid becomes increasingly
discrete (the red circle in Figure 9). The larger the mesh width is, the more canopy point
clouds are contained in the mesh and the larger the error of the canopy mesh volume
value calculated using the CADA method is. For example, when k = 8, the voids inside the
canopy participate in the measurement of the mesh volume, resulting in a larger volume
measurement than the true value. When k = 6, the canopy is reasonably divided, and the
gap between the branches and leaves of the canopy has little effect on the volume detection
results. Based on the above analysis, at a moving speed of 1.0 m/s, the CADA method for
meshing at 0.12 m in the horizontal direction has a better detection effect.
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Figure 9. 2D depth colour map of canopy LiDAR detection under different mesh widths: (a) k = 2;
(b) k = 4; (c) k = 6; (d) k = 8. Note: The red circles in the figure refer to the grid with the depth of 0
inside the canopy.

3.3. Influence of the Moving Speed on the Detection Accuracy of the CADA Method

Dynamic meshing was performed at six LiDAR scanning intervals. Table 5 reports
the number of point clouds, canopy height, canopy width, and relative error of the canopy
volume calculated using the CADA method when the LiDAR scanning speeds are 0.6 m/s,
0.8 m/s, and 1.0 m/s, respectively. The effect of using the CADA method to measure
canopy data collected four times has a small difference. The results show that with an
increasing moving speed, the number of point clouds obtained by LiDAR decreases; the
canopy height value and amplitude value obtained via point cloud calculation are similar
to each other.

Table 5. Canopy volume detection results of the CADA method at different speeds.

Measurement Method Speed
(m/s)

Mesh
Width (m)

Point
Clouds

Number

Canopy
Height (m)

Canopy
Width (m)

Canopy
Volume

(m3)

Relative
Error (%)

PNC method / / / 1.2 1.8 0.6961 /

Fixed mesh width
0.6 0.1 3485 1.17 1.66 0.8726 25.36
0.8 0.1 2630 1.17 1.65 0.8208 17.91
1.0 0.1 2085 1.17 1.62 0.7503 7.79

CADA
method

No. 1
0.6 0.072 3485 1.17 1.66 0.7344 5.5
0.8 0.096 2630 1.17 1.65 0.8203 17.84
1.0 0.12 2085 1.17 1.62 0.7018 0.82

No. 2
0.6 0.072 3518 1.13 1.66 0.7299 4.86
0.8 0.096 2609 1.13 1.65 0.7284 4.64
1.0 0.12 2050 1.14 1.66 0.7133 2.54

No. 3
0.6 0.072 3499 1.13 1.66 0.7521 8.04
0.8 0.096 2647 1.13 1.65 0.7649 9.88
1.0 0.12 2084 1.17 1.62 0.6872 1.28

No. 4
0.6 0.072 3482 1.17 1.66 0.7285 4.65
0.8 0.096 2582 1.16 1.65 0.8011 15.08
1.0 0.12 2057 1.14 1.66 0.7393 6.21
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As the moving speed of LiDAR increased, the measurement error of the CADA method
first increased first and then decreased. Thus, the detection error was the largest at 0.8 m/s.
Compared with the canopy volume calculation with a fixed mesh width of 0.1 m, the
canopy volume detection errors were reduced by 19.86%, 0.07%, and 6.97% at moving
speeds of 0.6 m/s, 0.8 m/s, and 1.0 m/s, respectively. This result showed that the CADA
method could reduce the influence of the LiDAR moving speed on the detection accuracy
of the canopy volume.

3.4. Applicability of the CADA Method to Different Types of Canopies

To verify the applicability of the CADA method to different canopy layers, the detec-
tion effects of the method on Trees 2 and 3 were analysed. Figure 10 shows the 3D and 2D
canopy thickness colour maps of Tree 2 and Tree 3. The discrete cuboid fitted by the CADA
method can reflect the contour change of the canopy well. To further analyse the detection
error of the canopy volume, we compare it with the measured value of the PNC method.
The detection error is shown in Table 6. As the moving speed increases, the detection errors
of the canopy volume of Trees 2 and 3 show different trends, and the detection error of
the trees is smaller. When the moving speed is 1.0 m/s, the detection errors of the CADA
method are 2.14% and 11.75%, respectively. These detection errors are within the acceptable
range, indicating that the CADA method has a certain applicability to different types of
fruit trees.

Figure 10. Colour map of the canopy thickness of Trees 2 and 3: (a) LiDAR-measured 3D colour map
(Tree 2); (b) LiDAR-measured 2D colour map (Tree 2); (c) LiDAR-measured 3D colour map (Tree 3);
(d) LiDAR-measured 2D colour map (Tree 3).
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Table 6. Detection errors of different types of canopies.

Target Canopy Measurement
Method Speed (m/s) Canopy Volume

(m3)
Relative Error

(%)

Tree 2

PNC method / 0.6491 /

CADA method
0.6 0.6013 7.36
0.8 0.6453 0.59
1.0 0.663 2.14

Tree 3

PNC method / 1.7342 /

CADA method
0.6 1.8313 5.6
0.8 1.9674 13.45
1.0 1.9380 11.75

3.5. Comparative Analysis of Different Canopy Volume Measurement Methods

We evaluated the detection accuracy of the CADA method compared with the existing
canopy volume detection methods based on the alpha-shape algorithm [21] and CMPC [28].
The canopy volume detection errors of the three peach trees are listed in Table 7. When
applied to all three fruit trees, the three detection methods showed different detection
errors, and the CADA method had the smallest error. Compared with the alpha-shape
algorithm (α = 1) and the CMPC method, the average error of the canopy volume detection
using the CADA method was 2.73% and 7.22% lower, respectively. These findings show
that the CADA method improves the detection accuracy of the canopy volume.

Table 7. Comparison of the measurement errors of different canopy volume detection methods.

Measurement Method

Tree 1 Tree 2 Tree 3
Average
Relative
Error (%)

Canopy
Volume

(m3)

Relative
Error (%)

Canopy
Volume

(m3)

Relative
Error (%)

Canopy
Volume

(m3)

Relative
Error (%)

Alpha-shape
algorithm

α = 0.5 0.5681 18.39 0.6084 6.27 1.7365 0.13 8.26

α = 1 0.6146 11.71 0.6443 0.74 1.915 10.43 7.63
CMPC 0.6364 8.58 0.5454 15.98 1.5294 11.81 12.12
CADA 0.7018 0.82 0.6630 2.14 1.9380 11.75 4.90

The mesh division and contour points of the canopy using the three methods are given
in Table 8. When applying the alpha-shape algorithm to the three trees with α = 1, there are
256, 344, and 468 contour points. When calculating the volume using the CMPC method,
the three trees are divided into 17 × 12, 16 × 16, and 24 × 16 grids. Using the CADA
method, the three trees are divided into 14 × 7, 13 × 7, and 20 × 7 mesh areas. CADA
not only reduces the complexity of mesh volume calculation, but also ensures accurate
detection of the canopy volume.

Table 8. Contour extraction using different methods.

Measurement
Method Tree 1 Tree 2 Tree 3

Mesh division
(row × column)

Alpha-shape
algorithm / / /

CMPC 17 × 12 16 × 16 24 × 16
CADA 14 × 7 13 × 7 20 × 7

Contour points
Number

Alpha-shape
algorithm 256 344 468

CMPC 234 289 425
CADA 98 91 140
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4. Discussion

Simulated canopy detection tests found that the measured values and the detection
values of some grid locations appeared large or small at the locations where there was
no carton at the edge of the simulated canopy, and this phenomenon also appeared in
Gu’s simulation canopy test [29]. Through the analysis of the test results, we excluded
the influence of the depth values in the CADA method on these edge errors. From the
perspective of LiDAR detection principles, the edge errors may be due to the movement-
related distortion of the point cloud at the edge of the canopy during the movement of the
LiDAR apparatus, resulting in a change in the coordinates of the point cloud and an error
in the calculation of the canopy volume. This phenomenon may also exist at the edges of
fruit trees. In fact, the LiDAR point cloud will also be affected by terrain and the position
and posture of the sprayer to produce point cloud distortion in orchard spraying, which
can be reduced by adding point cloud motion distortion compensation during point cloud
data processing [31].

The moving speed affects the detection accuracy of the CADA method. When the
LiDAR moving speed is 0.8 m/s, the CADA method has a larger detection error of the
canopy of Tree 1, at 17.84%, but the detection accuracies of Tree 2 and Tree 3 are better. Tree
1 has forked canopy branches with large gaps (Figure 6a), which increases the likelihood of
gaps contributing to the mesh volume calculation. Compared with the moving speeds of
0.6 m/s and 1.0 m/s, the mesh width at the moving speed of 0.8 m/s is closer to the width
of the canopy gap of Tree 1, and the point cloud at the edge of the gap is prone to motion
distortion. This leads to the presence of calculated values in the gaps when the canopy
volume is calculated, which increases the detection error. These phenomena verify that the
point cloud at the edge of the fruit tree will be distorted, causing detection errors. For the
pores behind the outermost leaves in the grid, we included them in the calculating volume.
In the future, the team will conduct leaf area detection experiments to evaluate the grid
canopy by combining canopy coverage [26], leaf area, and volume.

The volume value calculated by constructing the canopy contour is larger than the
actual value, which is reflected in the verification of the convex hull algorithm and alpha
shape algorithm, as well as the methods proposed by Cai and Gu [21,22,27,28]. Comparative
analysis shows that the CADA method reduces the amount counted in the outer margin
voids and improves the detection accuracy. However, the calculated value is still larger
than the real value, which will cause an increase in the spraying volume. Regarding pest
control, this is more beneficial than in the case of a small spraying volume caused by a
small detected value of the canopy volume.

The canopy volume calculation method based on mesh division adopts a fixed mesh
width for the division [27], which not only lowers the calculation accuracy of the canopy vol-
ume due to the moving speed, but also makes it inconvenient to establish a corresponding
relationship with the sprayer nozzle to meet the requirements of target-oriented variable
spraying. In this paper, a method for calculating the fruit tree canopy volume based on
dynamic mesh division is proposed, and a way of setting the sprayer moving direction
and the mesh width in the vertical direction of the canopy is found. It not only reduces the
influence of the movement speed on the accuracy of the canopy volume calculation under
the fixed mesh width division, but also improves the accuracy over the existing canopy
volume detection methods.

5. Conclusions

In this work, a calculation method of canopy dynamic meshing division volumes for
precision pesticide application in orchards based on LiDAR was proposed. The feasibility,
accuracy, and applicability of the method were verified by simulated canopy and fruit tree
experiments with different shapes. The main conclusions were as follows.

(1) The CADA method is suitable for measuring the grid volume of fruit canopies.
The accuracy of the CADA method reached 91.67% for the measurement of the simulated
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canopy and 99.18% for the measurement of the peach canopy at a detection speed of 1 m/s,
which is a high accuracy.

(2) With increasing mesh width, the detection accuracy decreased first and then
increased. Six LiDAR scanning intervals (0.12 m) were used as the optimal grid width
for dynamic partitioning at a moving speed of 1 m/s. The CADA method can be applied
to different sizes and shapes of fruit tree canopies, which extends the scope of computer
analysis in terms of spraying applications.

(3) The CADA method can reduce the influence of the moving speed on the accuracy
of canopy volume detection. Compared with the fixed grid width division method, the
measurement accuracy of the CADA method increased by 19.86%, 0.07%, and 6.97%, at
the detection speeds of 0.6 m/s, 0.8 m/s, and 1.0 m/s, respectively. Thus, this method can
better adapt to the change in orchard operation speed.

(4) Compared with the alpha-shape algorithm and CMPC method, the average errors
of the canopy volume detection increased by 2.73% and 7.22%, respectively. The method
not only reduces the influence of the LiDAR moving speed on the detection accuracy of the
canopy volume, but also improves the detection accuracy over the existing canopy volume
detection methods.

The research results provide theoretical support for the research and development of
target-oriented variable-rate spraying control systems for orchards. In the future, detection
tests of fruit trees for the whole growth period could be conducted to verify the universality
of this method. This method could be applied to the target-oriented variable-rate spraying
control system to optimize the target-oriented variable spraying of orchards.
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