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Abstract:

The linear array remote sensing technology based on the flight time axis of unmanned
aerial vehicle (UAV) can quickly and non-destructively obtain rice population growth
information, and promote the development of stress monitoring and yield prediction in the
process of rice growth to the direction of process mechanism and quantitative precision.
In order to solve the key scientific problems and technical challenges faced by the low
data quality and difficult projection registration of UAV-based linear array remote
sensing technology, the applicant intends to carry out further research on the basis of
the exploration on UAV-based linear array remote sensing: 1) reveal the formation
mechanism of the position error of linear array remote sensing data caused by the
position and pose characteristics of UAV, and propose a real-time dynamic compensation
method; 2) design an illumination sensor scheme compatible with the existing linear array
sensor, and suggest an autonomous perception calibration model based on the position and
pose characteristics of the illumination sensor to realize the transient pose estimation
of the illumination sensor and the accurate measurement of the incident light radiation
in the zenith direction; 3) establish an intelligent decision—-making model of exposure
time of linear array sensor based on incident light radiation of illumination sensor to
realize accurate measurement of reflected light radiation and reflectivity of ground
objects. The proposed new method of autonomous perception compensation can improve the
accuracy of UAV-based linear array remote sensing data and break through the rapid
acquisition and quantitative analysis technology of rice population growth information,
which has important actual application value and scientific significance

RegHE (HA5270) . KHEEY; HEGER B3 RERK; KRERAEKHE AN

Keywords (FH4r54FF) : Field crops; Automatic acquisition of field
information; Agricultural remote sensing; Rice population growth; Unmanned
aerial vehicle
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ARTICLE INFO ABSTRACT

Keywords:
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Shot seeding

In recent years, unmanned aerial vehicle (UAV) has been widely used in the agricultural production. Combined
with the promotion of rice direct seeding technology, UAV rice seeding has become an important planting
method. In order to quickly obtain the rowing performance on rice sowing, this study proposes an evaluation
method based on image recognition technology. In the process of image recognition, a binary method of dynamic
threshold based on mean filter difference (BD-MFD) was adopted, and obtained the position coordinates of the
seeds. According to the evaluation method, the key structural parameters and operational parameters of the
UAV-based shot seeding device are optimized. In the bench test, the size parameters of guide tube were opti-
mized, and the best seeding effect was obtained when the length and diameter of the guide tube were 100 mm
and 17 mm, respectively. Experiments were carried out on the seeding effect under different seed discharge rate
levels, and the reasonable range of the seed metering wheel rotational speed was 16-24 rpm. In the field seeding
test, the appropriate friction wheel rotation speed at different working heights was obtained. In the two-factor
comprehensive test of flying speed and seed metering wheel rotational speed, when the flying speed was
1.0-2.0 m/s and the seed metering rotational wheel speed was 22-26 rpm, it has better seeding uniformity. In the
five-row seeding experiment, the average width of seed row (By) ranged from 66.17 mm to 75.34 mm, and the C.
V. (coefficient of variation) of seeding uniformity was between 18.44 % and 27.04 %. The study provided a new
idea for UAV rice seeding, and optimized the structural parameters and operation parameters through
experiments.

1. Introduction

The development of unmanned aerial vehicle (UAV) technology has
provided more operating methods for agricultural production (Pan-
agiotis et al., 2020; Rahman et al., 2021). Following the widespread
application of spraying UAV, the application scenarios of UAV cover
fertilization, seeding, and feed delivery (Ren et al., 2021; Zhu et al.,
2021). On the other hand, the rice direct seeding technology is to sow
the seeds in the field directly, which can greatly simplify the operation
steps (Tao et al., 2016; Zhang et al., 2018; Wang et al., 2020a). There-
fore, UAV direct seeding of rice, as an emerging sowing method, has

received extensive attention.

With the improvement of UAV technology and rice direct seeding
(Farooq et al., 2011; Yang et al., 2015), the application of UAV rice
seeding in China was increasing (Song et al., 2018a). UAV seeding was
first applied in broadcast sowing (Wan et al., 2021). A pneumatic
broadcast sowing device was designed that uses airflow to disperse and
blow seeds (Song et al., 2018b). A centrifugal broadcast sowing device
was designed, which continuously throws out the contacting seeds
through a centrifugal disc (Song et al., 2018c). In addition, a compara-
tive study on the four mainstream broadcast sowing UAV was con-
ducted, and comprehensively evaluated the effect of UAV seeding (Song

* Corresponding author at: South China Agricultural University, Guangzhou 510642, China.
E-mail addresses: zyzhou@scau.edu.cn (Z. Zhou), ruiojiang@scau.edu.cn (R. Jiang).
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et al., 2020). A centrifugal rice seeding device was designed, and opti-
mized the structural parameters through simulation analysis and
orthogonal test (Wu et al., 2020). On the other hand, XAG and DJI were
two well-known companies in the field of agricultural UAV, both of
which have launched particle spreaders and dominated the Chinese
market (Gao et al., 2019; Xiao et al., 2021).

Under the background of the widespread application of UAV
broadcast sowing technology, the research on UAV seeding in rows was
gradually increasing. Yuren UAV (Zhuhai) Co., ltd. has designed a rice
precision seeding drone that can be used for rice seeding in rows. In
actual operation, the end of the seed guide tube needs to be within 50 cm
of the ground to ensure the good rows effect of seeding. A UAV seeding
device for rapeseed was designed, which guides the seeds to the ground
through a seed guiding device with a height of 1.5-2.5 m (Huang et al.,
2020a; Huang et al., 2020b). In order to reduce the impact of the UAV
wind on the accuracy of seed landing, it was necessary to accelerate the
seeds or use a conduit to isolate the wind field. In agricultural planting,
ground machinery also had devices that accelerate seeds and shoot them
into the soil. Li Hongwen’s team from China Agricultural University
carried out research on non-contact seeding of wheat. The acceleration
methods of wheat seeds involved high-pressure air flow acceleration and
rotating centrifugal acceleration (Wang et al., 2020b; Wang et al., 2021).

According to the above research, the existing UAV rice seeding
method was mainly broadcast sowing, and the seeds were scattered on
the surface. Seedling population distribution was less uniform in
broadcast sowing compared to seeding in rows, and the seeds floating on
the surface were easily washed away by rainwater and eaten by birds or
mice (Feng et al., 2020; Mai et al., 2019). On the other hand, the existing
UAV seeding device had the problems of low working height and large
structural size, which will reduce the flight safety and operation sta-
bility. To overcome the above disadvantages, the authors designed a
shot seeding device that uses friction wheels to accelerate the pelleted
rice seeds. Different from the ground rice seeding machinery, the rowing
performance of UAV seeding was affected by the seeding principle, flight
stability and wind field. Therefore, it was important to evaluate the
rowing performance of UAV seeding. Based on the development of the
shot seeding UAV (Liu et al., 2022), an evaluation method of rowing
performance depended on BD-MFD image recognition was applied in
bench test, and optimized the structural parameters of the guide tube
and the rotation speed of the seed metering wheel. On this basis, field
test was carried out to optimize the flying speed, working height, rota-
tion speed of seed metering wheel and friction wheel. Then, according to
the test results, the reasons that affect the accuracy of seed landing were

Line laser
transmitter |

device

/

Mud trough

Image acquisition section

Shot seeding

photo platform
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discussed and analyzed.

2. Materials and methods

2.1. Evaluation method of rowing performance based on BD-MFD image
recognition

The principle of seeding in row performance evaluation method:
First, the distribution image of seeds on the ground surface was obtained
through the camera and auxiliary equipment. Then, the position co-
ordinates of each seed were obtained through BD-MFD image recogni-
tion and processing technology. Finally, the seed coordinates are
processed as needed to quantify the row performance. In this study, the
evaluation method was divided into two experimental environments:
indoor bench test and field aerial seeding test. Combined with the test of
shot seeding device in this study, the evaluation method of rowing
performance was explained.

2.1.1. Evaluation method of rowing performance in bench test

A bench test device for motion seeding was built (Fig. 1). A slide rail
was arranged above the mud tank, and the shot seeding device equipped
with the shot seeding module can move linearly along the slide rail. The
distance of the seeds from the outlet of the guide tube to the surface of
the mud tank was 1.5 m, and the theoretical seed landing point was
marked with a line laser. The model of the line laser transmitter was SZ-
MT50i (Shantou S&D Business Development Co., Itd, Shantou), the laser
wavelength was 650 nm, and the output power was 0.05 W. The
movable photo platform was used to assist the photographing of the seed
trajectory, so that the imaging plane of the camera was parallel to the
plane of the mud tank. During the test, the mobile photo platform was
first removed, and then the shot seeding device continued to sow during
the movement along the slide rail, which would leave a seed track in the
mud trough. The seed trajectory picture was taken in image acquisition
section, and the position coordinates of the seeds were calculated based
on the BD-MFD image recognition technology (Hou et al., 2022; Zhang
et al., 2022).

The test was carried out in an indoor incandescent light, and the
original image with a resolution of 2250 x 4000 pixels was collected by
mobile phone (Phone model: Smartisan pro 3, camera sensor model:
Sony IMX586) as shown in Fig. 2. In order to facilitate the calculation of
seed coordinates, a black and white grid calibration plate was placed in
the image field of view, and the black grid size of the calibration plate
was 40 mm x 40 mm. The actual distance of each pixel in the original

Slide rail

Movable

Fig. 1. Bench test device. The red line in the mud trough is the theoretical center line of the seed row marked with the laser line. The green wire frame (2.95 m
length) is the uniform motion interval of the shot seeding device, and image acquisition can be performed in this interval. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Centre line

Pelleted rice seed

Calibration plate

Fig. 2. Seed distribution images captured by move photo platform.

image was calculated with reference to the black grid size of the cali-
bration plate. On the other hand, the center line represented the straight
line that would be formed when the seeds land without skewing. The
pelleted rice seeds were rugby shaped with a diameter of 4 mm to 5 mm
and a length of 9 mm to 10 mm, and the rice variety was Fengtianyou
1999.

Statistics showed that the gray value of the white area of the cali-
bration board was greater than 180, and the gray value of the black area
was less than 10. According to this feature and the rectangular shape of
the black grid, the outline of the black grid can be extracted. The actual
length ¢ (mm) of each pixel was calculated according to formula (1) (Luo
et al., 2010). The image was divided into three channels R-G-B, and the
soil area was grayed and enhanced according to formula (2) (Fig. 3a).

¢ =40/A @

G, =4*G,—G, (2)
where, c is actual length of a single pixel, mm; A is the number of pixels occupied by the black
grid border; Gm is gray value of the region of interest (ROI); Gr is gray value of R-channel

image; Gb is gray value of B-channel image.
The red laser line was very prominent in Fig. 3a, and its gray value

was above 250 according to statistics. The laser line was extracted ac-
cording to its gray value and length characteristics, and then the vertical
line was obtained. The X-Y coordinate system was established based on
the laser line and marked by the red line (Fig. 3b).

In the process of seed recognition, a binary method of dynamic
threshold based on mean filter difference (BD-MFD) was adopted. First,

()

(b)

Fig. 3. Image preprocessing. (a) The grayscale and enhanced results of the soil
area obtained by the difference between the enhanced red channel and the blue
channel. (b) The green wireframe is the ROI, and the red line is the coordinate
system. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the image was filtered with a rectangle mask of 50 x 50 pixels (twice the
long axis of the seed) (Fig. 4a). Then, the mean value filtered image was
subtracted from the ROI of the original enhanced image, so that the
darker seeds color could be enhanced, and then the image was binarized
based on the dynamic threshold method shown in formula (3) (Yan
et al., 2022), seeds were marked by red areas (Fig. 4b). Finally, the pixel
coordinates of the center of each seed were obtained, and the position of
each seed was completed according to formula (4).

Gd = lmeean > Gm + Offset

Gy =0, Gpean < Gy, + Offset @)
Sx = (Cs - Co)*c (4)
Sy = (R, — R,)*c

where, Gd is gray value of dynamic threshold result; Gm is gray value of the ROI; Gmean is
gray value of the mean value filtered image; Offset is dynamic threshold compensation value
(Select 50 after testing and comparison); Sx is the X-axis coordinate value of the seed, mm; Sy
is the Y-axis coordinate value of the seed, mm; Cs is the X- axis coordinate value of the seed in
pixels; Rs is the Y- axis coordinate value of the seed in pixels; Co is the X-axis coordinate value
of the origin in pixels; Ro is the Y-axis coordinate value of the origin in pixels; c is actual length
of a single pixel, mm.

The coordinate data was output as a.txt file, and part of the seed
recognition results were shown in Fig. 4c. The relative error of the seed
coordinate values in the bench test was calculated by selecting 5 seeds in
the image area along the seed row, measuring their X-axis coordinates,
and repeating three times. The results were shown in Table 1, and the
values of relative error (R,) was 1.3 % according to formulas (5).

R, :S’S_is'” x 100%

m

)

where, Re is relative error; Sr is recognition value; Sm is measurement value.

In this study, the seed row effect index was quantified based on the
characteristics of seed distribution on the soil surface. The absolute
value of the X-axis coordinate of the seed represented the offset distance.
Therefore, 2 times the average value of the seed offset distance was
defined as average width of seed row (D). and the smaller the value of
Dy, the better the seed row effect. The percentage of seeds within the
width d to the total number (Wy) was the qualified rate of seeding in
rows, which was used to show the characteristics of seed distribution.
The values of Dy and Wy were calculated according to formulas (6) and
7).

23X
- 2El8 o
W, = % « 100% )

where, Dy is the average width of seed row, mm; X is the seed X-axis
coordinate value; Wy is the qualified rate of seeding in rows, %; Ny is the
number of seeds with the X coordinate value in the interval (-0.5d, 0.5d);
N is the total number of seeds.

2.1.2. Evaluation method of rowing performance in field aerial seeding test

The test was carried out in an outdoor mud field. A smooth sowing
area with a length of about 10 m was set up in the field, and the shot
seeding UAV sowed the seeds in this area (Fig. 5). The UAV was a self-
built test prototype, which was based on DJI A3 flight controller and
DJI p-RTK GNSS (Shenzhen DJI Technology Co., 1td.), and its horizontal
flight positioning accuracy was within 10 cm. During the test, each
group of tests flew once and took pictures of the seed distribution, and
the length of the photo collection was 8.0-9.0 m. In order to reduce the
difficulty of image acquisition, except for the five-row simultaneous
seeding test, only the middle row was opened for each seeding in other
tests. After planning the flying route, set the flight and operation pa-
rameters through the remote control, and then the automatic flight
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Fig. 4. Seed identification. (a) Image result obtained by mean filter difference. (b) Seed recognition result after binarization by formula (3). (c) Partial seed co-
ordinates calculated according to formula (4).

Table 1
Recognition value (S,) and measurement value (S,,) of X-axis of seed in error measurement of bench test.
Repeat Type X-axis coordinate value of seeds
1 Sr 34.3533 —40.4253 24.3326 26.7357 —35.4808
Sm 33.34 —41.02 24.48 27.04 —34.36
2 Sr —15.7972 —64.3983 4.05985 54.7581 17.0867
Sm —16.02 —61.84 3.88 52.88 16.96
3 Sr —61.2263 15.5533 —20.1101 21.9914 —57.1975
Sm —63.42 14.84 —20.02 21.38 —56.88

the UAV flight. In this study, the capacity of the seed tank was 20 L,
which could carry 12.3 kg rice seeds under full load. In general, each
filled seed tank can cover 0.27-0.53 hm?. In practice, each flight oper-
ation is usually loaded with 2.0-3.0 kg of seeds, depending on the bat-
tery life.
Secding'area Since the typical trajectory of the UAV flight was not straight in the
5 field test, it was hard to obtain a projection of the UAV ground flight
Seeds intow trajectory. Therefore, the in-situ method of image acquisition and the
calculation of the average width of seed row was different from the
bench test. In the field test, the string was straightened and placed in the
middle of the seeds distributed in rows, as show in Fig. 6. Since this
string is used to provide a reference for the position of the sampling
Fig. 5. In the field test,the UAV sowed seeds inside the red dotted box, and the frame, it only needs to be placed roughly in the middle of the seed row to
blue dotted box was the track of the seeds that had landed. (For interpretation ensure that the seeds are inside the sampling frame. When capturing the
of the references to color in this figure legend, the reader is referred to the web seed image in the sampling frame, the position of the rectangular sam-
version of this article.) pling frame is moved and photographed frame by frame from the
beginning of the seed row. The camera was the same as in bench test and
its own horizontal shooting function could ensure the level of the
photos.
The sample images and the recognition results of seed position

operation can be carried out. During the test, clear weather, natural
wind speed of 0-2.5 m/s, strong and stable satellite signals and an
environment without strong magnetic fields ensure the basic stability of

100 mm segment

<« >
. v ® Seed
e o ] (YmaxYinin ) mm
Sampling Seed row String
frame / /
- 4 st hnt PY IR LR MITSFE LR TN ey : PRUPR Y ! soaml
9.0 m

Fig. 6. The image acquisition method and the measurement principle of the average width of segment.
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coordinates as show in Fig. 7. The internal size of the sampling frame
was 250 mm x 500 mm, and there were rulers on the narrow sides on
both sides to locate the position of the sampling frame relative to the
string. When calculating the seed distribution coordinates, the sampling
frame was used as the reference for seed coordinate conversion, and the
coordinate system was established with the centerline of sampling
frame. Due to the poor color stability of the image in the field envi-
ronment, the seeds cannot be identified in some cases. To ensure data
integrity, the seed location can be manually selected, so it can be
considered that the seed recognition rate was 100 %.

The relative error of the seed coordinate values in the field test was
calculated, and the calculation method was the same as that in bench
test. The Y-axis coordinates of the seeds reflect the offset distance, so the
Y-axis coordinates are measured, and the results were shown in Table 2.
The average relative error of seed coordinate recognition was 2.4 %,
which can meet the needs of rapid analysis of seed distribution in the
experiment.

The calculation method of the average width of seed row (By) in field
test was different from that in bench test. In the field trial, the seed rows
were divided into successive 100 mm segments, and the average of the
maximum widths obtained from the measurements of each segment was
used as the average width of the seed rows (Bg), as show in Fig. 6. The
seed rows were divided into small segments to facilitate the weakening
of the effect of the uncertainty of the complete trajectory straightness of
the UAV on By According to the technical specification of quality
evaluation for aerial broadcast seeder by remote control (NY/T
3881-2021), the coefficient of variation of seeding uniformity (C.V) was
used as an index to measure the uniformity of seeding. Bg and C.V were
calculated according to formulas (8) and (9).

_Z(YmaX_Ymin)
Bdf—Nd (8
cv =t LS -7 x 100% ©
B _ﬁ Nafl n; n 0

where, By is average width of seed row, mm; C.V is variation coefficient
of seeding uniformity, %;Y pax is the maximum value of the Y-axis of the
seed within the 100 mm segment, mm; Y 1, is the minimum value of the
Y-axis of the seed within the 100 mm segment, mm; Ny is number of 100
mm segments; n; is number of seeds in 300 mm segment; n is average
number of seeds in 300 mm section; N, is number of 300 mm segments.

2.2. Optimization test scheme of shot seeding device

2.2.1. Bench test on optimization of structural parameters of shot seeding
device

The function of the shot seeding module was to accelerate the seeds
and was the last part before the seeds leave the machine, which directly
affects the accuracy of the seeds’ landing positions (Fig. 8). When

23145,98.65
241.43,77.51
209,68, 37.88

16032, 20.70
19081, 11.46

167.58, -12.3
89.19,-30.82

String

7792, 68.27

-51.62, 64.30

81.74,3524
65.96,14.10

-151.79,27.31
-86.46, 18.06
15598, 10.13
-31.30, 440

Fig. 7. The sample images and the recognition results of seed position
coordinates.
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working, the seeds first enter the vibrating cone, and then the seeds
enter the gap between two friction wheels. The cone was equipped with
a vibration motor, which can prevent the seeds from blocking in the
cone. The vibration motor is a miniature motor with a semicircular
eccentric block mounted on the rotating shaft, model XFF-030 (Huizhou
Xinli Motor Co., 1td, Huizhou). The friction wheels rotated in the di-
rection of the red arrow, and the seeds were accelerated under the action
of friction, and finally shot to the ground through the guide tube. As an
important part for correcting the direction of seed ejection, the guide
tube was necessary to carry out parameter optimization experiments on
its diameter and length. On the other hand, the seed discharge rate that
the shot seeding module can withstand has a maximum value, and it was
necessary to determine the optimal discharge rate range to provide a
reference for field experiments.

Three groups of tests were set up in this study, namely the guide tube
length test (A), the guide tube diameter test (B) and the seed discharge
rate test (C). The seed discharge rate was controlled by the rotation
speed of the seed metering wheel (RSS), and the number of seeds dis-
charged per second under different RSS levels was obtained (Fig. 9).

The levels arrangement of each factor was shown in Table 3. In test
A, the Rgs and the guide tube diameter were 20 rpm and 16 mm,
respectively; In test B, the Rg and the guide tube length were 20 rpm and
100 mm, respectively; In test C, the guide tube length and diameter were
100 mm and 16 mm, respectively.

2.2.2. Field test on optimization of operating parameters of shot seeding
UAV

On the basis of the bench test, in order to obtain the optimal oper-
ating parameters of the shot seeding UAV and the effect of field aerial
sowing, a field flying seeding test was carried out. In this paper, a
comprehensive test of working height and rotation speed of friction
wheel (Rsp), a comprehensive test of flying speed and rotation speed of
seed metering wheel (Rgs), and a five-row simultaneous seeding test
were carried out. Taking the average width of seed row and the coeffi-
cient of variation of sowing uniformity as the index to measure the
seeding effect.

At different working heights, the shooting speed of seeds will affect
the accuracy of the seeds landing. Theoretically, the higher the shooting
speed, the less the seeds were affected by the UAV wind, but the higher
shooting speed will increase the wear of the friction wheel and the en-
ergy consumption. In this test, a comprehensive test was carried out with
the working height and the RSF (Table 4). During the test, the flying
speed of the UAV was 1.2 m/s, and the rotation speed of seed metering
wheel (RSS) was 20 rpm.

The uniformity of sowing was determined by the stability of flying
speed and the RSS. In this test, a comprehensive test was carried out with
the flying speed and the RSS (Table 5). During the test, the working
height of the UAV was 1.0 m, and the RSF was 7000 rpm.

In order to verify the consistency of the sowing effect of each row, the
seeding test was carried out by the method of simultaneous sowing in
five rows. In the test, the working height was 1.5 m, the RSS was 18 rpm,
the flying speed was 1.3 m/s, and the RSF was 8000 rpm. The test site,
image collection and processing methods were the same as the previous
test, and the data acquisition length was 6.0 m.

3. Results

3.1. Influence of guide tube parameters and Rss on average width of seed
row

According to the seed coordinate value, calculate the average width
of seed row (Dyx) and the qualified rate of seeding in rows (Wy) within the
range of width d, where d takes three levels of 80 mm, 90 mm and 100
mm (Fig. 10). According to the analysis of variance, it could be seen that
the length of the guide tube (L), the diameter of the guide tube (D) and
the rotation speed of the seeding wheel (Rgs) have a very significant
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Table 2
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Recognition value (S,) and measurement value (S,,) of Y-axis of seed in error measurement of field test.

Repeat Type Y-axis coordinate value of seeds

1 S, —31.669
-31.14
-33.0989
-32.92
27.189

27.04

33.4232
32.32
—17.0807
—-16.56
76.8683
73.82

2

3

—17.8903
—16.88
36.1565
36.82
—13.0276
—-13.28

—45.4476
—46.28
26.734
26.36
—43.7815
—41.16

9.66692

8.72
—44.877
—44.54
—19.6515
—19.02
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motor
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Fig. 8. The structure and working principle of the shot seeding module. The
yellow oval is the pelleted rice seed, and the red arrow is the rotation direction
of the friction wheel. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Number of seeds per second at different rotation speeds of the seed
metering wheel.
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effect on the row effect of seeding.

From the results of the guide tube length test (Fig. 10a and Fig. 10d),
it can be seen that with the increase of the guide tube length, Dx shows a
gradually decreasing trend, and Wy shows a gradually increasing trend.
The test results showed that with the increase of the length of the guide
tube, the effect of seeding in rows was better. In this study, due to the
limitation of equipment space, the maximum length of the guide tube
can only be set to 100 mm.

According to the results of the guide tube diameter test (Fig. 10b and
Fig. 10e), when the guide tube diameter D = 12 mm, 13 mm, and 14 mm,
the Dx value was between 53.76 mm and 54.78 mm; When the guide
tube diameter D > 14 mm, the Dx value showed obvious downtrend and
get minimum value at D = 17 mm. According to the variation curve of
the seeding qualification rate Wy, it could be seen that within the guide
tube diameter D = 12-15 mm, the seeding qualification rate Wy was
stable; when the guide tube diameter D >15 mm, the seeding qualifi-
cation rate Wy gradually increases and then slows down. The Wy reached
a maximum value at D = 17 mm. Considering the changing trends of Dx
and Wy, when the guide tube diameter D = 17 mm, the shot seeding
module had a better seeding effect.

From the results of the Rgg test (Fig. 10c and Fig. 10f), it could be
seen that the Dy ranges from 47.15 mm to 56.57 mm, and it increases
with the increase of the Rgg. According to the change curve of Wy, when
the seed row width d = 80-100 mm, the W4 was between 76.94 % and
89.90 %, and with the increase of Rgs, the Wy gradually decreases. In this
study, lower Rgs decreased seeding efficiency, while higher Rgg
increased the risk of seed blockage. Based on the above analysis, it was
recommended to set the rotation speed of the seed metering wheel (Rgs)
within the range of 18-24 rpm.

3.2. Influence of seeding parameters and flying parameters on seeding
effects in field

According to the field test results, 3D surface graphs of the influence
of the working height and the rotation speed of the friction wheel (Rsp)
on the index were drawn (Fig. 11). According to the standard NY/T
3881-2021, the coefficient of variation of seeding uniformity (C.V)
should be less than 45 %, and the test results of each group meet the
requirements. When the Rgr was 6000 rpm to 8000 rpm, the C.V had
smaller values when the working height was 0.5-1.5 m, and had larger
values when the working height was 1.5-2.0 m. When the Rgr was 8000
rpm to 12000 rpm, the C.V had larger values when the working height
was 0.5-1.5 m, and had smaller values when the working height was
1.5-2.0 m.

According to the influence of the working height and the RSF on the
average width of the seed row (By) in the figure, the B4 ranged from 27
mm to 123 mm. According to the surface change trend of the By, it could
be seen that the B was mainly affected by the working height, and the B4
increased with the increase of the working height. When the working
height was 2.0 m and the RSF was 6000 rpm, the B3 was 122.32 mm;
when the working height was greater than 1.0 m, the By could be
reduced by appropriately increasing the RSF as the working height
increases.

Based on the above analysis of the C.V and the By, and according to
the requirement of selecting the smaller value of the Rggr, the
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Table 3
Levels arrangement in each factor experiment.

Project Factors Levels

A Guide tube length /mm 0 50 100 150

B Guide tube diameter/mm 12 13 14 15 16 17 18 19 20

C Rotation speeds of the seed metering wheel /rpm 14 16 18 20 22 24 26 28 30

bl recommended Rgr within the range of different working heights was
Table 4

Working levels of Rgr and working height in comprehensive test.

Factors Levels
Rsp /rpm 6000 7000 8000 9000 10,000 11,000 12,000
Working 0.5 1 1.5 2
height /m
Table 5

Working levels of flying speed and Rss in comprehensive test.

given, as shown in Table 6.

According to the comprehensive test results of the flying speed and
the rotation speed of the seed metering wheel (Rgs), 3D surface graphs of
the influence on the index under different combinations of flying speed
and Rgs were drawn (Fig. 12). According to the 3D surface graph of the
effect of flying speed and Rgs on C.V, the C.V in each group of

Table 6
Recommended Rgr values at different working heights.

Factors Levels Height of working/m friction wheel rotation speed/rpm
Rgs /rpm 16 18 20 22 24 26 0-5-1.0 £000-7000
SS 1.0-1. —
Flying speed/m-s ! 1.0 1.5 2.0 2.5 3 0-L5 7000-8000
1.5-2.0 8000-9000
£ 70 £ 70 £ 70
g @ £ b £ ©
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Fig. 10. The bench test results.(a)~(c) are the variation curves of the Dy in the experiments with different factors. (d)~(f) are the variation curves of the Wy in the

experiments with different factors.
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Fig. 12. Effect of flying speed and Rgs on the coefficient of variation of seeding uniformity (C.V) and the average width of the seed row (Bg).

experiments was less than 45 %, which met the requirements of the
standard NY/T 3881-2021. When the flying speed was 2.0-3.0 mm/s
and the Rgg was 16-20 rpm, the C.V had larger values; when the flying
speed was 1.0-2.0 mm/s, the Rgs was 22-26 rpm, the C.V had smaller
values. The C.V decreased gradually with the increase of the Rgs and the
decrease of the flying speed.

According to the results of the effect of the flying speed and the Rgg
on By, the range of the By was 32-71 mm. When the flying speed was 1.0
m/s, the By was greater than 49 mm at all levels of the Rgs. With the
increase of flying speed, the B; decreased gradually; on the other hand,
with the increase of the Rgg, the By decreased slowly.

According to the above analysis, when paying attention to the uni-
formity of seeding, the flying speed below 2.5 m/s was preferred. When
focusing on seed row width, lower Rgs and higher-flying speed could
reduce the Bg.

Through the five-row simultaneous seeding test, the consistency of
the seeding effect of each row was verified. When the seeding row
spacing was 30 cm, the seeds were clearly divided between the rows
(Fig. 13). The distance between the two dotted lines in the seed row in
scatter diagram was 100 mm, and it could be seen that most of the seeds
were within the 100 mm width (Fig. 14).

The By and the C.V for each row of seeds were calculate (Table 7). At
the working height of 1.3 m, the average width of the seed row was
between 66.17 and 75.34 mm. According to the test results of the
working height and the Rgp, when the Rgr was 8000 rpm and the working

Fig. 13. Shot seeding effect with five rows.
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height was between 1.0 and 1.5 m, the By should be in the range of
65-96 mm, indicating that the test results were in line with the theory
value. The minimum value of the C.V was 18.44 % in the fourth row; the
maximum value of the C.V was 27.04 % in the third row. All C.V values
were below 45 %, which meet the uniformity requirements of rice
seeding.

4. Discussion

4.1. Analysis on the influencing factors of guide tube and rotation speed
of the seed metering wheel

In the study of UAV rice seeding in rows, the requirement for the
width of the seed row was less than 8.0 cm (Diao et al., 2020). According
to the results of the bench test, within the width of 8.0 cm, the qualified
rate of seeding was 75 %-85 %. In this study, the shape of the seed was
not spherical and the surface was rough. Combined with the principle of
seed acceleration, the direction of the seed will be random within a
certain range. Based on the bench test results, the following two aspects
were discussed:

(1) The influence of the guide tube on the accuracy of seed landing

The results of test A proved that the effect of the guide tube was
positive, and increasing the length of the guide tube was obvious to
improve the seeding effect. Comparing the Dx values of the two groups
of tests A and B, the Dy values of D < 15 mm were greater than the Dy
value of L = 0 mm, it means that when the diameter of the guide tube
was less than 15 mm, the seed row effect will be worse. In the same way,
it could be concluded that when the D was in the range of 16 mm-19 mm,
the guide tube could improve the seed row effect; when the D was 20
mm, it could be considered that the guide tube had lost its corrective
effect on the direction of the seed movement. The reason for the above
phenomenon was that under the condition of a certain length of the
guide tube, if the diameter of the guide tube was too small, the move-
ment space of the seeds will be insufficient, which will increase the
probability of collision between the seeds and the inner wall of the guide
tube, and between the seeds and the seeds.

(2) The influence of Rgg on the accuracy of seeding

According to the results of test C, when the range of Rgs was 14 rpm-
26 rpm, the Dx showed a gradual upward trend, which could be
analyzed from two aspects. First, the increase of the Rgg will increase the
probability of the seeds colliding in the guide tube, so that the Dx value
will gradually increase. On the other hand, an increase in Rgs would
make more seeds unable to accelerate sufficiently, and the speed dif-
ference between seeds would cause collisions between seeds. When the
Rgs was greater than 26 rpm, the Dy value showed a maximum value and
tended to be stable. The reason why Dy tends to be stable could be
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Fig. 14. Scatter diagram of seed distribution with five rows.

Table 7
Test result of shot seeding with five rows.
Result Rows
1 2 3 4 5
B; /mm 74.63 67.35 75.34 66.17 74.48
C.V /% 24.39 20.25 27.04 20.67 18.44

explained that with the increase of the Rgs, the pulsating effect of seed
discharging rate was weakened, which made the seed flow into the
friction wheel gap tend to be stable, and accordingly the collision
probability of the seeds in the guide tube was stabilized.

4.2. Analysis on the influencing factors of seeding parameters and flying
parameters

Theoretically, the seeding uniformity was mainly determined by the
stability of flying speed and RSS. According to the results of field test
that the lower flying speed and the larger RSS, the better the seeding
uniformity. The external groove wheel seed metering device was used in
this study, and related research showed that with the increase of the seed
discharging rate, the better the seeding uniformity was, which was
consistent with the conclusion of this test (Wang et al., 2004; Yang et al.,
2020). The research on UAV seeding of felt seeds shows that within the
flying speed range of 1.0-2.0 m/s, the higher the flying speed, the worse
the seeding uniformity, which was consistent with this study (Zhang,
2019). In the comprehensive test of working height and RSF, the C.V
showed the maximum value under the condition of 2.0 m working
height and 6000 rpm RSF, this was because the reduction of seed landing
accuracy reduces the seeding uniformity.

According to the results of the field test, the average width of the
seed row (Bg) was mainly affected by the working height, flying speed
and RSS. With the increased of working height, the B, value increased,
indicating that the seed row effect was worse. In other words, when the
angle of seed emission was fixed, the higher the seeds were from the
ground, the greater the deviation of the seed landing position. With the
increase of flight speed, the effect of seeding in rows becomes better. The
reasons for this change trend was: At high flying speeds, the density of
seeds falling to the ground was low. At the same time, the calculation
method of the By in this study will reduce when the number of seeds
decreases in the 100 mm length segment. Compared with the working
height and flying speed, the RSS has little effect on Bg, which was
consistent with the effect of the RSS on the accuracy of seeding in the
bench test.

5. Conclusion

In this study, the Pelleted rice seeds were accelerated by a pair of
friction wheels, so that the UAV can seed the rice in rows. Through
bench test and field test, the key factors affecting the seeding effect were
studied, and the structural parameters and operating parameters of the
seeding device were optimized. The conclusions of this paper mainly
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include the following aspects:

(1) Inthe guide tube length test, it was proved that the guide tube has
an effect on improving the accuracy of seed landing, and with the
increased of the length of the guide tube, the seed row effect was
better. In this study, the length of the guide tube was 100 mm due
to the limitation of the installation space of the parts.

In the guide tube diameter test, it was proved that the diameter of
the guide tube has an optimal value under a certain length. When
the diameter of the guide tube was too small, the collision
probability of the seeds in the guide tube was increased, and the
seed row effect will become worse. Under the experimental
conditions of this study, the optimal guide tube diameter was 17
mm.

In the test of the rotation speed of the seed metering wheel (Rsg),
it was proved that the increase of the seed discharging rate will
reduce the seed row effect. In this study, the maximum Rgg value
that the shot seeding device can withstand was 30 rpm, and the
recommended range of Rgs was 18-24 rpm.

In the field test, the working height had the most obvious effect
on the seed row effect, and the lower the working height, the
better the seed row effect. In addition, at different working
heights, the appropriate friction wheel rotation speed was
optimized.

In the field test, the main factors affecting the seeding uniformity
were the flying speed and the Rgg, and the two control the seeding
density together. The higher the seeding density, the better the
seeding uniformity.

2

—

3

—

4

—

5

~

Through BD-MFD image recognition and processing technology, this
research provided a method to quickly evaluate the rice seeding effect of
UAV, and optimized the shot seeding device. However, in the field
experiment, the seed recognition rate was affected by such factors as soil
color, environmental light and soil hardness, which requires manual
selection of unrecognized seeds, and increasing the workload. In addi-
tion, how to reduce the impact of UAV flight stability on seeding effect
requires more in-depth research, and the straightness of seed row was
also a very important seeding indicator, and no relevant measurement
was involved in this study. The above issues should be further studied in
future.
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Abstract: In order to realize the high-quality row seeding operation with unmanned aerial vehicle (UAV) in paddy field, a shot
seeding device that can sow five rows of pelleted rice seeds at the same time was designed. The shot seeding device mainly
consists of an external grooved wheel seed metering device and five shot seeding modules. The designed external grooved
wheel seed metering device can take the seeds out of the seed box and divide the seeds into five parts. The shot seeding
module can accelerate the pelleted rice seeds to reduce the impact of the UAV wind on the direction of seed movement.
Furthermore, an angle adjustment mechanism for the shot seeding module was used to change the row spacing. The seed
metering device test verified that when the speed of the seed metering wheel was 15 r/min, the coefficient of variation of the
discharge rate of each row (C.V,) and total seed discharge rate stability (C.V,) were 1.70% and 1.04%, respectively. Image
processing technique was used to test the UAV seeding performance. The distribution characteristics of seeds on the ground
showed that the number of seeds in each row gradually increased from both sides to the middle in the width direction.
According to the statistics, there were 60%-70% of the seeds in each row in the 100 mm width range. The field test showed
that when the working height was 1.5 m and the seeding quantity was 38.56 kg/hm?, the performance of sowing in rows was

obvious, the deviation rate of seeding quantity was 1.89%.

After 16 d of sowing, the seeds’ emergence rate was stable, and the

average emergence rate was 82.63% and the yield was 6775.50 kg/hm?.
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1 Introduction

As an effortless and convenient seeding method, rice direct
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seeding has received extensive attention in recent years>?. The
level of mechanized rice direct seeding in China has been
improving year by year®®. In addition, with the development of
agricultural unmanned aerial vehicle (UAV), UAV seeding of rice
has become an emerging operation method®®. Compared with
ground seeding machinery, UAV seeding has the advantages of
flexibility, high efficiency and labor saving!’®. But most seeding
UAVs are more used in broadcast seeding, and the uniformity of
the sowing seeds is not as good as that of the row seeding®?.
Research shows, broadcast seeding is more prone to uneven growth
density of rice seedlings, which will lead to poor ventilation and be
susceptible to lodging™.  Row seeding can improve the
uniformity of seeds, which can overcome the shortcomings of
broadcast seeding™. Therefore, this paper used the pelleted
seeds as the seeding object, and designed a seeding device suitable
for UAV operations, which can achieve the row seeding.

At present, some scientific research institutions and companies
have carried out relevant researches on UAV seeding. Wu et al.l'*!
designed a centrifugal rice broadcast seeding, determined the
optimal working parameters through simulation tests, and further
verified the feasibility of the broadcast seeding device through
bench tests and field tests. Song et al.l**%®! conducted research on
broadcast seeding UAVS, and designed two broadcast seeding
devices, one was centrifugal disc-type, the other was
pneumatic-type. Centrifugal disc-type seeding device relied on
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centrifugal force to spread the seeds, and the pneumatic-type
seeding device relied on airflow of the fan to blow the seeds out
from different directions, which improved the uniformity of the
broadcast seeding. Some UAV companies have also released a
variety of models of seeding UAVs, most of which used centrifugal
disc or pneumatic broadcast seeding systems, which cannot achieve
row seeding operations™™"*8l. In order to realize UAV-based row
seeding, Huang et al.l'*! designed and tested an auxiliary seeding
device based on a centrifugal rape seeding device. The seeding
row width can reach 6-7 cm, but the whole machine the structure
was huge, and the end of the seed guide device was 20 cm away
from the ground, which posed a large flight security risk. Yuren
UAV (Zhuhai) Co., Ltd. designed a blowing type precision seeding
UAV that used high-speed airflow to send seeds to the ground
along the pipeline. But when the working height exceeded 50 cm,
the seed drifts seriously and the seed rows were not obvious.
The Li’s research team of China Agricultural University carried out
research on non-contact seeding of wheat, accelerating wheat seeds
and shooting them into the soil, and designed a device to jet seeds
into the soil through high-pressure airflow®2¥. In addition,
researches have also been carried out on the use of centrifugal force
to accelerate seeds. But both methods were aimed at ground
machinery and were not suitable for UAV rice seeding.

The above researches on UAV seeding had the following
shortcomings: (1) Part of the researches only improved the
uniformity of the broadcast seeding, but still cannot realize sowing
in rows; (2) For reducing the influence of UAV wind on seeding
accuracy, the seed outlet was closer to the ground, which posed a
greater safety hazard; (3) In order to achieve multi-row seeding, the
size of the whole machine was large, which was not convenient for
transportation; (4) The seed acceleration ability was limited or the
structure was not suitable for UAV row seeding. In order to
overcome the above problems, this research designed a new type of
shot seeding device for rice that can be carried on a UAV. The
device accelerated the pelleted rice seeds through two
counter-rotating friction wheels. The whole machine adopted a
compact structure to realize the simultaneous sowing in five rows
parallel to flight route, even if the working height of the UAV is
above 1 m, it still had an obvious line effect.

2 Materials and methods

2.1 Structure design of the seeding device and working
principle

The study used the existing UAV (AGRS T16, Shenzhen DJI
Technology Co., Ltd.) as a carrier, and designed a new shot seeding
device for rice. The structure of the seeding device is shown in
Figure 1. It is mainly composed of T16 UAV, seed box, seed
metering device, seed distributor, shot seeding module and angle
adjustment mechanism. The five shot seeding modules were
arranged on a fan-shaped surface which can achieve five-line
simultaneous seeding for each route. During operation, the seeds
from the seed box passed through the seed metering device, the
seed distributor and the shot seeding modules in sequence. The
shot seeding module used two high-speed rotating friction wheels
to accelerate the seeds to weaken the influence of wind field on
seed movement[?>29],

Pelletized rice seeds were used in the UAV seeding operation.
Seed pelletizing was a kind of seed coating technology®?”. The
seed was wrapped with a special powder, which significantly
increased the size and weight of the seed?®?).  The pelleted rice
seeds had better fluidity and strength, which was beneficial to the
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seed acceleration by the friction wheel and effectively reduced the
rate of injury seeds. In this study, the diameter of the pelletized
seeds was between 4 mm and 5 mm, the length was in the range of
9mmto 11 mm.

1. UAV platform 2. Seed box 3. Seed-metering device 4. Seed distributor
5. Shot seeding module 6. Angle adjustment mechanism
Figure 1  Shot seeding device

2.1.1 Seed metering device

In this study, the external grooved wheel seed metering device
was used to transport the seeds to shot seeding module from the
seed box. This kind of seed metering device has simple structure
and good working stability, and can be used for pelleted rice seeds.
According to the design requirements of five-line simultaneous
seeding, the seed metering wheel was designed adaptively at first
as shown in Figure 2a. For achieving precise metering, the seed
metering wheel was evenly divided into five parts along the axial
direction and nine chambers evenly distributed around the outer
circle at each part. In order to ensure that the seeds were easy to
enter and exit the chamber, the size of the chamber was designed
based on the size of the seed. Therefore, according to the range of
seed length and diameter in this study, the dimension parameters of
the seed metering wheel are indicated in Figure 2a.
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Note: D is the diameter of seed metering wheel, mm; b is the width of seed
metering wheel chamber, mm; h is the depth of seed metering wheel chamber,
mm; a; is the top length of seed metering wheel chamber, mm; a; is the bottom
length of seed metering wheel chamber, mm
a. Seed metering wheel

7.0 mm

1. Seed metering wheel 2. Division plate 3. Seed box interface 4. Seed
baffle 5. Motor 6. Seed metering device shell 7. Seed distributor 8. Seed
outlet 9.Shaft 10. Torsion spring 11. Movable baffle

b. Seed metering device and internal structure

Figure 2 Seed metering device

The overall structure of the seed metering device was designed
based on the structure parameters of the seed metering wheel, as
shown in Figure 2b. Corresponding to the seed metering wheel,
the four division plates evenly divided the interior of the seed
metering device shell into five parts, so that the seeds can be
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separated when they enter the seed metering device. When
working, with the rotation of the metering wheel in the w direction,
seeds were transported from seed filling area to seed exit, and
discharged from five seed outlets of the seed distributor. There is
a 5.3 mm gap between the seed metering wheel and the seed baffle,
which can prevent the seed metering wheel from being stuck by the
seeds. Besides, the seeds were discharged in the upper part of the
seed metering device which can avoid seeds leakage caused by
vibration.

2.1.2 Shot seeding module

The shot seeding module was used to accelerate the seeds, and
its structure is shown in Figure 3a. The whole module can be
divided into two parts according to function: (1) Seed vibration
queue device, which consisted of a cone and a vibration motor. It
can guide the seeds to enter the friction wheel acceleration device
and prevent the seeds from jamming in the cone; (2) Friction wheel
acceleration device. The two friction wheels with a diameter of
34 mm were symmetrically distributed on both sides of the
acceleration tube, and were partially embedded in it; The friction
wheel was installed on the outer rotor of the acceleration motor,
and the acceleration motor was installed on the movable motor base;
The top of the two movable bases were connected by tension spring,
and the bottom were hinged on the mounting plate. The gap
between the two friction wheels was set to 3 mm to ensure that the
seeds are in contact with the friction wheels. The guide tube was
installed at the bottom of the accelerating tube. The main
structural parameters of the shot seeding module are shown in
Figure 3b.

The acceleration motor adopted an external rotor brushless
motor, the motor model was DJI2008-1400KV (Shenzhen DJI
Technology Co., Ltd., Shenzhen, China), the motor diameter was
24 mm, the weight was 23 g, and the maximum speed can reach

14 000 r/min.  The elastic wrapping material of the friction wheels
were polyurethane (PU) and the shore hardness was 60 A.
[
20 mm Tl N
@000 ‘4:3‘:;2] g
0 &
12 mm ool ! ifeco
0‘ &
3 mm
14mm |~
L0 10-16 m/s
Seed | 1

a. Axonometric drawing

b. Sectional drawing

1. Mounting plate 2. Cone 3. Vibration motor 4. Tension spring
5. Acceleration motor 6. Movable motor base 7. Acceleration tube
8. Friction wheel 9. Guide tube

Figure 3  Shot seeding module

When working, the directions of rotation of the two friction
wheels are shown in Figure 3b. When the seed enters the friction
wheel gap, the friction wheel will speed up the seed, and seed will
push two friction wheels to the side. After the seed passed, the
friction wheels return to their original position under the action of
the tension spring. The structure can accelerate the seeds whose
size changes within a certain range, effectively reduce the seed
damage rate, and can slow down the surface abrasion of the friction
wheel.
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2.1.3 Angle adjustment mechanism

The angle adjustment mechanism was used to adjust seeding
row spacing in accordance with the working height of the UAV.
Figure 4 was the structural diagram of the angle adjustment
mechanism, which was composed of a plurality of angle adjustment
rings, splint, splint fastener and fastening bolt. Two splints and
their fastener formed a rectangular frame, which is fixed on the
UAV’s body. When the fastening bolts are relaxed, the five angle
adjustment rings can rotate around the fastening bolts and slide
between the clamping plates. With reference to Figure 1, the
angle adjustment ring was sleeved on the guide tube, and the shot
seeding module were hinged on the seed distributor. Therefore,
the shooting direction can be changed by adjusting the position of
the angle adjustment rings.

1. Angle adjustment ring 2. Splint 3. Splint fastener
Figure 4  Angle adjustment mechanism

4. Fastening bolt

2.2 Experiments of seed metering and shot seeding
2.2.1 Seed metering device stability test

The test device is shown in Figure 5. Before the test, filled
the seed box with clean seeds, and used seed collection bags to
collect the discharged seeds. The test of the seed metering device
consisted of the following two parts:

(1) The seed discharging rate under different rotating speeds of
the seed metering wheel. In this test, the rotation speed range of
the seed metering wheel was 14-20 r/min. After setting the
rotation speed of the seed metering wheel, the seed metering device
ran for 30 s and weighed the total weight of the seeds discharged
from the five outlets. The measurement was repeated three times
at each speed level and calculated the average seed discharge rate.

(2) The stability of the seed discharging rate. According to
the description of the stability of the seed metering device in the
standard GB/T 9478-2005 (Testing methods of sowing in lines),
the coefficient of variation of the discharge rate of each row (C.V,)
and total seed discharge rate stability (C.V,) were computed.
Under the condition that the seed metering wheel was 15 r/min and
the running time was 30 s, the weight of the seed discharged by the
seed metering device was counted. The measurement was
repeated five times and according to Equations (1) and (2) to
calculate the C.V; and C.V,.

f 1 -
S= HZ(Xi —X) @
(OAY) :;xloo% (2)

where, in the calculation of C.V;, S is the standard deviation of the
weight of seeds discharged in five rows; n is the number of rows,
n=5; x; is the average weight of the five repeated tests in the row i,
g; X isthe average value of x;, g. In the calculation of C.V,, S is
the standard deviation of the total weight of seeds discharged in
five tests; n is the number of tests, n=5; x; is the total weight of
seeds discharged from 5 rows in test i, g; X the average value of
the x;, g.
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Figure 5 Seed metering device test

2.2.2  UAV seeding performance and field test

Take the AGRS T16 UAV (Shenzhen DJI Technology Co.,
Ltd.) as a carrier to build a test prototype, as shown in Figure 6.
The main technical parameters are shown in Table 1.

Figure 6 Shot seeding UAV

Table 1 Operation parameters of shot seeding UAV

Working Flying Row spacing Sowing speed
height/m  speed/km h™ fem /hm? bt

0.5-2.0 3.6-10.8 15.0-30.0 3.0-5.0 0.6-1.5

Single row seed
discharge rate/g s

(1) UAV seeding performance test

In order to obtain the distribution characteristics of the seeds, a
UAV seeding test was carried out above the self-made mud trough
(2.5 m>2.0 m, 5 cm in depth).  The test site is shown in Figure 7a.
The image recognition method was used to obtain the position
coordinates of each seed, so as to digitize the position of the seed.
The working height of the UAV was 1.5 m, the flying speed was
3.6 km/h, the speed of the friction wheel was 8000 r/min, and the
speed of the metering wheel was 15 r/min. The test was repeated
three times.  Take pictures at a height of 3 m from the mud trough
under natural lighting conditions, and the resolution of the collected
color image was 2250>4000, as shown in Figure 7b.

Rp— —

‘b. Original imag;ofisereﬁ trajec;t:)ry'
Figure 7 Experiment of UAV seeding performance

- S-SR

In this study, HALCON 20.11 (MVTec Software GmbH,
Munich, Germany) was used for image processing. After dividing
the image into R-G-B three channels, the enhanced red channel and
blue channel were used for subtraction to gray and enhance the soil
area, and then selected the area with the largest area to obtain the
image processing region of interest (ROI). Use the center line of
the seed row as the vertical Y axis to correct the direction of the
image and establish an X-Y coordinate system. The result is
shown in Figure 8a. In order to accurately obtain the position of
each seed, the image of the region of interest was enhanced with
the seed region, as shown in Figure 8b, and the adhesion seeds
regions were segmented, as shown in Figure 8c. During the
image acquisition process, the actual length represented by each
pixel in the image may be uneven in the entire image due to the
distortion of the camera. Therefore, according to the five
calibration plates (the size of the black grid: 40 mm>40 mm) in
Figure 7b, the actual distance represented by each pixel in different
areas of the image was calculated respectively. According to the
coordinates of the seed pixel and the actual size of the pixel, the
actual position coordinates of the seed can be calculated.

a. ROl image after orientation correction

b. ROI recognition result

c. Seeds segmentation result
Figure 8 Seed recognition and segmentation

(2) Field test

Field seeding test was carried out on May 21, 2021, at the
Zengcheng Teaching and Research Bases, South China
Agricultural  University. According to the agronomic
requirements of direct seeding of rice, completed the field rotary
tillage, beating and leveling operations before planting. After the
route planning was completed, the shot seeding operation was
carried out in the autonomous flight mode, and the actual operation
area was 0.252 hm?.  The seeding scene is shown in Figure 9a.

In this test, the rice variety was 19 Xiang, and the
thousand-grain weight of the seed was 21.4 g.  After the seeds are
pelletized, the thousand-grain weight was 70.0 g, the seedling
emergence rate of pelletized seeds measured under laboratory
conditions was 86.20%. The flying speed was set to 3.6 km/h, the
rotation speed of the seed metering wheel was 15 r/min, the
working height was 1.5 m, the row spacing was 25 cm, and the
friction wheel speed was 8000 r/min. The theoretical seeding
quantity can be calculated as 38.56 kg/hm? The five-point
sampling method was used to count emergence rate. Use a
rectangular frame (0.5 m>1 m) to delineate the sampling area, and
take two adjacent rows in each sampling area, as shown in Figure
9b. The number of seeds in the sampling area was counted and
the number of rice seedlings was recorded from the sixth day after
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sowing. The seedling emergence rate was calculated according to
Equation (3). The damage rate of the pelleted seeds in the
sampling area is calculated by Equation (4).

A=Na s 100% @3)
N
Np

D =No 10006 @)

where, A is the seedling emergence rate; D is the damage rate of the
pelleted seeds; N, is the number of seedlings; Np is the number of
damage pelleted seeds; N is the total number of the pelleted seeds.

After sowing, conventional methods were used for field
management, and the yield was measured after the rice was mature.
When measuring the vyield, the rice harvester was used for
harvesting, and the fresh grains were weighed. A grain moisture
analyzer (Model: LDS-1G, Quzhou Aipu Measuring Instrument
Co., Ltd.) was used to measure the moisture content of rice, and
converted the measured weight of fresh grain to the weight under
the condition of 13.5% moisture content, and then deducted
impurities at 1% to obtain the final dry grain quality.

a. Seeding operation in field

I'm
b. Seed traces on the ground and sample area
Figure 9 UAV in seeding and seeds on the mud surface

3 Result and discussion

3.1 The performance of seed metering device
3.1.1 Measurement of seed discharge rate

As shown in Figure 10, according to the measurement results,
the seed discharge rate under different rotation speed of seed
metering wheel levels was calculated. According to the fitting
curve, it can be seen that the rotation speed of seed metering wheel
and the seed discharge rate had a linear relationship.

Sy
=
T

5.04

&=
[
T

o
=
T

— Fitline:
y=-0.028+0.255x (r=0.996)

Seed discharge rate/g-s”

w
w
T

t3.46
14
Rotation speed of seed metering wheel/rmin’'
Figure 10 Seed discharge rate under different rotation speeds of
seed metering wheel
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3.1.2 Stability of seed metering device

The results are shown in Tables 2 and 3. According to the
standard N'Y/T739-2003 (Operation quality of grain drill), the C.V;
should be less than 3.9%, and C.V, should be less than 1.3%. In
this study, C.V;=1.70%, C.V,=1.04%, both meet the requirement.

Table 2 Coefficient of variation of the discharge rate of
each row

Xs X5 X
111.72 1.70%

X3 X Sy CVy

117.16 11444 11404 11392 114.26 1.94
Note: X is the average weight of the five repeated tests in row i, g; X is the

average value of X, g; Si is the standard deviation of the average row weight of
each row.

Table 3 Coefficient of variation of total seed discharge rate

stability
X1 X2 X3 Xa Xs X Sz CV,
575.9 568.8 561.9 575.1 574.7 571.28 5.95 1.04%

Note: X; is the total weight of seeds discharged from 5 rows in testi, g; X isthe
average value of X, g; Sy is the standard deviation of the total weight of seeds
discharged in five tests.

3.2 The performance of UAV seeding

3.2.1 Seeds distribution characteristics

After the seed coordinates were obtained through image
processing, the recognition accuracy was measured. According to
the comparison between the X coordinate of the image recognition
seed and the actual measured value, it was concluded that the
average relative error of the image recognition distance to the
manual measurement was 4.25%, and the seed recognition success
rate was 95%-98%. According to the data obtained by image
processing, drew a map of seed distribution characteristics, as
shown in Figure 11.

In order to observe the seed distribution clearly, superimposed
the seed scatter plots of the three trials and drew the frequency
histogram of each row of seeds in the X-axis direction, as shown in
Figure 11a. It can be seen from scatter plot that the distinction
between the seed rows was obvious, and the seed density gradually
decreased from the center of the row to the edge. According to
the frequency distribution histogram of the seeds, the seeds were
concentratedly distributed near the center line of the row, and the
number of seed gradually decreased toward the edge. In order to
further describe the seed row width, the proportion of the number
of seeds in different widths was counted, as shown in Figure 11b.
As the width increased, the proportion of the number of seeds in
the row gradually increased. At 100 mm width, there were
60%-70% of the seeds distributed in this width range.

There are many reasons for the error of the seed landing
position within the same row. The irregular shape of pelleted
seeds will lead to different directions of force on the seeds, which
will affect the initial movement direction of the seeds. Secondly,
the wind field generated by the UAV will affect the movement of
the seeds in the air. The jitter of the body when the UAV is
flying will also affect the stability of the initial shot direction of the
seeds.

3.2.2 Evaluation of field seeding effect

After seeding, the seed discharge weight was 9.9 kg, and the
actual seeding quantity was 39.29 kg/hm?.  According to Equation
(3), the deviation rate of seeding quantity was 1.89%.

M «100%

zy

P

©)
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where, P,, is the deviation rate of the seeding quantity, %; Q is the
actual seeding quantity, kg/hm* Q,, is the theoretical seeding
quantity, kg/hm?.

The standard NY/T739-2003 states that the deviation rate
should be within #2%, In this test, the deviation of the seeding
quantity was acceptable.

According to statistics, the total number of pelleted seeds in the
five sampling areas was 553, of which the number of damaged
pelleted seeds was 4, the damage rate of pelleted seeds was 0.72%.
It should be noted that the damage only represents the damage of
the pelletized material, and no broken seeds were found. The
seedling emergence rate statistics were started on the 6th day after
seeding. The emergence rate increased rapidly from 62.16% to
79.82% within 6 days, and slowly after the 12th day. After the
14th day, the seedling emergence rate stabilized, and eventually
reaching 82.63% which was close to the laboratory result of

86.20%. The seedling emergence rate changed with time are
shown in Figure 12a.
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Note: Figure 11a is the result of superimposing the scatter plots obtained from
three experiments.  Different color points are used to distinguish different rows.
The background of the scatter plot is the seed distribution density cloud image
obtained by the two-dimensional kernel density estimation method. The top of
the figure is a histogram of the frequency distribution of seeds in the width
direction. Its horizontal axis is the same as the scatter plot, and the vertical axis
is the number of seeds.
a. Seed distribution scatter plot with density and histogram of seed frequency
distribution in each row
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Note: In Figure 11b, the horizontal axis is the width of the seed row, and the
vertical axis is the proportion of the seed within the width range, and different
colors are used to distinguish different seed rows. For example, 100 mm on the
horizontal axis represents the range (u-50, p+50), where p is the average value of
the X-axis values of the row of seeds in the scatter chart. The number of seeds
in the range (x-50, 4+50) divided by the total number of seeds in the row is the
ordinate value, and it is expressed as a percentage.
b. Proportion of each row of seeds under different seed row widths

Figure 11 Seed distribution characteristics of UAV seeding
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b. Rice seedlings on 14 d
Figure 12 The seedling emergence rate

Figure 12b was the field conditions on the 14th day after
seeding, and the rows were obvious. The straightness of the row
was greatly affected by the flight stability of the UAV, and it was
affected by the lateral wind during the operation, which will reduce
the straightness of the rows.

The rice was harvested on September 6, 2021, and the yield
was measured. The actual harvested area was 0.023 hm?, the
fresh weight of grain was 177.22 kg, and the measured moisture
content was 22.01%. The actual yield can be calculated to be
6775.50 kg/hm?.

4 Conclusions

A novel UAV-based shot seeding device with the advantage of
the compact structure of the whole machine, the five rows seeding
operation simultaneously, adjustable seed discharging rate, and
stably seeding was designed. The following conclusions were
obtained through the experiments in laboratory and in field:

(1) Stability of the seed metering device

On the basis of determining the relationship between the
rotation speed of the seed metering wheel and the seed discharging
rate, the stability of the seed metering device in the total
displacement and the displacement of each row was studied. The
results of discharge rate showed that when the rotation speed of
seed metering wheel was 15 r/min, the coefficient of variation for
the consistency of each row's displacement and the coefficient of
variation of the total displacement were 1.70% and 1.04%,
respectively.

(2) Distribution characteristics of pelleted rice seed sowed by
the shot seeding UAV

In the mud trough experiment, the method of image
recognition and processing was used to measure the position
coordinates of the pelleted rice seeds. A scatter plot of the
distribution of seeds on the ground was established, and the rowing
effect of seeds was significant. The number of seeds presented a
distribution characteristic of increasing gradually from both sides to
the center in the width direction of the seed row, and the number of
seeds within the width of 100 mm accounted for 60%-70% of the
total number of seeds in the row.
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(3) Field UAV seeding and the yield

The feasibility of this seeding method was verified by in-field
UAV seeding test. By counting the number of pelleted seeds in
the sampling area, it was found that the damage rate of the pelleted
seeds was 0.72%, and no damaged rice seeds were found.
According to the theoretical seeding quantity and the actual seeding
quantity, the deviation of seeding quantity was 1.89%. The
seedling emergence rate was 82.63%, and the yield was
6775.50 kg/hm? after 108 days of seeding.

This study was exploratory research in the field of UAV
seeding, and there are still many related researches to be carried out,
especially the problems of seed row effect, structural parameter
optimization and life of wear parts need to be further studied.
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Abstract: Currently, small payload and short endurance are the main problems of a single UAV in agricultural applications,
especially in large-scale farmland. It is one of the important methods to solve the above problems of UAVs by improving
operation efficiency through multi-UAV cooperative navigation. This study proposed a laser tracking leader-follower
automatic cooperative navigation system for multi-UAVs. The leader in the cluster fires a laser beam to irradiate the follower,
and the follower performs a visual tracking flight according to the light spot at the relative position of the laser tracking device.
Based on the existing kernel correlation filter (KCF) tracking algorithm, an improved KCF real-time spot tracking method was
proposed. Compared with the traditional KCF tracking algorithm, the recognition and tracking rate of the optimized algorithm
was increased from 70% to 95% in indoor environment, and was increased from 20% to 90% in outdoor environment. The
navigation control method was studied from two aspects: the distance coordinate transformation model based on
micro-gyroscope and navigation control strategy. The error of spot position was reduced from the maximum (3.12, —3.66) cm
to (0.14, 0.12) cm by correcting the deviation distance of the spot at different angles through a coordinate correction algorithm.
An image coordinate conversion model was established for a complementary metal-oxide-semiconductor (CMOS) camera and
laser receiving device at different mounting distances. The laser receiving device was divided into four regions, S0-S3, and
the speed of the four regions is calculated using an uncontrollable discrete Kalman filter. The outdoor flight experiments of
two UAVs were carried out outdoors using this system. The experiment results show that the average flight error of the two
UAVs on the X-axis is 5.2 cm, and the coefficient of variation is 0.0181. The average flight error on the Z-axis is 7.3 cm, and
the coefficient of variation is 0.0414. This study demonstrated the possibility and adaptability of the developed system to
achieve multi-UAVs cooperative navigation.
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1 Introduction

Unmanned Aerial Vehicles (UAVs) have been playing an
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Laser tracking leader-follower automatic cooperative

increasingly important role in civilian use in recent decades''.
Compared with traditional ground machinery, UAVs can be used in
chaotic scenes and environments, such as fire and rescue scenes.
It can also be used to protect areas from environmental damage and
reduce the labor intensity of farmers, such as farmland spray'.

When working on large-scale farmland, UAVs needs to
increase their payload and endurance capacity to improve operation
efficiency. However, due to the current technical development
and regulations, the overall dimensions of UAV have received
greater restrictions, making it difficult to increase endurance time
and payload™.

In order to solve the payload and endurance problems of a
single UAV, two or more UAVs can be used to achieve cluster
operations and expand the UAV operating area to improve
operating efficiency. So, it is one of the important methods to
solve the above problems of UAVs by improving operation
efficiency through multi-UAVs cooperative navigation.

Existing cluster methods of multi-UAVs are mainly divided
into absolute navigation and relative navigation®. The absolute
navigation method operates according to the established mission
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objectives and uses the Global Navigation Satellite System (GNSS)
or Real-Time Kinematic (RTK) system for multi-UAV formation
flight”®!.  Due to the narrow bandwidth of the GNSS loop, the
vulnerability to interference, and the low receiver data update rate,
it is difficult to meet the requirements of real-time measurement
and control. The RTK system can meet the requirements of flight
in multi-UAV coordination, and it has the advantages of strong
autonomy, small size, and continuous output information.
However, the cost is relatively high, and the corresponding ground
base station and air positioning equipment should be equipped at
the same time.

There

communication

of
visual

are two main relative  navigation:

In

ways
navigation and navigation.
communication navigation, that is, the UAV acquires position and
attitude information based on its high-precision sensors and uses
wireless transmission modules to conduct relevant information
interaction to fulfill the user’s task requirementst™'?. Typical
communication navigation is based on the leader-follower-based
method!"!, which advantage is that strong damage resistance and
high intelligence. However, the disadvantage of communication
navigation is that when the number of UAVs increases, the
computational load of information and the communication delay
between UAVs will also increase at the same time, finally reducing
the robustness of the UAV cluster.

Visual navigation has become a hot research topic in the UAV
cluster because visual sensors can provide abundant information!'?!.
Tang et al.l'*'¥! used thermal imaging cameras and visible light
cameras to track the UAV under different lighting and brightness
conditions, respectively. Lin et al.' used the monocular camera
to extract the UAV features and used the algorithm cascade
classifier to classify the features in different situations. Vetrella et
al.l'! combined visual navigation and carrier phase differential
navigation to improve UAV attitude estimation in real-time or
post-processing. In the study of Gassner et al.''”}; a leader-follower
mode of dual UAV carrier flight was proposed by using a
monocular camera without explicit communication. The above
visual tracking system takes UAV as the target feature, which can
achieve good tracking effects in various applicable scenarios, but it
is difficult to effectively track the target in the case of large
illumination changes or complex environmental characteristics.

The laser has been widely used in military, medical, navigation,
and other fields due to its advantages of high energy, accurate
orientation, and high uniformity"®. Walter et al.'" proposed an
onboard relative localization method, based on ultraviolet light,
used for real-time control of a leader-follower formation of
multi-UAVs.  This method realizes the cooperative flight of
multi-UAVs through ultraviolet light and camera, but it has
obvious shortcomings. According to the experiment results, the
followers make simple harmonic motions according to the leader’s
position during the tracking process, and the maximum error
distance between the two UAVs is 6 m. When the number of
followers increases, simple harmonic motion among followers may
cause collisions, and thus security needs to be improved, it is
Park et al.?” used

infrared light (850 nm) emitting diode to strengthen the reflection

difficult to deploy in practical applications.

of the guide label installed on the leader, installs an infrared camera
from the follower and follows the movement of the guide label on
the leader. The infrared light used in this method can effectively
reduce the impact of sunlight. However, because it is a
low-power LED, it can only track two units at a short distance.
Therefore, in view of the above problems of large flight error
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distance and low power of emission light source, combining the
existing visual navigation technology and the advantages of laser
tracking navigation, we proposed a multi-UAV visual navigation
device based on laser tracking.

In order to reduce the tracking error caused by communication
navigation, a visual camera was used in this study to measure the
relative distance between two UAVs.  To reduce the failure rate of
visual tracking, the laser is used instead of the UAV as the tracking
feature in visual perception. To achieve robust visual tracking of
an autonomous system, an improved kernel correlation filter (KCF)
real-time spot tracking method is designed. The tracking method
can estimate laser spot position coordinates under reliable visual
feedback, and convert them into the flying speed of the UAV, so as
to realize the synchronous tracking flight of two UAVs.

Figure 1 illustrates the laser tracking leader-follower automatic
cooperative navigation system. In this system, the UAV equipped
with the laser transmitting device serves as the team leader, which
provides a laser spot as the follower’s tracking target. The rest of
the UAV is a follower, which follows the laser spot’s location and
flies synchronously with the leader. To avoid danger, a minimum
During the flight,
airborne sensors such as optical flow and ultrasound only play

safe distance was set between the two UAVs.

space positioning, and there was no communication between the
two UAVs, all the calculations are performed separately on the two
UAVs.

1. Leader UAV 2. Follower UAV 3. Laser emitting device
receiving device 5. CMOS camera 6. Visual processing device 7. Laser beam
Note: COMS: Complementary metal-oxide-semiconductor.

4. Laser

Figure 1 Schematic diagram of Two-UAV automatic navigation

device based on optical tracking

Based on the existing visual navigation technology and laser
navigation, a visual tracking method and device based on laser
tracking were proposed. The differences between the navigation
of this study and the existing navigation are listed in Table 1.

In addition to the above differences with the existing
navigation methods, this study also proposed an improved real-time
KCF spot tracking method, which can accurately identify the spot
position under different illumination conditions. And a navigation
control method was proposed to automatically correct the position
coordinates of the light spot according to the angle information
provided by the micro gyroscope and convert the image
coordinates into flight coordinates. Compared with the existing
visual navigation system, the laser tracking automatic navigation
system has higher tracking accuracy and more robust visual method
in multi-UAV cooperative navigation.

2 Framework of the system

The system proposed in this study is mainly composed of three
parts: the first part is the laser transmitting device on the leader, the
second part is the laser receiving device on the follower, and the
third part is the laser recognition device on the follower as shown
in Figure 1.
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Table 1 Differences between the navigation of this study and the existing navigation

Navigation methods

Characteristic

1) Strong autonomy, small size, and continuous output information;

Absolute navigation”*!

2) Narrow band width of the GNSS loop, the vulnerability to interference, and the low receiver data update rate;

3) Cost is relatively high, and the corresponding ground base station and air positioning equipment should be equipped at the same time.

L 1) Strong damage resistance and high intelligence;
Communication ) e 3 & g

navigation

1] 2) Low robustness due to the limited communication transmission bandwidth and a large amount of data interaction;
3) The tracking error will be propagated backward step by step and amplified.

1) The number of UAVs in the cluster can be expanded and low communication;

Visual navigation!'”!

2) Visual sensors can provide more abundant information;

3) It is difficult to effectively track the target when the illumination brightness changes greatly or the surrounding environment is complex.

1) High energy, accurate orientation, and high uniformity;
2) Security needs to be improved and hard to deploy in practical applications.

s [19.2
Laser nav1gat10n[ 2201

3) Maximum error distance is 6 m and makes simple harmonic motion between the two UAVs

1) Do not rely on GPS/RTK for positioning, and realize tracking flight through onboard sensors;

The navigation proposed

s navigation bandwidth and massive data interaction;
in this study

4) High tracking accuracy.

2) There is no communication between the two UAVs, which effectively avoids the movement deviation caused by limited communication

3) Using laser spot as visual recognition target can effectively avoid the influence of complex environment;

During the flight, the UAV equipped with laser transmitting
device is named a team leader, while the UAV equipped with laser
receiving device is called ‘follower’. The flying mode of the
leader can be controlled manually or fly according to the preset
route. Before take-off, the laser tracking system on the follower
needs to complete initialization. ~ After the two UAVs take off, the
leader turns on the laser transmitting device and fires a laser beam
to the followers’ laser receiving device. The laser recognition
device on the follower starts to collect the spot image on the laser
receiving device and obtains the position information of the laser
spot. The onboard computer uses the navigation control method
to convert the laser spot position information into the UAV’s flying
speed and transmits it to the flight controller. The follower flies
according to the flying speed, and realizes the simultaneous flight
of the two UAVs through laser tracking. The working principle of
the device is shown in Figure 2. The main control parameters of
the device are listed in Table 2.

Manual Path
control planning

Flying speed (v,, v.)

Leader system

Laser transmitter device
Laser
emitter

Fires laser beam

Flight
control
system

Follower system

r

Form
effective spot

Laser transmitter device

Flight control erli =
system Acrylic Filter
bottom plate || membrane

Convert to Flight coordinate Convert to flight Generate n,],u.“,
flyi |nb correction coordinates coordinates
speed (v, (Xa, Z2) (X Z.) online (i, v)

Figure 2 Working principle of the laser tracking nav1gat10n

Laser recognition
device

system

The laser transmitting device mainly includes a laser
stabilization module and a laser-beam module.  The laser
stabilization module uses the STORM32BGC three-axis brushless
stabilizer, effectively reducing the laser emission module’s jitter
during the UAV flight.
stabilizer, equipped with a 500 mW power red laser transmitter,

The laser-beam module is installed on the

and the battery is equipped with a 3.7 V (1800 mAh) lithium
battery. The laser-transmitting device’s function is to transmit a
laser beam perpendicular to the flying direction of the leader. The
leader guides the follower to follow the flight through the laser
beam to realize the leader-follower simultaneous flight.

Table 2 Main control parameters of the laser tracking
navigation system

Variables Meaning
u X-axis pix coordinates of the laser spot
v Z-axis pix coordinates of the laser spot
X, X-axis flight coordinates of UAV
X Z-axis flight coordinates of UAV
Xp X-axis flight coordinates of UAV after correction
Z Z-axis flight coordinates of UAV after correction
Vy X-axis flying speed of UAV
V. Z-axis flying speed of UAV

The laser receiving device includes a laser receiving plate and
a light-transmitting film. The laser receiving board is a 2 mm
polyvinyl chloride (PVC) board, and the laser can form effective
reflection and transmission on the receiving board. SunMaster’s
sr-space silver high-definition filter film was selected as the
light-transmitting film and pasted on the PVC board to form a clear
and effective light spot on the PVC board. The laser receiving
device’s function is to receive the laser beam transmitted from the
leader and form an effective recognizable spot on the receiving
board, waiting for the laser tracking device’s recognition and
tracking.

The laser recognition device consists of a complementary
metal-oxide-semiconductor (CMOS) camera and an onboard
Choose OpenMV4 H7 for the CMOS camera. The
Raspberry Pi 3B+ was selected as the micro airborne computer.
Since the CMOS camera uses a fixed focus lens, different
installation positions can affect the laser receiving device’s spot

computer.

acquisition range. To achieve the most complete and
comprehensive collection of the spot information on the laser
receiving device by the CMOS camera, the best installation
position is chosen between the camera and the laser receiving
device. The laser recognition device’s function is to first collect
the effective light spot on the laser receiving device in the form of a
video stream and then obtain the image coordinates of the light spot
through a visual processing algorithm. The second step uses the

coordinate conversation model to convert the image coordinates of
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the laser spot into the flying speed of the follower. Finally, the
navigation system controls the follower to fly synchronously
according to the acquired flying speed. Table 3 provides details
of the materials and equipment used in the system.

Table 3 Details of the materials and equipment for laser

tracking navigation system

Material Parameters
Processor: STM32F103RC
STORM32BGC Maximum jitter Angle: 1 degree
Gyroscope sampling frequency: 700 Hz
Power: 500 MW
Red laser Working voltage: 2.8-5.2 V (DC)
Wavelength: 650 nm
PVC plate Thickness: 2 mm
. Transmittance: 18%
Filter film Reflectivity: 85%
OV7725 sensor
OpenMV4 H7 640480 16-bit RGBS565
Raspberry Pi 3B+ CPU: ARM Cortex-A53 1.4 GHz

SOC: Broadcom BCM2837

It can be seen from the above that the main research content of
this article has three points: Firstly, when the laser spot is irradiated
on the laser receiving device, the method of identifying and
obtaining the position of the spot. Secondly, after obtaining the
position of the light spot, the method of accurately converting the
position of the light spot into the flight coordinates of the UAV.
Thirdly, the method of converting the UAV’s flight coordinates
into the flying speed of the UAV. Through the research of these
three parts, the position of the laser spot transmitted from the leader
can be converted into the follower’s flying speed, realize the
tracking of the spot position by the follower, and finally achieve the
simultaneous flight of two UAVs.

3 Visual tracking method

When the laser irradiates the laser receiving device from a
laser spot, the CMOS camera needs to locate and track the spot
position after obtaining the image. In most cases, images acquired
by a CMOS camera adopt the RGB color space, but it is sensitive
to light brightness and is not suitable for image analysis with a
large range of illumination variations!. However, the HSV
color space is relatively intuitive and has a strong anti-interference
ability to light and other effects!®?. Therefore, the color space
conversion of the video image from RGB to HSV is carried out
first.

With the maturity of machine learning algorithms, discriminant
methods are becoming more and more common in the field of
target tracking®™). To achieve high robustness and longtime
tracking, an improved KCF real-time spot tracking method is
proposed. The discriminant method’s main idea is to score the
confidence of different sub-areas in the search area by the classifier
and identify the target’s location by analyzing the response strength
layer. As a discriminant tracking method of typical nuclear
correlation filtering, KCF has achieved remarkable accuracy and
efficiency®. However, in the process of using KCF, if the target
is affected by the change of illumination brightness, interference of
similar targets, and other factors, the target will still be lost.

The KCF tracking algorithm’s main idea to train the
displacement filter is to learn a discriminant correlation filter to
In this study, a scale filter was added
based on a displacement filter, and the scale pyramid was used to

locate a new frame’s target.

extract target samples. The sparse matrix was used to carry out

cyclic sampling in the target region to improve the algorithm’s
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computational efficiency and tracking accuracy. In the algorithm,
ridge regression was used to obtain the optimal correlation filter #;
(Equation (1)).

e=2 |l hxx—g |+l P M
where, x; is the extraction of the number i training sample; g; is the
target output of the number i training sample; 4 is a regular term of
a polynomial to prevent overfitting; 4; is the optimal correlation
filter of the number i training sample.

According to Parseval’s theorem, the operation is converted to
the frequency domain as Equation (2).

. 1 t T 2 t 2
mmM—N{[Zi:lu HX -G F1+2) IH P} @

where, H, is a complex conjugate matrix; X; is the frequency

domain of the number i training sample; G; is the target frequency
domain output of the number i training sample; H; is the frequency
domain expression of the optimal correlation filter of the number i
training sample.

By combining Equations (1) and (2), Equation (3) was

obtained.
ijl aXf

H, ===
D XX+

A3)
where, H, is the optimal correlation filter.

It can be seen from Equation (3) that the original sample
extracted from the detector’s target is the total set sampling. Due
to a large amount of calculation in the total set sampling, the
algorithm’s real-time performance is greatly affected. Therefore,
a sparse matrix for the cyclic sampling of the target region was
used, which can effectively improve the algorithm’s computational
efficiency. The transform sparse matrix P was used to conduct
cyclic sampling on one-dimensional target image x=[x;1, X;2, Xi3, - --»
Xip, NE€[1,40)].  Therefore, the X; in Equation (3) can be
expressed as

Xit Xiz Xin
X, X Xip—

Xi — :m :11 in 1 (4)
Xip X3 Xi1

In the process of target tracking, the optimal correlation filter
H, in Equation (3) will constantly update and iterate. For the
convenience of expression, the numerator expression in Equation
(3) is F;, while the denominator is L, Therefore, the updated
expressions of F; and L; are as follows:

F,=(1-0)F.+0Y GX, (5)

Li=(1-0)L+0Y XX, (6)
where, 6 is the learning rate. Therefore, in the next frame of the
image, the target position can be obtained by solving the maximum
correlation filter response y, and the obtained result is (u, v, w, h).

(u, v) is the central pix coordinates of the target; (w, ) is the width
and height of the minimum border of the target.

{2

L+2A
where, F' represents the Fourier transform; Z represents the

(M

feature matrix of the previous frame.

To keep the tracking for a long time, a support vector machine
(SVM) classifier is added to train the effective target samples based
on the fusion filter®™ and as an online learning classifier based on
this existing KCF algorithm. After the target result is obtained in
each frame, the target confidence level is judged: when the target
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detection threshold is larger than threshold 1 (th1), it means that the
target sample of the frame is positive, and the sample is used as a
training sample to train the SVM classifier; When the confidence of
the target is smaller than threshold 2 (th2), it means that the target
sample of the frame is invalid. At this time, the SVM does not
use this sample for training and re-detects the image target. The
flow of the improved KCF real-time spot tracking method is shown
in Figure 3.

l Parameter initialization |

v S

| Read frame i image

Clip the search area based on
the target location estimated
from the previous frame and
extract HOG feature
¥
Estimate and output the latest
location of the target

¥

Build the target pyramid
]

Calculate the confidence value
tht of the maximum scale
correlation filter and estimate
the target scale

Update the
SVM classifier

Y

Use the SVM classifier
to detect the target
v
Update the shift filter N
and scale filter

Figure 3  Flow of the improved KCF spot tracking method

When using a pix as a feature, the image is scanned in
lexicographical order to form the feature vector. Given N column
vector x;€R? and class label #,€ {-1, 1}0i€ {1, 2, 3,..., N}, the
SVM classifier will find a hyperplane satisfying Equation (8).

N
relp w'w + C;&
stt;(xlw+b)=1-g

®)

where, W' represents the transpose matrix of the matrix w; w
represents the normal line of the hyperplane; b represents the bias
of the hyperplane; ¢; is the relaxation variable; C is the penalty
parameter.

4 Navigation control method

4.1 Distance coordinate transformation model

The position coordinate of the spot collected by the CMOS
camera is a pix coordinate, which cannot be directly used in actual
flight control. Therefore, after obtaining the position information
of the target spot in the image plane of the CMOS camera, it is
necessary to establish an image coordinate transformation model to
convert the pix coordinate (uy, vy) of the image into the flight
coordinate (X,, Z,).

coordinates and geodetic coordinates.

Figure 4 is the relationship between pix

98

RTK-GNSS antenna

Note: o-uv is the pix coordinate system; o-xz is the image coordinate system;
O-X.Y.Z, is the camera coordinate system; O,-X,,Y,,Z, is the world coordinate
system; P is the laser spot; (uo, vo) is the pix coordinates of laser spot.

Figure 4 Image coordinate transformation model diagram

The transformation equation from the image coordinate system
to the pix coordinate system is,

©)

—

o &~

where, u, v are the pix coordinates; d, is the sum of image units per
line; d, is the sum of image units per column; o-uv is the pix
coordinate system; o-xz is the image coordinate system.

The transformation equation from 2D to 3D is,

X 0 0] X.
Y|zl=l0 f wl|lz (10)
1l o o 1|y

where, X, Y., and Z, are the camera coordinates; f is the internal
parameter of the camera; x, z is the image coordinate; O.-X.Y.Z, is
the camera coordinate system.

The camera coordinate system’s transformation to the world
coordinate system is mainly the rotation and translation of the
camera relative to the ground. The conversion equation is,

1 0 0 |lcosp 0O —sinf|cosy —siny O
R=|0 cosa sina 0 1 0 siny cosy 0[(11)
0 —sina cosa |/ sinf 0 cosf 0 0 1

X, X, X
Z, |=R| Z. |+| Z, (12)
T, T, Y

where, a, f, and y are the angle of rotation around x, y, and z,
respectively; X,,, Y,,, Z, are the world coordinate; X, Yy, Z, are the
offsets of the camera for the flight control, O,-X,,Y,,Z, is the world
coordinate system.

Combining Equations (9)-(12), the following is obtained:

X, 2RI, u) + X, (13)
I
Y.

Z,=|R|d,-—-(v—v)+Z, (14)
I

Y, 4RV, 4, (15)

Z, . . ..
where, — is a CMOS camera internal reference, it is assumed that

d)('E and szC
J

f

Since the spot information of the laser receiving device has

are the distance coefficients on x, z, respectively.



170 March, 2022 Int J Agric & Biol Eng Open Access at https://www.ijabe.org Vol. 15 No. 2
only information on two positions, X,, and Z,, the Y, position X\ = Xycosa, —#sina, (20)
information is ignored. There are Equations (16) and (17) as Zn= Zycosa, + Xpsina, 21

follows:

Z,

d,- ==k, 16
"7 (d) (16)
Z,

d,-=~=k(d, 17
" (d,) (17

Substitute Equations (16) and (17) into (13) and (14),
Equations (18) and (19) were obtained.

X, = R|k(d,)-(u—uy)+ X, (18)
Z, = RI-k(d:)-(v=w0) +Z, (19)
4.2 Gyro-based coordinate information correction algorithm

During the UAVs flight, the laser receiving device will change
angle due to the UAVs’ attitude angle change. Therefore, the
coordinate information correction algorithm based on the
gyroscope is proposed to correct the fuselage’s tilt interference.
The gyroscope used the BMIOS88 high-performance inertial
measurement unit (IMU) produced by Bosch Sensortec. The
gyroscope has good paranoid stability (less than 2°h) and
low-temperature coefficient offset (TCO) below 15 mdps/k.
While measuring the camera attitude, MEMS gyro-only based
system suffers from drift and bias. Therefore, the gyroscope
needs to be calibrated. The calibration method of the gyroscope is
to place the gyroscope on flat ground and record 5000 sets of data
continuously, and calculate the average value of the recorded data
as the three-axis zero deviation of the gyroscope. And the
gyroscope data with zero offset correction can meet the
requirements of camera attitude measurement.

The principle of the body tilt correction algorithm based on the
micromachined gyroscope is as follows. The spot position
coordinates (Xy, Zy) output by the CMOS camera are used as the
main variables, and the angle of the body (laser receiving device)
measured by the UAVs’ flight controller gyroscope is used as the
correction parameter. The values of (X,, Z,) are calculated
according to Equations (13) and (14), and then the new coordinate
values (X, Z,) are obtained after the gyroscope angle correction,
and the corrected coordinate values are used to participate in the
flight control.

Figure 5 depicts conditions of UAVs that have a level or tilted
laser receiving device location map; point P is for the laser
receiving device that is level in terms of the actual point; P, is the
point where the fuselage is tilted and is a laser receiving device to
receive the actual point of the same position. As seen from the
figure, the fuselage’s inclination angle is equal to that of the actual
and measured points. Therefore, the relationship between the
measured point coordinates and the actual point coordinates is,

Micromachined
gyroscope

Vertical 90°

Flight direction
—

Vertical 90°

Horizontal 0°.

Horizontal 0°
p

Laser Body angle a
i (Xiy Z0)
receiving . P H
device |
I

Note: P is the laser spot with angle 0°; (Xo, Zo) is the position coordinates of spot
with angle 0°; P, is the laser spot with angle a,° (Xa, Za) is the position
coordinates of spot with angle a;°.

Figure 5 Location of the laser receiver when the UAV is

horizontal or tilted
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where, a, is the body angle of the UAV.
4.3 Decision control strategy

After the image coordinate conversion and coordinate
information correction, it is necessary to establish the relevant
flight control method model.

The laser receiving device is divided into four regions: SO, S1,
S2, and S3. Figure 6 is the laser receiving device area division
diagram. SO is a non-adjustment zone. When the light spot is on
S0, the UAV is in a hovering and self-stabilizing state and does not
follow the light spot’s position to move. S1 is a buffer zone,
which the main function is to gently transition the change of flying
speed. When the light spot is above S1, the distance between the
nonregulated zones of the light spot is calculated to determine the
speed factor and calculate the real-time speed of the UAV at this
S2 is the adjustment region. When the spot is in this
position, the relevant speed calculation formula will be adopted to
calculate the speed according to the spot’s specific position to

time.

realize UAVs’ laser tracking. S3 is the off-target adjustment zone.
When the spot is in the zone, the spot’s specific position cannot be
acquired by the laser recognition device. At this time, the UAVs
will accelerate flight for 2 s at the previous heading angle.

z

i : .
Laser receiving device

o (X Z3)

50 (non-adjustment zone) i
T

He

I (), 4

S1 (buffer zone) —

82 (adjustment zone) ——_

S3 (off-target adj.

area)

Figure 6 Laser receiving device area division diagram

Different from ordinary filtering, the Kalman filtering method
has the advantage of a small delay and can estimate the state of the
object in real-time without generating lag. It is widely used in
motion estimation, especially in UAVP®.  In this study, the
uncontrolled discrete Kalman filter method is adopted to calculate
and control UAVs’ flying speed when the light spot is in different
areas'”’!,

When the spot is at S1, the coordinate point of the spot at this
time is Py(Xy, Zo):

(22)
where, E is the velocity at time £; E is the velocity at time
k+1.

When the spot is at S2, the coordinate point of the spot is P1

Vesn =V =0

(X1, Zy). First, calculate the distance factor Q,, O,:
| X |
0. = (23)
[ X4l
A 1)
© 24|

where, (X, Z,) represents the four vertices of the S1 region.
Further, use the uncontrolled discrete Kalman filter method for
speed calculation:

— X, -X\) (2, -20)
o T

(25)
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v, =v, +dl (26)
kg _ \/ (Vlz_ Vi )2 - (27)
M=)+ (=)

Vi = Vi + kg [y =i | (28)
where, v; is the mean square error prediction speed; v; is the state
prediction speed; k, is the gain factor; T is the unmanned
accelerometer acquisition cycle. (X, Z,) is the position of the
spot in an acquisition cycle. a is the UAV acceleration.

Therefore, when the spot is at S2, the speed of the UAV is,

X
Virl(x) = O, | Vie+1 ‘ ﬁ (29)
X" +z
Viri(y) = Qy' | Vie+1 ‘ % (30)
X" +z
Viti(z) = 0 (€2))

When the spot is at S2, the coordinate point of the spot is P,
(X3, Z;). At this time, the UAV moves completely following the
spot, and P, is brought into Equations (25)-(28).

X
Vie+1(x) :lvzml'i\/—
of 2 2
X +z

z
Vie+1(2) :|Vk+l| .
of 2 2
X +z

When the spot is at S3, the laser receiving device has lost the
spot at this time, and the spot has no coordinates. At this point,
the follower continues to fly at the heading angle and acceleration

(32)

(33)

before the light spot disappears to find the laser spot. At this time,
the UAV speed is,
Vi1 =wtaT (34)
If no spot is found, the speed drops to 0 and enters the
hovering state. The speed is now,
Vi1 =0 (35)

5 Experiment and results

5.1 UAVs for test

As the F450 quad-axis UAV is flexible and small, capable of
carrying a large load, and has a long endurance, this study chose
the F450 quad-axis UAV as the test UAV platform. Its main
parameters are listed in Table 4. In navigation and positioning
devices, both leader and follower use airborne optical flow sensors
and ultrasonic sensors for auxiliary positioning. The leader uses
manual operation to control the flight, and the follower realizes the
automatic flight function according to the laser tracking system.
To accurately describe UAV’s trajectory, RTK was used to record
UAVs’ position. RTK is a NEO-M8P RTK-GNSS module
produced by Ublox. The base station is a mobile base station, and
the positioning accuracy of the airborne mobile station is
centimeter-level and relative coordinates.

Table 4 Main specifications of test UAV

Parameter Unit Value
Supply mode mAh 38 lithium battery, 5300 mAh
Dimensions mm 370 mmx370 mmx240 mm
payload kg 1 kg
endurance min 20 min
Number of propellers 4

Location mode (follower) Optical flow sensor and ultrasonic sensor

Location mode (leader) Optical flow sensor and ultrasonic sensor
RTK Centimeter accuracy

MEMS gyro 6-axis, Sensitivity:16.4 LSB/(°)-s”'
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According to the previous design scheme, an automatic
navigation device for a UAV based on laser tracking is fabricated.
Figure 7 shows a physical diagram of the overall device.

Micro onboard
computer

Power supply

Laser receiver module

module

Laser transmitter

module Triaxial

stabilizer

b. Leader UAV equipped with laser tracking system
Figure 7 Physical diagram of the overall device

5.2 Distance model calibration experiment

The calibration experiment procedure is as follows: taking the
intersection of the laser receiving device and the CMOS camera as
the origin, vertical lines and horizontal dotted lines are formed on
the laser receiving device, and the distance Ax between the adjacent
two points is 0.5 cm. The laser receiving device and the CMOS
camera are fixed on the ground, and the laser transmitting device
fires laser beam at different positions to irradiate the laser receiving
device. The pix coordinates O(0, v) of the vertical point of the pix
coordinate A(u, 0) of the lateral point and the actual camera
coordinate W(x, z) are recorded, and the above experimental steps
are repeated thirty times. The average pix coordinates and the
average camera coordinates corresponding to each point are
substituted into Equations (13) and (14) to solve the corresponding
parameters. Figure 8 shows the calibration experiment diagram of
the distance relationship between pixel coordinate and image
coordinate.

As shown in Figure 9, the difference in the position change of
the spot changes correspondingly with the distance between the
laser receiving device and the CMOS camera. When the distance
is 8 cm, the average difference of the horizontal pix coordinates is
118.2 pix/cm, and the average difference of the vertical pix
coordinates is 114.2 pix/cm. When the distance is 24 cm, the
average difference of the horizontal pix coordinates is 45.5 pix, and
the average difference of the vertical pix coordinates is 46.5 pix.
Therefore, linear, logarithmic, quadratic, and exponential curves fit
the distance between the laser receiving device and the CMOS
camera in horizontal and vertical coordinates. In the horizontal
pix coordinate curve fitting, the quadratic curve has R*=0.9969, and
the matching degree and saliency are better than other curves.
The fitting curve is k(d,)=0.415d"—19.1d+261.5. 1In the vertical
pix coordinate curve fitting, the quadratic curve has R*=0.9729, and
the matching degree and saliency are better than other curves.
The fitting curve is k(d.)=0.231d°—11.94+200.8. Figure 10 is a
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curve fit diagram of horizontal and vertical pix. The fitted curve
and the known parameters u,=320, v;=240, and the mounting
dimension 0=90°, f=0°, y=0°, X;=5 cm, Z,=3 cm are substituted
into Equations (18) and (19), and the equations as follows were
obtained:
X,,=(0.14d*—6.584+103.18)-(u—320)+5 (36)
Z,=(0.11d*=5.34d+90.96)-(v—240)+ 3 37)

Front view of

... laser receiving device
CMOS camera /
Laser beam o n .
Support frame 2 e
.
Side view of

laser receiving device

a. Experiment hint diagram

b. Experiment entity diagram
Figure 8 Calibration experiment diagram of distance relationship
between pixel coordinate and image coordinate
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5.3 Spot recognition experiment with different illumination
brightness

The experiment procedure is as follows: Install the fixed
support frame and fix the CMOS camera and the laser receiving
device in a relative position. Add impurities with the same or
similar color as the laser spot on the laser receiving device and
within the visible range of the CMOS camera as the interference
source 1, and add impurities with the same or similar color as the
soil as the interference source 2, as shown in Figure 11. The laser
receiving device was placed under 12 luminance levels of 15.4 1x,
27.6 Ix, 37.8 Ix, 39.4 1x, 71.4 Ix, 149.6 Ix, 161.8 Ix, 192.2 Ix,
199.8 1x, 213.2 1x, 35 600 Ix, and 48 500 1x. The first ten of them
were indoor illumination, and the last two were outdoor
illumination. The laser transmitting device is used to illuminate
the laser receiving device and remains stationary. The classical
KCF algorithm is used to compare the recognition effect with the
improved KCF algorithm.  After completing the stationary
recognition, control the light spot to move between (=3, 0), (3, 0)
and (0, —3), (0, 3) and the moving speed is set to 0.2 m/s, 0.4 m/s,
0.6 m/s, 0.8 m/s, 1.0 m/s. Use the classic KCF algorithm to
compare the tracking effect with the improved KCF algorithm in
this study, record the recognition of light spots in the video stream
every second within 1 min, and count the light spot’s recognition

rate.
 Interference _

Interference
source |

peontaounn

Figure 11 Laser receiving device with interference source
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As shown in Figurel2a, when the illumination brightness is
low, the classical KCF algorithm shows incomplete target contour
detection and over-segmentation of the target in different degrees.
When the illumination brightness is 71.4 1x, the classical KCF
algorithm recognizes the artificially added interference source in
the target contour. When the light intensity is 149.6 1x, and the
indoor light is above this value, the classical KCF can identify the
target contour more accurately. When the laser receiving device
and transmitting device are placed in the outdoor light, the classical
KCF algorithm will lose the target due to the high outdoor light
intensity and the influence of outdoor natural light. It can be seen
from Figure 12b that when the ambient light intensity is low, the
optimized recognition algorithm can effectively recognize the light
spot. As the brightness increases, the algorithm can effectively
reduce the impact of light intensity and identify the location of the
light spot. Simultaneously, when the lighting conditions are
outdoor natural light, the recognition algorithm can accurately
identify the target spot and maintain good target detection ability.

199.8 Ix

2132 1x

154 1x
L

B |

149.6 1x
A A
| |
| ]
199.8 Ix 213.2 Ix

a. Original and identification diagrams of classical algorithms

As shown in Figurel3a, when the classical KCF algorithm is
adopted, the contrast between the laser spot and the laser
receiving device is relatively bright at the low illumination
luminance of 15.4 Ix and 27.6 lx, so its recognition rate is
relatively high, with the highest recognition rate reaching 75%.
When the laser receiving device is in high outdoor light intensity,
the highest target tracking rate is only 20% because the laser spot
cannot be correctly identified. Due to the influence of natural
light, the identification results will be wrong. As shown in
Figure 13b, under different illumination luminances, the laser
transmitting device adopts different moving speeds.  The
algorithm of this study can maintain relatively high tracking
accuracy, with an average tracking accuracy above 95%.
Therefore, by comparing the above two experiments, the
improved algorithm has strong robustness regarding the influence
of illumination brightness and target movement speed. The
tracking effect in the process of color target movement is better
than the classical KCF algorithm.

K

161.8 Ix

.

3
35600 Ix

35600 Ix

48 500 Ix

b. Original and identification diagrams of optimization algorithms
Figure 12 Two algorithms of identification and contrast under different brightness conditions
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5.4 Calibration experiment for static body tilt interference
An interference correction experiment in a static environment
is conducted to verify the micro-gyroscope coordinate algorithm’s
accuracy. The experiment procedure is as follows: firstly, fix the
laser transmitting device on the flat ground and fix the laser
receiving device and CMOS camera in relative positions.
Secondly, adjust the relative positions of the transmitting device
and receiving device so that the CMOS camera can collect the
spot’s position information on the receiving device during the angle
adjustment. Finally, compare the coordinate errors before and
after correction. Figure 14 is the angle (a) of laser receiving
device. A total of 7 tilting laser receiving devices at different
angles of 5°, 10°, 15°, 20°, 25°, and 30° were simulated, and the
position information of light spots collected by the laser
recognition device was recorded, as listed in Table 5. The
calculation equation of coordinate error is as follows:
AX=X,— X, (38)
AZ=Z,~ 7, 39)

Table 5 Data comparison before and after tilting interference
correction of UAV

Angle  Actual location  Precorrection Correction Corrected
/(°) /em error/cm value/cm error/cm
0 (8.40,4.00) (0, 0) (8.40,4.00) 0, 0)
5 (8.02,4.71) (0.38,0.71) (8.37,4.12) (-0.13,0.12)
10 (7.57,5.39) (0.83,-1.40)  (8.41,4.05) (0.11,0.15)
15 (7.08,6.04) (1.32,-2.04) (8.43,3.98) (0.13,0.12)
20 (6.53,6.63) (1.87,-2.63)  (8.42,4.01) (0.12,0.11)
25 (5.92,7.17) (2.47,-3.17)  (8.42,4.03) (0.12,0.13)
30 (5.27,7.66) (3.12,-3.66)  (8.44,3.98) (0.14,0.12)

As seen in Table 5, when the laser receiving device is not
subject to tilt interference (inclination angle is 0°), the spot’s
position information is (8.40, 4.00) cm.  After the tilt interference,
the position information of the spot changes and gradually
decreases. After calibration according to the gyroscope angle, the
maximum error of the spot position is reduced from the
pre-correction (3.12, —3.66) c¢cm to the post-correction (0.14,
—0.12) cm. It can be seen that an improved algorithm can better
eliminate the interference error caused by the tilt of the laser
receiving device caused by the tilt of the fuselage of the UAVs
during flight.

Figure 14  Angle (a°) of laser receiving device

5.5 Automatic collaboration of two UAVs

After the above experiments, it is necessary further to test the
tracking device’s space tracking effect. A flight experiment is
conducted in the school playground at 4 pm, and the weather was a

breeze. The laser transmitting device is installed in the leader; the
laser receiving device and laser recognition device are installed in
the follower. During the flight, the two UAVs’ horizontal
distance is kept to 2 m and locked in the horizontal position.
After completing the laser tracking system’s calibration, the leader
and follower take off to 1.5 m. Waiting for two UAVs to stably
hover, the leader turns on the laser transmitting device and fires a
laser beam, the laser receiving device receives the leader’s laser
and forms a spot, laser recognition device begins gathering spot
location information. The leader starts to fly according to the
pre-designed flight path, and the maximum flying speed is 2 m/s.
The follower fly tracked according to the location of the spot.
Figure 15 is the actual flying diagram of leader and follower
tracking.

Leader

Figure 15 Leader and follower tracking flight

Figure 16a is the three-dimensional trajectory of the leader and
follower tracking flight and the leader’s preplanned flight path.
Figure 16b is the projection of the flight trajectory in the X-Z plane.
It can be seen from Figure 16b that when the leader flies in a
straight line, the follower can better track the flight of the leader.
However, when the current leader turns, the follower’s movement
trajectory error is relatively large, such as point 1-7. During the
hover at point 1, the follower deviated in both the X- and
Z-directions, possibly due to wind interference in the sky. When
it comes to point 2-7, the deviation is mainly caused by the flying
speed control method adopted in the tracking flight in this paper,
instead of wusing the coordinates of geographical position
information to control the UAV for tracking the flight. Therefore,
in fast flight, the movement distance of followers will exceed the
leader’s position due to the UAV’s fast braking. However, the
average return time of the seven inflection points was 0.83 s.

Figure 17 shows the absolute error change of the trajectory of
the follower relative to the trajectory of the master during the entire
tracking process. It can be seen that during the flight, the absolute
error reaches the maximum error at 140 s, which is 17.2 cm.
However, the absolute error of the flight trajectory has some jump
noise. The main reason is the jump noise generated by the flight
decision mode of the light spot in different regions of the laser
receiving device. When the light spot is in the non-adjustment
zone of the rectangle, the follower uses the airborne sensor to
adjust the hover stably. And due to the small size of the UAV
frame, there is interference from the natural wind during the flight,
which causes the tracking trajectory parameters to drift, and the
trajectory error has jumping noise. When the leader is flying
straight from point 1 to point 2 in Figure 16b, the follower will fly
synchronously according to the position of the light spot. Due to
the change of the attitude angle during the flight, the UAV has a
height change in the vertical direction. When the accumulated
height deviation exceeds the boundary of the non-adjustment zone,
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the light spot will enter the buffer zone in the vertical direction.
At this time, the laser tracking system will adjust the corresponding
speed in the vertical direction, so that the light spot returns to the
no-adjustment zone in the laser receiving device. Due to the
change of the attitude of the follower and the existence of factors of
flight decision during the flight, the tracking error of the follower is
caused as shown in Figure 17. However, it can be seen from the
figure that the average tracking error of the follower remains
around 6 cm. Compared with the existing visual tracking
methods!"*'*, the method proposed in this study has better tracking
ability.
Lead UAV trajectory

Follow UAV trajectory
—— Target trajectory

3'681 ¢ Initial lead UAV position
1 Final lead UAV position
3.221 4 [Initial follow UAV position
E ! Final follow UAV position
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Figure 17  Error variation in the whole process
As listed in Table 6, the relative offset between the follower
tracker and the leader tracker is analyzed, from which it can be
seen that in the X-axis direction, the average offset is 5.2 cm, and
the coefficient of variation is 0.0181. In the Z-axis direction, the
average offset is 7.3 cm, and the coefficient of variation is 0.0414.
Compared with the X-axis offset, the Z-axis direction of the
average deviation, maximum deviation, and variation coefficient

were greater than in the X-direction. The main reason is that there
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has a natural lateral drift effect of UAVs in the Z-direction during
flight, and in the X-direction, flying UAVs have inertia; therefore,
the natural wind has a smaller influence on the flight in the
X-direction. From the analysis of the whole trajectory, it can be
concluded that the average deviation of the whole trajectory is
6.3 cm, and the variation coefficient is 0.0297. Therefore, the
device in this study has high reliability when applied to UAVs.

Table 6 Trajectory analysis parameters

s Average offset Maximum Coefficient of
Direction .
/em offset/cm variation
X-direction 5.2 8.8 0.0181
Z-direction 7.3 17.2 0.0414
Full track 6.3 13.0 0.0297

6 Conclusions

In this study, a novel cooperative navigation method was
proposed for two UAVs based on laser tracking and the design of a
laser tracking system, which successfully combines laser tracking
and visual navigation. According to the function requirement,
each part of the system was designed and researched. Based on
the above experimental analysis results, the following conclusions
can be made:

1) In view of the difference in the unit displacement of the
light spot between the camera and the laser receiving device at
different installation distances, a correlation between the
installation distance and the unit displacement was established on
the X-axis and the Z-axis. The coefficients R* of the quadratic fitting
curve of the X-axis and Z-axis are 0.9969 and 0.9729 respectively,
which can effectively eliminate the influence of the installation
distance on the actual movement distance of the light spot.

2) Aiming at the problem of unstable spot recognition due to
changes in lighting conditions, and improved KCF real-time spot
tracking method was proposed. A scale filter was added based on
the displacement filter, sparse matrix cyclic sampling was used
instead of full sampling, and SVM was added for online learning of
target samples. The improved recognition algorithm can
accurately identify the position coordinates of the related light
At the same
time, compared with the traditional KCF recognition algorithm, the
recognition algorithm in this study can effectively track the light

spots when there are multiple interference sources.

Under indoor
lighting conditions, the tracking recognition rate of the light spot
has increased from 70% to 95%. Under outdoor conditions, the
tracking recognition rate of the light spot has increased from 20%
to 90%. The experimental results show that the identification and
tracking algorithm can effectively reduce the influence of light
conditions and interference sources, and has strong robustness.

3) Aiming at tilt interference, a correction algorithm based on a
micromachined gyroscope was designed. When the fuselage is
tilted 30°, the error is reduced from (3.12, —3.66) cm before
correction to (0.14, 0.12) cm after correction.

spot under 12 different illumination conditions.

It can better
eliminate the interference error of the laser receiving device tilt
caused by the tilt of the fuselage of the UAV during the flight.

4) In the outdoor flight experiment of two UAVs, the follower
can accurately track the leader for synchronized flight.
Comparing the flight trajectories of leader and follower, the
average deviation of the two UAVs on the X-axis is 5.2 cm, and the
coefficient of variation is 0.0181; the average deviation on the
Z-axis is 7.3 c¢m, and the coefficient of variation is 0.0414. The
experiment results show that the system can accurately realize the
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synchronous flight of two UAVs.

The outdoor flight experiment has proved that the tracking
system is effective and can reduce the impact of complex lighting
conditions and changeable illumination conditions on the visual
tracking of UAVs, and achieve stable simultaneous flight of two
UAVs. Compared with the existing multi-UAV vision
collaboration navigation!'*'”), the system in this study has higher
accuracy and higher robustness and provides a new navigation
method based on optical tracking for multi-UAVs cooperative
navigation. But in the process of tracking the flight of the system
the follower’s trajectory still has jumping noise, and the flight
stability of the follower needs to be improved. Therefore, more
work would be done in optimizing the method of receiving light
spots and flight strategy after receiving the laser. In the following
research, the agricultural UAV will be used to carry out a large
region of outdoor flight experiments.
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Abstract: Effective weed control is an important measure to reduce the risk of stable yields in direct seeded rice,
and pre-sowing soil flame treatment is an effective means of suppressing weed seed germination prior to sowing by
non-chemical methods. In order to clarify the law of the influence of the temperature field on the germination rate
of weed seeds in soil flame treatment, the structural parameters of the header pipe in the fuel diversion component
were investigated using numerical simulation. The results of the numerical simulation and validation test showed
that when the inner diameter of the header pipe d was 20 mm and the gas input flow rates were 1.0~3.5 m®h, the
maximum flow deviation rates Ay were within 3.0%, more uniform gas flow distribution between outlet branches.
Based on the numerical simulation results, a flame combustion device was designed to study the effects of six types
of LPG fuels with input flow rates (1.0~3.5 m®/h) on the flame height and the flame temperature distribution, and a
full-factorial test was carried out by using the tractor traveling speed, fuel input flow rate, and soil depth as test
factors, and the effect of temperature field on the germination pattern of weed seeds was studied using common
weed seeds among rice fields. The test results showed that the flame height and the maximum value of flame
temperature both increase with the increase of fuel input flow rates under normal temperature and pressure
operating environment; when the tractor traveled at a speed of 2.36 km/h and the fuel input flow rates were 2.5, 3.0,
3.5 m¥h, the soil temperature could reach 92.83, 116.58 ,156.83°C, respectively; compared to the un-flamed
treatment control group, when the soil temperature reached 92.83°C, the germination rate of seeds of Leptochloa
chinensis (L.) Nees and Cyperus difformis were significantly reduced at the significance level of «=0.05, but the
germination rate of seeds of Digitaria sanguinalis and Eclipta prostrata were not significantly affected, and the
germination rate of seeds of the four weeds were significantly reduced when the soil temperature reached 116.58
and 156.83°C. When the soil temperature reached 156.83°C, the germination of seeds of four weed species
Digitaria sanguinalis, Eclipta prostrata, Leptochloa chinensis (L.) Nees and Cyperus difformis decreased by
94.82%, 87.81%, 86.54% and 84.05%. The results of the field test showed that the soil flame treatments have
significant germination inhibiting effects on Echinochloa crusgalli, Digitaria sanguinalis, Eclipta prostrata, and
Cyperus difformis. their relative weed control rates Y = 80.00%.

Key words: direct seeding of rice; soil abatement; combustion characteristics; temperature field; seed germination
rate
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Tab. 1 Structural dimensions of fuel diverter
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Fig. 2 Velocity magnitude contour at the inlet of each branch with

different inner diameters of header pipe’s pipes
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Fig. 10 Experimental plot of soil temperature change
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Tab. 3 Experimental parameters of soil temperature
variation at different depths

ARERAL HERHLAT IR RN TR
) /(km h) I(m? hrY) JElcm
1 2.36 35 0
2 2.36 3.0 0
3 2.36 2.5 0
4 2.36 35 0.5
5 2.36 3.0 05
6 2.36 2.5 0.5
7 2.36 35 1.0
8 2.36 3.0 1.0
9 2.36 25 1.0
10 2.75 35 0
1 2.75 3.0 0
12 2.75 25 0
13 2.75 35 0.5
14 2.75 3.0 0.5
15 2.75 2.5 0.5
16 2.75 35 1.0
17 2.75 3.0 1.0
18 2.75 2.5 1.0
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Y i FE O BA IR AR T 230%. FERRREHR IR BN 1.0~2.5
m¥h B, KIEEEENRKZEENT 5%, 15~4%5
TR P8 8 XoF L [ K 1 B 22 s, N 2 R e s ] -k
Y A 5] R EHR AL E= N 3.0 m¥/h B,
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m3h B, M1 S ~4 S BEBERR T R KO R AR
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Fig. 11 Flame height with different fuel input flow rates
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Fig. 12 Flame temperature distribution at different fuel input flow rates
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Fig. 13 Soil temperature values with time under different
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Tab. 4 Weed seed germination characteristics with different fuel input flow treatments

T A AbERZH YR I Al /d KRR RKEFHI% REFZI%
K N TR 4574037 21.23+182 20.00+1.47 29.00+1.66
oy 10 3.1940.22 19.50+1.56 20.50+0.95 23.00+1.32
o 11 3.48+0.34 1045+0.71 9.50+1.18 1250+1.11
12 3.00+057 1.08+0.21 1.50+0.25 1.50+0.25
AR BT 3.88+0.58 15.32+1.13 15.00+0.65 20.50+2.09
" 10 4.4340.56 9.48+159 9.00+0.87 14.00+1.63
11 4.69+0.84 5.58+0.97 450+0.75 8.00+1.35
12 8.29+150 0.66+0.15 0.00+0.00 2.50+0.48
2B Kb FE 2.88+0.26 25.24+3.75 23.00+2.96 26.00+3.08
ca 10 424+0.26 7.87+1.03 9.50+1.55 12.50+1.31
11 2.94+0.63 8.10+1.10 6.50+0.85 8.00+1.22
12 5.714+1.22 1.67+0.40 2.00+0.58 3.5040.75
K N TR 6.51+0.36 55.91+2.87 30.00+0.00 8150+2.17
J— 10 6.74+053 27.56+0.63 18.50+2.29 59.50+2.56
T 11 7424171 6.6141.00 5.00+0.96 18.00+3.34
12 8.08+0.97 3.99+0.26 1.50+0.25 13.00+1.32
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Fig. 14 Field Flame Thermal Abatement Test
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Tab. 5 Germination rates of various weed types in field test

. WA FR AbER R SRR AN PREE 2
REMR B2 Z, Y/%
Pt 6 1 83.33
o 13 2 84.62
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ARTICLE INFO ABSTRACT

Keywords: Accurately segmenting key elements in honey pomelo orchards is vital for the development of intelligent agri-
Honey pomelo orchard cultural robotics in these orchards. In this study, a new model for key elements segmentation (such as roadways,
PomeiO'Net . orchard ways, pomelo trees, obstacles, and persons) in honey pomelo orchards, Pomelo-Net, was introduced, in
E:;;lf‘:er?;}i ts segmentation order to conduct autonomous navigation and precise operations of the agricultural robotics working in this area.

This study proposes that the Pomelo-Net mainly consists of an encoder and a decoder. Key features from orchard
images were efficiently captured by Pomelo-Net using a lightweight, efficient channel attention-Mobilenet V2
(EMNet) feature extraction network in its encoder. To perceive target information across various receptive fields
within the orchard, the depthwise separable atrous spatial pyramid pooling (DSASPP) structure was employed by
Pomelo-Net. Additionally, the efficient channel attention (ECA) mechanism within Pomelo-Net’s deep feature
extraction network filtered out irrelevant features from orchard images, enhancing feature utilization without
reducing channel numbers. To improve decoding speed and reduce computational load, efficient depthwise
separable convolution (DSC) modules were integrated into Pomelo-Net’s decoder. Finally, for the loss function of
the proposed model, the robust combination of dice loss (DL) and focal loss (FL) functions was utilized in order to
address the imbalance between target information pixels and orchard background pixels. The experimental re-
sults indicated that Pomelo-Net achieved a mean intersection over union (MIOU) of 89.3% and a mean pixel
accuracy (MPA) of 95.1% on the test set for roadways, orchard ways, pomelo trees, obstacles, and persons in
“Jinsha” pomelo orchards. Robustness tests demonstrated that satisfactory perception results were delivered by
Pomelo-Net under various lighting conditions and motion blur, with MIOU and MPA both exceeding 84.7 % and
90.9 %, respectively. Compared to state-of-the-art models (such as U-Net, PSPNet, Segformer, and HRNet), high
accuracy, a lightweight design, robustness, and fast inference were offered by Pomelo-Net, making it highly
promising for the development of intelligent pomelo orchard agricultural robotics.

Agricultural robotics

1. Introduction renowned for its sweetness and exceptional nutritional profile, boasting
elevated levels of vitamin C, calcium, and magnesium compared to other

Pomelo, esteemed for its flavor, aroma, texture, and nutritional pomelo varieties. Recently, there has been a notable surge in interest
richness, stands as a significant economic crop in the region of southeast towards the intelligent management of honey pomelo orchards. To
China (Pei et al., 2022). Specifically, the honey pomelo cultivated in the realize intelligent orchard management, it is essential to develop intel-
Jinggang mountains region of Ji’an City, Jiangxi Province, China, is ligent agricultural machinery specifically designed for pomelo orchards.

* Corresponding authors at: College of Engineering, South China Agricultural University, Guangzhou 510642, China.
E-mail addresses: zixuan.he2@wsu.edu (Z. He), ruiojiang@scau.edu.cn (R. Jiang), zyzhou@scau.edu (Z. Zhou).

https://doi.org/10.1016/j.compag.2024.109760
Received 23 June 2024; Received in revised form 24 November 2024; Accepted 1 December 2024

Available online 11 December 2024
0168-1699/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.

119


mailto:zixuan.he2@wsu.edu
mailto:ruiojiang@scau.edu.cn
mailto:zyzhou@scau.edu
www.sciencedirect.com/science/journal/01681699
https://www.elsevier.com/locate/compag
https://doi.org/10.1016/j.compag.2024.109760
https://doi.org/10.1016/j.compag.2024.109760
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compag.2024.109760&domain=pdf

X. Guan et al.

These machines or robotics should facilitate advanced plant protection
operations as well as other tasks like trenching and fertilization.
Orchestrating as a pivotal technology for these intelligent systems, the
methods for segmenting key elements play a crucial role in empowering
agricultural machineries to dynamically perceive and comprehend the
orchard surroundings. This capability facilitates autonomous naviga-
tion, precise path planning, and adept obstacle avoidance. Hence,
developing a method for segmenting key elements specifically suited for
pomelo orchards is imperative.

Traditional computer vision methods are renowned for their stability
in controlled environments, interpretability, and low computational
costs (Kaushalya Madhavi et al., 2022), making them extensively
employed in orchard environment perception. Previous research has
demonstrated the efficacy of computer vision in aiding smart robots
deployed in diverse orchard settings, including apple orchards (Zhang
et al.,, 2017) and orange groves (Chen et al., 2018), showcasing
commendable performance, particularly in obstacle detection within
greenhouse environments (Nissimov et al., 2015). Moreover, studies
have successfully utilized computer vision techniques to distinguish
between trees, non-tree objects, and tree trunks within orchards (Shalal
et al., 2015; Lyu et al., 2018). However, recent investigations suggest
that while low-cost computer vision methods offer promise, they
encounter challenges in accurately detecting and precisely locating
various objects within complex orchard environments (Anagnostis et al.,
2021; Li et al., 2021).

In recent years, the rapid advancement of deep learning methods has
gained significant attention for orchard applications (da Silva et al.,
2022; Taner et al., 2024). Object detection algorithms like Faster R-
CNN, YOLOvV3, YOLOv4, YOLOvV5, and YOLOv7 (Huang et al., 2023)
have been used to detect orchard traffic signs (Gao et al., 2023), banana
clusters (Fu et al., 2022), and tree trunks (Su et al., 2022), providing
bounding boxes with positional and dimensional data. This information
aids orchard vehicle navigation (Zhou et al., 2022; Jiang et al., 2022)
and, combined with distance measurement techniques, helps estimate
object distances (Huang et al., 2023). Despite their success, studies have
pointed out that these methods still have limitations in accurately
capturing the three-dimensional shapes and boundary details of objects
(Kang et al., 2019; Hou et al., 2022).

Consequently, pixel-level precise semantic segmentation methods
have begun to emerge in orchard information perception. Sun et al.
(2022) and Anagnostis et al. (2021) proposed utilizing semantic seg-
mentation networks to segment orchard images acquired via drones,
demonstrating that accurately delineating fruit trees facilitates precise
orchard path planning (Sun et al., 2022; Anagnostis et al., 2021).
However, detection approaches based on drone-captured images are
constrained in real-time perception of orchard environments. To address
the demand for real-time orchard environment perception in intelligent
operation of robots and vehicles, some studies have leveraged semantic
segmentation networks for on-the-fly detection of pathways, obstacles,
fruit trees, and individuals in orchards (Shang et al., 2021; Yang et al.,
2022; Zhang et al., 2024). Findings suggest that vehicle-mounted image
sensors coupled with refined semantic segmentation methods offer
greater benefits for vehicle navigation and environment perception
compared to object detection methods (Wen et al., 2023).

Classic semantic segmentation models include U-Net (Ronneberger
et al., 2015), PSPNet (Zhao et al., 2017), HRNet (Wang et al., 2020),
Segformer (Xie et al., 2021), and DeepLabV3+ (Chen et al., 2018). U-Net
achieves excellent segmentation performance through multi-resolution
feature concatenation. HRNet improves prediction accuracy by
running parallel multi-resolution branches and cascading their features.
However, Tian et al. (2024) found that U-Net and HRNet have large
parameter sizes and high computational costs, making them unsuitable
for real-time perception. Tian et al. (2024) also pointed out that the
lightweight PSPNet relies on multi-resolution pooling layers, while
DeepLabV3 + uses multi-layer atrous convolution with different dilation
rates, resulting in better feature extraction compared to PSPNet.
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Segformer is lightweight and computationally efficient, making it suit-
able for real-time applications, but it tends to confuse foreground and
background in complex scenarios (Wen et al., 2023), limiting its effec-
tiveness in orchard environment perception. Multiple studies have
shown that DeepLabV3 + encodes rich contextual information and re-
stores object boundaries through a simple and efficient decoder,
capturing multi-scale information in orchard images and fully utilizing
pixel spatial correlations (Chen et al., 2022; Wu et al., 2021). Therefore,
DeepLabV3 + demonstrates better potential for orchard environment
perception tasks compared to U-Net, PSPNet, HRNet, and Segformer.

The key elements to be detected in honey pomelo orchards include
roadways, orchard ways, obstacles, pomelo trees, and persons. Howev-
er, the complex lighting conditions and noise interference in natural
pomelo orchards pose significant challenges to environment perception
methods. Additionally, practical applications must consider the
computational cost and recognition rate of perception methods. Some
researchs indicates that the original DeepLabv3+, due to its high
computational complexity, is not well-suited for real-time perception
tasks. Therefore, there is a need to improve its efficiency to better fit
orchard scenarios and enhance its detection capabilities (Su et al., 2021;
Zhang et al., 2022; Lv et al., 2022).

To address the current research gaps in key elements segmentation in
honey pomelo orchards and enable automated navigation, this study
aims to propose a method based on the DeepLabv3 + semantic seg-
mentation algorithm to support the development of intelligent agricul-
tural machinery. To this end, the specific objectives were to (1) to gather
authentic environmental images of honey pomelo orchards for con-
structing a dataset on orchard environment information, (2) to improve
DeepLabv3 + and propose a model suitable for key elements detection in
honey pomelo orchards, and (3) to test the robustness of the orchard
environment perception model.

2. Materials and methods
2.1. Sample collection and preprocessing

From November 23 to December 1, 2023, images were collected
from the Jinggang honey pomelo demonstration orchard in the Agri-
cultural Science and Technology Park of Ji’an City, Jiangxi Province,
China. The variety of honey pomelo grown in the orchard is “Jinsha”
pomelo. The ZED 2i stereo camera was used as the image acquisition
device, mounted on an operational vehicle as shown in Fig. 1a, at a
height of approximately 1.2 m above the ground. To ensure a high-
quality dataset, the image acquisition process was not restricted by
weather or lighting conditions. Furthermore, to expedite model training
and detection speed, the 2208 x 1242 pixels images captured by the ZED
2i were transferred to 576 x 324 pixels. We initially selected 673 images
of pomelo orchard and augmented them into a comprehensive dataset of
3365 images of the pomelo orchard. This augmentation was achieved
using techniques such as rotation, translation, flipping, noise addition,
and brightness adjustment. The resulting dataset was then divided into a
training set (2355 images), a validation set (337 images), and a test set
(673 images) in a 7:1:2 ratio. The study focused on segmenting major
objects in the pomelo orchard such as roadways, orchard ways, pomelo
trees, obstacles (streetlight poles, signposts), and persons. The Labelme
software (Fig. 1b) was used to annotate these objects in the pomelo
orchard dataset images for training the environmental perception
model. The resulting labeled images are shown in Fig. 1lc.

2.2. Pomelo-Net network structure

To quickly and accurately detect environmental information in the
pomelo orchard, this study proposed an improved deep learning model
Pomelo-Net network based on the DeepLabV3 + architecture. As shown
in Fig. 2, the Pomelo-Net network consisted of an encoder and a decoder.
In the encoder part, a lightweight efficient channel attention-MobileNet
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Fig. 2. The Pomelo-Net network structure for environmental information detection in honey pomelo orchards.

V2 (EMNet) feature extraction network was used to swiftly and accu-
rately extract key features from pomelo orchard images. The depthwise
separable atrous spatial pyramid pooling (DSASPP) structure was
employed to perceive target information at different receptive fields in
the pomelo orchard, enhancing Pomelo-Net’s feature extraction capa-
bilities. Additionally, lightweight efficient channel attention (ECA)
modules were introduced at the output of EMNet and at the end of the

encoder in Pomelo-Net, respectively, to filter out useless features in
orchard images in both shallow and deep networks, further improving
feature utilization.

In the decoder part, to reduce the model’s computational load and
increase detection speed, the study employed an efficient depthwise
separable convolution (DSC) module. A 1 x 1 DSC module was utilized
to accelerate the channel dimension reduction for low-level features. At
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the end of the decoder, the 3 x 3 DSC module was used to quickly refine
features and perform upsampling, restoring the image to its original
resolution and achieving clearer perception results. Furthermore,
addressing the imbalance between target information pixels and orchard
background pixels, the combination of dice loss (DL) and focal loss (FL)
functions was utilized as the loss function of Pomelo-Net, ensuring
robust performance.

2.3. Efficient channel attention-MobileNet V2 (EMNet)

The DeepLabV3 + network utilized Xception as its backbone. Despite
its robust feature extraction capabilities, the intricate architecture and
numerous parameters contributed to reduced detection speeds (Liu
et al., 2024). To expediently and accurately extract features within the
intricate environment of a pomelo orchard, this study proposed aug-
menting the inverted residual modules of MobileNet V2 by integrating
the ECA mechanism, thus creating EMNet. This lightweight EMNet was
subsequently deployed as the feature extraction network for Pomelo-
Net.

Specifically, the improved inverted residual modules in the EMNet
feature extraction network consisted of two types, as illustrated in Fig. 3.
The module depicted in Fig. 3a initially employed a 1 x 1 convolution to
augment the input dimensionality, facilitating comprehensive informa-
tion extraction. It subsequently conducted feature extraction using a 3 x
3 depthwise convolution, selectively filtering out irrelevant features
through the attention mechanism. Following this, a 1 x 1 convolution
was employed to reduce dimensionality, ensuring efficient high-
dimensional feature extraction. Finally, the input and output of the 1
x 1 convolution were aggregated. The alternate improved inverted re-
sidual module, depicted in Fig. 3b, utilized a 3 x 3 depthwise convo-
lution with a stride of 2 for feature extraction subsequent to the 1 x 1
convolution. This was succeeded by the attention mechanism and a
subsequent 1 x 1 convolution for pivotal feature extraction and
dimensionality reduction. These enhancements enabled the EMNet
feature extraction network to significantly alleviate computational
burden while upholding feature extraction efficiency, thereby bolstering
the network’s detection speed.

2.3.1. Efficient channel attention (ECA) module
To suppress irrelevant features and enhance focus on key features in
pomelo orchard images, this study introduced the ECA module (Fig. 4).

Conv 1x1, Dwise 3x3,
Relu6 stride=1 Relu6

J |

Conv 1x1, ECA )
Lincar Attention

(a) Inverted residual structure when stride is 1
s - |
=) Conv 1x1, t:(>{ Dwisc 3x3, I
Relu6 stride=2 Relu6 I
A4 I
Cony 1x1, |< ECA :
Linear Attention ),
(b) Inverted residual structure when stride is 2
Conv 1x1, | The 1x1 convolution and Dwise 3x3, The IXIA"ICPU“‘“C
. . X . convolution and Relu6
Linear linear transformation Relu6
Adding feature information 1x1, ) The 1x1 convolution and
to the feature map Relu6 activation function

activation function
Fig. 3. Improved inverted residual structures in EMNet.
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The ECA module uses global average pooling (GAP) to average feature
values of each channel, followed by a 1D convolution with K kernels,
producing a 1 x 1 x C feature map. This map is combined with the
original feature map to emphasize important orchard information and
reduce noise. The formula for calculating the convolution kernel K is
formulated as follows:

K= log,(c) b'

4P €

0 0

In the formula, K represents the odd number closest to the formula value;
0 and b are constants used to adjust the ratio between the number of
channels and the size of the convolution kernel, with values of 2 and 1,
respectively; c is the number of channels.

2.4. Depthwise separable atrous spatial pyramid pooling (DSASPP)
structure

In the intricate landscapes of pomelo orchards, a wide range of scales
was observed, presenting a rich array of semantic details across various
levels. To enhance the network’s efficiency and its capacity to discern
this multi-scale information, the DSASPP architecture was introduced as
a replacement for the conventional atrous spatial pyramid pooling
(ASPP). Its aim was to encapsulate multi-scale semantic insights within
orchard images effectively. As illustrated in Fig. 5, DSASPP ensures
consistent receptive fields across branches and heightened perception
speed by integrating atrous rates into the depthwise segment of depth-
wise separable convolutions, forming depthwise separable atrous con-
volutions. These modifications enhanced each branch of the ASPP
structure. Additionally, to further amplify the model’s capability to
extract multi-scale information, DSASPP incorporated an extra branch
containing a depthwise separable atrous convolution with an atrous rate
of 3. This branch was specifically designed to capture minute features
within orchard images, thereby improving the model’s proficiency in
gathering semantic data across diverse scales within the images.

2.4.1. Depthwise separable convolution (DSC) module

In traditional convolution (Fig. 6a), the convolution kernel is
multiplied element-wise with each position of the input feature map,
and the results are summed to generate the output feature map. How-
ever, traditional convolution has a large number of parameters and high
computational costs, leading to low detection efficiency, especially in
complex pomelo orchard scenes. To speed up model detection, this study
introduced DSC modules (Fig. 6b) in the proposed Pomelo-Net network.
The DSC module decomposes traditional convolution into two steps:
depthwise convolution and pointwise convolution. Depthwise convo-
lutions process each input channel independently, while pointwise
convolutions (using 1x1 kernels) integrate information across channels.
This reduces computational cost and enables efficient perception of
pomelo orchard scenes.

2.5. Loss function of Pomelo-Net

This study found a significant imbalance between background pixels
and perceived information pixels in pomelo orchard images. To address
this issue, a new loss function design strategy was adopted, combining
the dice loss (DL) function and the focal loss (FL) function as the loss
function. The DL function measures the similarity between the predicted
results and the ground truth labels, while the FL function effectively
handles the problems caused by imbalanced samples. Through this
combination, we can more effectively reduce the imbalance between
perceived information pixels and orchard background pixels, thereby
improving the model’s performance and robustness. Additionally, the FL
function guides the optimization learning of the DL function, focusing on
difficult-to-classify samples and increasing attention to key pixels.
Therefore, the design of DL, FL, and the final loss function ¢
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global average pooling on each channel, resulting ina 1 x 1 x C vector. The Multiplication operation involves element-wise multiplication of the calculated attention
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Fig. 5. DSASPP structure. DSC represents the depthwise separable convolution module. Rate represents to atrous rates applied to the depthwise segment of
depthwise separable convolutions. Image pooling represents to global average pooling operation.

(b) Depthwise separable convolution Pu
Fig. 6. The comparison of traditional convolution and depthwise separable
convolution. D is the input feature size, M is the number of input channels, Dy
be the output feature size, N be the number of output channels, and Dk be the
kernel size.

comprehensively addresses the issue of sample imbalance, enhancing
the model’s perception and generalization abilities in the pomelo or-
chard scene. The DL, FL, and final loss functions ¢ are formulated as
follows:

2% Etruth n gpred +e

DL=1- (2)
8truth + gpred +e

FL= — (l - gtruth)ylngpred (3)

¢ =DL+FL 4

In the formula, g, and g4 represent the sets of label pixel values and
predicted pixel values, respectively; € represents the smoothing coeffi-
cient of DL, y represents the modulation coefficient of FL, and DL and FL
respectively represent the averages of the DL set and the FL set.

2.6. Experimental environment and model evaluation

The experimental computer used in this study was equipped with
Windows 10 Professional, an NVIDIA Quadro RTX 5000 graphics pro-
cessor, and an Intel(R) Xeon(R) Gold 6240 processor. The Python 3.8
environment leveraged CUDA 10.2 to enhance model speed. After
training the model, its performance was validated using a test set. The
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evaluation metrics used in this study included pixel accuracy (PA), mean
pixel accuracy (MPA), mean intersection over union (MIOU), number of
parameters (Params), floating point operations (FLOPs), frame per sec-
ond (FPS), and model volume. The formulas for these metrics are as
follows:

k
i—oPii
PA = —kZl,ok - 5)
Zi:OZj:O ij
1 k Py
MPA = ——» " — O
k+1 Oy 0Py

P.

1 (7)
k k
} :j:()Pij + E j:opji - Pii

1 k
MIOU = — 121:0

Where P;; is the total number of pixels belonging to class i and predicted
as class i, Pyj is the total number of pixels belonging to class i and pre-
dicted as class j, and Pj; is the total number of pixels belonging to class j
but predicted as class i. k+1 is the number of classes.

3. Results and Discussion
3.1. Training process analysis

The training process curve of the Pomelo-Net model is shown in
Fig. 7. It can be observed that the MIOU of Pomelo-Net quickly rose to
70 % after the start of training and began to converge rapidly around 40
epochs, eventually reaching approximately 89 % after multiple itera-
tions. Additionally, the loss value of Pomelo-Net also rapidly decreased
after the start of training, beginning to converge around 0.25 and
eventually converging to below 0.18 after 500 epochs of model training.
These results indicated that the training process of Pomelo-Net was
stable, and there was no evidence of overfitting or underfitting.

3.2. Ablation experiment

The study conducted the ablation experiment on the test set to
validate the impact of various improvement methods on the orchard
perception model, Pomelo-Net. The results, as presented in Table 1,
show that DeepLabV3 + achieved a modest MIOU of 80.8 % and MPA of
84 % on the test set. By replacing Xception with EMNet as the backbone
of DeepLabV3 + and incorporating DF + FL Loss, DSASPP, and the ECA
module, Pomelo-Net demonstrated significant performance improve-
ments. Its MIOU increased to 85.3 %, 86.2 %, 88.4 %, and 89.3 %, while
the MPA rose to 88.2 %, 90.8 %, 93.8 %, and 95.1 %, respectively.

100
MIOU Loss
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e 60 F
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Fig. 7. Training process of Pomelo-Net.
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Pomelo-Net exhibited an 8.5 % improvement in MIOU and an 11.1 %
improvement in MPA compared to DeepLabV3 + .These improvements
stem from key innovations tailored for pomelo orchard segmentation.
EMNet, a lightweight backbone, reduces computational cost while
maintaining strong feature extraction for complex orchard scenes. DF +
FL Loss mitigates pixel imbalance, enhancing segmentation in densely
packed or ambiguous regions like tree trunks and foliage. DSASPP en-
ables multi-scale feature extraction, handling the size and spatial vari-
ability of orchard elements. The ECA module refines feature selection,
improving overall segmentation accuracy. Together, these enhance-
ments make Pomelo-Net more effective at segmenting diverse and
cluttered orchard environments.

Furthermore, Pomelo-Net’s parameters, FLOPs, and model volume
were reduced by 94.8 %, 94.3 %, and 94.6 %, respectively, compared to
DeepLabV3+, while achieving a detection speed of 32 FPS. These ad-
vancements are primarily attributed to the introduction of EMNet and
DSASPP. Specifically, by replacing Xception with EMNet, proposed in
this study, the parameters of DeepLabV3 + were reduced by 89.4 %. This
is due to EMNet’s incorporation of inverted residual, which effectively
reduce computational complexity by employing narrower channels in
intermediate layers. And, the inclusion of DSASPP, which replaced the
original ASPP of DeepLabV3+, further reduced DeepLabV3+’s param-
eters by 51.7 %, thanks to its lightweight design utilizing depthwise
separable convolutions. Overall, these innovations, as validated by the
ablation experiments, significantly enhance Pomelo-Net’s performance,
demonstrating its commendable efficiency and segmentation accuracy
relative to other models on the test set.

3.3. Model robustness experiment

3.3.1. Detection of orchard scenes under different lighting conditions

As a passive sensor, the ZED 2i camera is influenced by lighting
variations stemming from the orientation of the sun and prevailing
weather conditions. To assess the Pomelo-Net model’s capability in
discerning orchard environments across diverse lighting conditions, this
study curated data encompassing three distinct scenarios in sunny
weather between 9:00 a.m. and 5:00p.m.: front lighting (when the
camera’s field of view is oriented towards the sun), back lighting (when
the camera’s field of view is oriented away from the sun), and side
lighting (when the camera’s field of view is positioned to the side of the
sun). Additionally, scenes captured under cloudy weather conditions
were included to evaluate Pomelo-Net’s performance.

Upon inspecting the RGB images in Fig. 8, it’s evident that the or-
chard ways are typically shrouded in tree shadows (Fig. 8a, b, and c)
during sunny weather, contrasting with their appearance in cloudy
conditions (Fig. 8d). The varying camera angles result in noticeable
color discrepancies among the trees across different images (Fig. 8a and
c). Furthermore, when the camera’s field of view is facing towards the
sun, it leads to overexposure of the image background, thus compli-
cating the discernment of foreground details (Fig. 8c). This presents a
significant challenge to the robustness and generalization capacity of the
orchard environment perception model.

From the detection results in Fig. 8, it can be observed that U-Net
(Ronneberger et al., 2015), PSPNet (Zhao et al., 2017), Segformer (Xie
et al., 2021), and HRNet (Wang et al., 2020) share a common issue of
failing to detect or misclassifying distant small signs (Fig. 8d), indicating
their poor ability to detect small objects under varying lighting condi-
tions. Additionally, PSPNet tends to miss detecting persons (Fig. 8a) and
misclassifies shadowed ground as roadway (Fig. 8c), while Segformer
often misclassifies persons as ground (Fig. 8a), suggesting that their
discriminative ability is limited under different lighting conditions. In
contrast, Pomelo-Net demonstrates better recognition capabilities across
varying lighting conditions. The quantitative analysis results in Table 2
further confirm Pomelo-Net’s advantages. As shown in Table 2,
compared to U-Net, PSPNet, Segformer, and HRNet, Pomelo-Net’s MIOU
values were increased by 2.3 %, 5.1 %, 3.6 %, and 2.7 %, respectively,
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Table 1

Ablation experiment results. The \/ represents adding the corresponding module.
Model EMNet DF + FL Loss DSASPP ECA MIOU/% MPA/% Params/M FLOPs/G Volume/MB Speed/FPS"

module

DeepLabV3+" 80.8 84 54.7 175.1 209 17.9
E-DeepLabV3+ \/ 85.3 88.2 5.8 18.9 22.9 26.9
EL-DeepLabV3+ v Vv 86.2 90.8 5.8 18.9 22.9 26.9
ELD-DeepLabV3+ v v v 88.4 93.8 2.8 4.2 11.2 33.1
Pomelo-Net v v v v 89.3 95.1 2.8 9.9 11.2 32

2 Processing speed might be varied under different computational environment. "DeepLabV3 + at this stage uses Xception as its backbone.
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Fig. 8. Examples of the model detecting different lighting scenarios. (a) Camera field of view oriented away from the sun; (b) Camera field of view positioned to the
side of the sun; (c) Camera field of view oriented towards the sun; (d) Cloudy weather during filming.

Table 2

Results of the model detecting various lighting scenarios.
Model Number of test images MIOU/% MPA/% Params/M FLOPs/G Volume/MB Speed/FPS
Pomelo-Net 424 89.8 95.2 2.87 9.93 11.2 32
U-Net 424 87.5 93.7 24 159 94.9 27
PSPNet 424 84.7 90.3 2.37 2.20 9.3 23.2
Segformer 424 86.2 93.9 3.72 4.88 14.2 17.2
HRNet 424 87.1 92.5 9.64 13.49 37.5 20.5

and the MPA values were increased by 1.5 %, 4.9 %, 1.3 %, and 2.7 %,
respectively. Moreover, while maintaining a lightweight volume,
Pomelo-Net achieved a detection speed of 32 FPS. This indicates that
Pomelo-Net exhibits good robustness and generalization ability when
facing different lighting scenarios.

3.3.2. Detection of orchard images with motion blur

Camera shake can often result in image blur and the loss of certain
features in the target area, impacting the model’s ability to accurately
perceive the scene. This study found that in the high-quality and
structured honey pomelo orchard, roads are mostly roadways (Fig. 9a)
and relatively flat orchard ways (Fig. 9b), but there are still sections with
slopes prone to vehicle bumps due to hilly terrain (Fig. 9¢). The complex
orchard terrain necessitates verifying Pomelo-Net’s ability to detect
orchard images with motion blur.

Following the methodology in the reference literature (Lu et al.,
2023; Kapuriya et al., 2024), this study proposes using the Laplacian of
Gaussian operator to evaluate the degree of motion blur in images.
Generally, a smaller variance of the Laplacian response indicates a lack
of sharp edges in the image. Based on the variance of the Laplacian
response in our dataset, the degree of image blur is categorized as mild
blur (variance of Laplace response > 200), moderate blur (150 <

variance of Laplace response < 200), and high blur (variance of Laplace
response < 150). In addition, manual annotation was used to mark re-
gions where motion blur caused edge blurring in the images. Specif-
ically, these blurred edge regions were carefully annotated by
professionals through strict observation and expert guidance, based on
visible blur and the loss of object contours. This ensures an individual-
ized analysis of each image, avoiding the limitations of a single
algorithm.

It can be observed that as the degree of blur increases, the edges of
the pomelo trees and person (marked by pink circles in Fig. 9b) become
blurred, and the contours of obstacles also become difficult to distin-
guish (marked by pink circles in Fig. 9c). However, based on the
detection results (marked by yellow circles in Fig. 9b and 9c), Pomelo-
Net is still able to effectively distinguish the contours of various ob-
jects in images with different levels of blur. According to the detection
results (Table 3), Pomelo-Net performs well when detecting images with
mild blur, with PA for each perceived element exceeding 91.3 %, and
MIOU and MPA reaching 90.2 % and 95.4 %, respectively. Pomelo-Net
achieved MIOU of 86.2 % and 84.7 %, and MPA of 93.2 % and 90.9 %
when detecting images with moderate blur and high blur, respectively.
These results indicate that Pomelo-Net exhibits good detection capa-
bility for orchard images with motion blur.
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Fig. 9. Examples of Pomelo-Net detecting blurred pomelo orchard images due to motion. (a) Mild blur;(b) Moderate blur; (c) High blur.

Table 3
Results of Pomelo-Net detecting blurred pomelo orchard images due to motion.
Image status Number of test images PA/% MIOU/% MPA/%
Obstacle Tree Orchard way Roadway Person Background
Mild blur 102 91.5 97.1 96.8 98.2 97.7 91.3 90.2 95.4
Moderate blur 85 84.7 95.3 92.6 97.7 95.1 94.2 86.2 93.2
High blur 62 71.6 96.3 95.4 96.8 93.9 91.5 84.7 90.9

To further verify Pomelo-Net’s detection capabilities on images with
varying degrees of motion blur and rigorously evaluate its accuracy
across different object categories, this study selected images from the
RUGD dataset (Wigness et al., 2019) with mild blur (variance of Laplace
response > 200), moderate blur (150 < variance of Laplace response <
200), and high blur (variance of Laplace response < 150) to test Pomelo-
Net. The example detection images and results are shown in Fig. 10 and
Table 4, respectively.

As shown in Fig. 10a, Pomelo-Net performs well on images with mild
blur, easily distinguishing grass, water, tree, sky, bush, rock-bed, and
gravel, achieving a MIOU of 62.9 % and an MPA of 74.4 % (Table 4). For
images with moderate blur (Fig. 10b), Pomelo-Net performs well in
distinguishing grass, tree, table, and fence, but the model misclassifies
the container due to blurred pixel edges (as indicated by the red circle in
Fig. 10b). However, it still achieves a MIOU of 53.7 % and an MPA of
60.6 % (Table 4). As shown in Fig. 10c, for images with high blur,
Pomelo-Net can still effectively distinguish grass, gravel, tree, mulch,
and bush. However, due to fast vehicle movement, the boundaries be-
tween different objects in the captured images became extremely blur-
red, causing potential confusion in the contact areas between gravel and
grass (marked by the red circle in Fig. 10c). Especially when the back-
ground and foreground colors are similar, some small objects in highly

blurred images are difficult to discern even with the naked eye. For
instance, when mulch is the background, small patches of grass and logs
are hard to recognize, leading to missed detections (marked by the green
circle in Fig. 10c). This results in a decrease in the model’s MIOU and
MPA in Table 4, dropping to 48.7 % and 54.2 %, respectively. Overall,
Pomelo-Net shows good detection capabilities for various elements in
images with different degrees of motion blur.

3.4. Validation on the RUGD dataset

This study further validated Pomelo-Net’s versatility on the RUGD
dataset and compared its results with models from previous studies on
the same dataset. The RUGD dataset comprises 4759 training images
and 1964 testing images captured by cameras mounted on mobile robot
platforms. It covers 24 categories, including vehicles, buildings, sky,
grass, and eight terrain types, making it suitable for evaluating algo-
rithms’ generalization capability and robustness across diverse real-
world scenarios. The examples of Pomelo-Net’s detection on the
RUGD dataset is shown in Fig. 11.

The results, as shown in Table 5, demonstrated the outstanding
performance of the proposed Pomelo-Net model on the RUGD dataset,
achieving a MIOU of 60.15 % on the testing set. In comparison, the
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Fig. 10. Examples of Pomelo-Net detecting motion blurred images in RUGD dataset. (a) Mild blur; (b) Moderate blur; (c) High blur.
ble 4 Pomelo-Net model outperformed Memory-based SS, TrSeg, Deeplabv3,
Table

and ConvNext by 22.44 %, 26.24 %, 27.34 %, and 10.98 %, respectively.

The results of Pomelo-Net detecting motion blurred images in RUGD dataset. Although the proposed Pomelo-Net model increased FLOPs by 5.34 G

Image status Number of test images MIOU/% MPA/% and 4.66 G compared to DDRNet and FRPNet, its MIOU improved by
Mild blur 860 62.9 74.4 13.29 % and 5.05 %, respectively. Furthermore, the Params was reduced
Moderate blur 512 53.7 60.6 by 2.82 M and 6.87 M, respectively. These comparative results high-
High blur 278 48.7 54.2

lighted that Pomelo-Net not only excelled in segmentation accuracy and

Bush - Dirt - Rock-bed - Mulch - Fence

Fig. 11. Examples of Pomelo-Net’s detection on the RUGD dataset. (a) RGB image; (b) Label image; (c) Detection result.
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Table 5

Comparison with other studies on the RUGD dataset.
Existing study Model MIOU/% FLOPs/G Params/M
(Jin et al., 2021) Memory-based SS 37.71 243.21 42.13
(Jin et al., 2021) TrSeg 33.91 419 74
(Chen et al., 2017) Deeplabv3 32.81 439 66
(Liu et al., 2022) ConvNext 49.17 80.44 87.99
(Hong et al., 2021) DDRNet 46.86 4.59 5.69
(Yang et al., 2024) FRPNet 55.10 5.27 9.74
Ours Pomelo-Net 60.15 9.93 2.87

efficiency, accurately distinguishing between different categories, but
also adeptly handled boundary and confusion issues among similar
categories.

3.5. Comparison with other orchard environment perception methods

This study investigates and compares recent methods for orchard
environment perception, as shown in Table 6. The results indicate that
the Pomelo-Net model proposed in this study outperforms the deep re-
sidual U-Net proposed by Shang et al. (2021) for peach orchard envi-
ronment perception by 3.35 % in terms of MIOU. Additionally, Pomelo-
Net exhibits comparable performance to SADNet, proposed by Sun et al.
(2022), with improvements of 1.02 % and 1.49 % in MIOU and MPA,
respectively, while reducing the Params by 71.7 %. Furthermore, when
compared to MsFF-Segformer developed by Wen et al. (2023) for
perceiving complex orchard scenes, Pomelo-Net shows a significant
advantage with a 2.78 % improvement in MIOU and an 80.9 % reduction
in Params. Moreover, Pomelo-Net demonstrates robust detection per-
formance under complex lighting conditions and severe motion blur,
making it particularly suitable for environmental perception in hilly and
mountainous pomelo orchards. These findings underscore Pomelo-Net’s
significant advantages over existing orchard perception methods,
highlighting its effectiveness and efficiency in such challenging
environments.

3.6. Limitations and future work

The absence of effective methods for honey pomelo orchard envi-
ronment perception significantly hampered the advancement of agri-
cultural machinery intelligence. The Pomelo-Net orchard perception
model proposed in this study showcased commendable perceptual ca-
pabilities tailored for high-quality structured honey pomelo orchards,
exhibiting robustness against complex lighting conditions and motion
blur. This robustness stood to benefit the evolution of intelligent agri-
cultural robotics within honey pomelo orchards. Pomelo-Net also
demonstrated promising performance on edge computing devices,
achieving detection speeds surpassing 39 FPS on the NVIDIA Jetson AGX
Orin platform via the TensorRT framework.

Nevertheless, certain limitations persisted. Firstly, the orchard image
dataset utilized in this study was sourced from high-quality demon-
stration orchards. To enhance the generalization capabilities of the
models, it is imperative to augment the dataset with additional data
from non-structured pomelo orchards in the future. Additionally,
expanding the dataset to include pomelo orchards at various growth
stages is warranted. Secondly, relying solely on image sensors to
perceive the intricate environments of pomelo orchards remains con-
strained. Future investigations could explore integrating cameras with
lidar sensors. Furthermore, the findings of this research could be
extrapolated to environmental perception tasks across diverse orchard
types.

4. Conclusion

This study aimed to develop a method for key elements segmentation
in honey pomelo orchard to enable automated navigation. To achieve
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Table 6
Performance comparison with existing orchard environment perception
methods.

Existing Types of Method MIOU/ MPA/ Params/

study orchards % % M

Shang et al. Peach Deep residual ~ 85.95 n/a n/a
(2021) U-Net

Sun et al. n/a SADNet 88.28 93.61 10.16
(2022)

Wen et al. Plums, pears, MSsFF- 86.52 94.05 15.1
(2023) and kiwis segformer

Ours Honey Pomelo-Net 89.3 95.1 2.87

pomelo

this, an orchard image dataset was collected from honey pomelo or-
chards, and the Pomelo-Net orchard environment perception model was
proposed based on an improved Deeplabv3 + architecture. The results
demonstrated that the Pomelo-Net model could accurately segment
roadways, orchard ways, pomelo trees, obstacles, and persons in honey
pomelo orchard, achieving an MIOU of 89.3 % and an MPA of 95.1 %,
with a segmentation speed of up to 32 FPS and a model Params of only
2.87 M. Pomelo-Net also exhibited high robustness in perceiving com-
plex orchard environments, achieving an MIOU of over 84.7 % and an
MPA of over 90.9 % on orchard images under different lighting condi-
tions and motion blur. The Pomelo-Net model proposed in this study
outperformed other deep learning models for orchard segmentation in
terms of lightweight attributes, segmentation speed, and model size. It is
anticipated that technical support will be available for path planning,
autonomous obstacle avoidance, and precise operations of intelligent
agricultural robotics at the honey pomelo orchard.
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Abstract: Nowadays, unmanned aerial vehicles (UAVs) play a pivotal role in agricultural production.
In scenarios involving the release of particulate materials, the precision of quantity monitors for the
storage tank of UAVs directly impacts its operational accuracy. Therefore, this paper introduces a
novel noise-mitigation design for agricultural UAVs’ quantity monitors, utilizing differential weighing
sensors. The design effectively addresses three primary noise sources: sensor-intrinsic noise, vibration
noise, and weight-loading uncertainty. Additionally, two comprehensive data processing methods
are proposed for noise reduction: the first combines the Butterworth low-pass filter, the Kalman filter,
and the moving average filter (BKM), while the second integrates the Least Mean Squares (LMS)
adaptive filter, the Kalman filter, and the moving average filter (LKM). Rigorous data processing
has been conducted, and the monitor’s performance has been assessed in three UAV typical states:
static, hovering, and flighting. Specifically, compared to the BKM, the LKM’s maximum relative
error ranges between 1.24% and 2.74%, with an average relative error of 0.31%~0.58% when the
UAV was in a hovering state. In flight mode, the LKM’s maximum relative error varies from 1.68%
to 10.06%, while the average relative error ranges between 0.74% and 2.54%. Furthermore, LKM
can effectively suppress noise interference near 75 Hz and 150 Hz. The results reveal that the LKM
technology demonstrated superior adaptability to noise and effectively mitigates its impact in the
quantity monitoring for storage tank of agricultural UAVs.

Keywords: unmanned aerial vehicle (UAV); noise filtering; Butterworth low-pass filter; least mean
squares (LMS) adaptive filter; quantity monitoring

1. Introduction

In recent years, unmanned aerial vehicles (UAVs) have developed significantly in
agricultural production, including application such as scenarios spraying pesticides and
herbicides, spreading fertilizers, seeding, and farmland monitoring, etc. [1,2]. Whether the
UAV continues to work needs to be determined by judging whether there is still material
in the storage tank. The controller unit carried by the UAV needs to determine whether the
amount of material currently released is accurate using the mass flow rate. Therefore, it is
essential to accurately monitor the allowance and the mass flow rate of the storage tank for
the operation accuracy of the UAV in the process of releasing particulate materials [3].
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In the existing scientific research, according to the different principles, the monitoring
quantity and mass flow rate can be divided into four methods. The first method is the
photoelectric method. In the study of this method, Swisher et al. designed an optical
sensor for measuring fertilizer flow based on the laser light source. The sensor consisted of
32 photoelectric tubes. The instantaneous flow rate of the fertilizer was obtained according
to the shielding strength of particles to light [4]. Grift et al. previously examined the
correlation between the output pulse width of the near-infrared photodetector and the
fertilizer flow rate. They verified the sensor’s detection accuracy at various densities and
flow rates. Previously, under high density conditions, they measured the flow rate of
spherical granular fertilizer with a diameter of 4.45 mm, achieving a detection error of
3% [5]. Based on the principle of the photovoltaic effect, D. Youchun et al., in 2019, designed
a seed flow monitoring device using a thin-surface laser emission module and a silicon
photocell, carried out a field sowing test. The test showed that the monitoring accuracy of
the device for rape seeds was not less than 98.6%, and the monitoring accuracy of wheat
seeds was not less than 95.8% [6]. In a similar context, W. Zaiman et al. used a surface
source photoelectric sensor to monitor rice seeds and established a mathematical model
between seed number and pulse width, which provided a reference for seed monitoring
of precision hill direct seeding of rice [7]. X. Chunji et al. proposed a seeding parameter
monitoring method based on a laser sensor and carried out a dust-resistant simulation
test, which proved that the laser sensor had stronger dust penetration resistance than
the infrared sensor. The monitoring accuracy of the designed monitoring method for
double-overlapped seeds can reach 95.4% [8].

The second method is the impact method; the Advanced Farming System of CASE
IH Company, Grain-Trak System of the Micro-Trak Company, and Teris System of the
Deutz-Fahr Company were all grain-flow monitoring systems based on this method [9]. X.
Yingjun et al. previously introduced a digital adaptive interference cancellation method to
address the issue of grain flow sensors being susceptible to vibration noise. This method
effectively filters out most of the vibration noise, thereby enhancing the sensor’s monitoring
accuracy [10]. W. Jinwu et al. designed a rice hole direct seeding monitoring system based
on the principle of the piezoelectric impact method, which had an effective monitoring
accuracy of 97.67%, and the sound and light alarm can be carried out when replaying or
missing seedings [11]. W. Shuai used adaptive complementary ensemble empirical mode
decomposition wavelet threshold denoising algorithm to denoise the signal of impulse
sunflower seed flow sensor. According to the characteristics of sensor voltage signal, the
adaptive decomposition is realized. The signal was decomposed into IMF components
from high frequency to low frequency. After denoising the high frequency IMF components
with low signal-to-noise ratio, the voltage signal which can be used to establish the yield
model was obtained [12].

The third method is the capacitance method whose principle is that the capacitance
changes with the mass of the plate medium, and the calibration method was used to
construct the relationship model between the capacitance value and the seeding rate, so as
to realize the monitoring of seed sowing rate. Z. Liming et al. designed a set of seed sowing
rate monitoring device this method [13]. C. Jianguo et al. designed a wheat seed number
detection system based on a capacitance sensor, established a relationship model between
the capacitance value and wheat seed number, and realized seed-number monitoring with
a monitoring error of about 2% [14]. Z. Mingyan et al. designed a quantity monitor for a
fertilizer storage tank and constructed a relationship model between the fertilizer height
and capacitance value based on the capacitance method, which realized the monitoring of
fertilizer height [15]. Based on the capacitance method, T. Yanan et al. designed a fertilizer
tank level sensor, which realized the effect of on-line monitoring of the fertilizer tank
level [16].

The final method is the weighing method. With the rapid development of precision
agriculture, weighing sensors have been increasingly used in precision seeding, grain yield
monitoring, and quantity monitoring. Al-Jalil et al. designed a weighing sensor device with
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adjustable height and width, which was suitable for a variety of agricultural machinery
equipment and can realize the weighing of a storage tank [17]. An example of this is the
work developed, in 2001, by Van Bergeijk et al., in which a dynamic weighing system for
fertilizer applicators was projected. The system included a main weighing sensor and a
reference weighing sensor. The reference weighing sensor was used to compensate for
the vibration and other signals, which can realize automatic calibration and real-time
dynamic weighing [3]. Using a similar approach, Koichi et al. designed a grain yield sensor
composed of a ring weighing sensor and an impact plate to realize the real-time estimation
of the grain yield [18]. In terms of harvest yield measurements, X. Zhang et al. proposed a
method for measuring yield of the harvester based on the weighing method. Short-time
wavelet filtering and other methods were used to process flow data in real time. The error
of bench test was less than 2%, and the accuracy was good [19]. In terms of fertilization,
W. Liguo et al. used the weighing principle to feed back the fertilizer flow information
and adjusted the amount of fertilizer in real time according to the speed of the fertilizer
applicator to realize the variable fertilizer distribution and fertilization operation, and the
fertilization accuracy reached more than 95% [20]. In terms of sowing, L. Haitao et al.
designed a seeding rate monitoring system for ground fertilizer applicator based on the
weighing sensor. The filtering combination of low-pass filtering + mean filtering + moving
average filtering was used to eliminate the mechanical vibration noise. Field experiments
showed that the maximum relative error of the monitoring system was 4.88%, and the
average relative error was 2.62% [21].

According to the above research, the following results can be obtained; firstly, the
monitoring sensor based on the photoelectric method has the advantages of being sim-
ple and efficient and having convenient installation. By using the instantaneous flow of
the material, the allowance of the material in the storage tank can be calculated. How-
ever, it requires a complex calibration process for different materials, and its monitoring
accuracy is easily affected by dust. Therefore, it is not suitable for use in a working en-
vironment with high dust content. Secondly, the sensors based on the impact method
need to construct the relationship model between the flow and impulse. The operation
was cumbersome, and the monitoring accuracy was easily affected by the vibration noise.
Thirdly, the monitoring device using the capacitance method also needed to calibrate dif-
ferent materials. In addition, the capacitance value was easily affected by environmental
factors such as temperature, humidity, and mechanical vibration. It was usually necessary
to add a shielding shell around the capacitance plate to reduce the interference of the
external environment. And finally, the weighing sensor can directly obtain the allowance
of the material and monitor the mass flow. However, in the actual operation process,
the body of the agricultural machinery shakes obviously, which easily causes vibration
interference of the weighing sensor, resulting in unstable weight data. It is necessary to
filter the vibration and noise of the weighing sensor. Therefore, this paper proposed a
detection method of the differential weighing sensors with a combination of a measurement
sensor and noise sensor to explore the effects of various filtering methods and select a
better method.

2. Materials and Methods
2.1. Design of Test Device and Weighing System
2.1.1. Test Device and Circuit Design

The UAV’s communication link used in the test included a seeding controller, flight
controller, remote controller, UAV ground station, voltage signal conversion module, weigh-
ing sensors, and the UAV itself, which is shown in Figure 1. The voltage signal conversion
module converts the analog signal of the sensor into a digital signal. It communicates
with the seeding controller through USART, the seeding controller communicates with the
flight control through USART, and the ground station communicates with the flight control
through the Mobile SDK interface. Before the operation, the route was planned, and the
seeding parameters were set in the UAV ground station. The ground station uploaded the
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route and parameters to the flight controller and seeding controller through the Mobile
SDK interface. During the operation, the UAV was seeded according to the set parameters.
During the sowing process, the real-time weight of the storage tank displayed on the
ground station [22,23].

Real-time kinematic
positioning module

Seeding controller ‘gﬁw
Wireless signal

USART Control

2. Flight controller
Onboard SDK

T
Wireless signal

Voltage signal & g Remote control
conversion S

.
module ~F =/

Mobile SDK

Voltage signal

Weighing sensor UAV ground station

Figure 1. The UAV shot seeding device for test.

The experimental setup used a two-cantilever-beam weighing sensor (Yongkang Jushi
Weighing Instrument Co., Ltd., Yongkang, China) monitoring storage tank, and its technical
information as shown in Table 1. Generally, an analog-to-digital conversion circuit was used
to convert the analog signal into a digital signal, and the single-chip microcomputer read
the digital signal. This paper designed an analog-to-digital conversion circuit board using
the AD7190 (Analog Devices, Inc., Wilmington, MA, USA), whose technical information is
shown in Table 2. The REF3025 voltage reference chip (Texas Instruments, Dallas, TX, USA)
was used to provide a precise 2.5 V reference voltage.

Table 1. The technical information of the weighing sensor used in the test.

Range (ke) Energizing Sensitivity Temperature Number of Input Output Signal
ge ke Voltage (V) (mV/V) Range (°C) and Output Type
0~20 2.5~12 2 —20~60 2 and 2 analog
Table 2. The technical information of AD7190.
Number of A/D . Temperature Number of Input . Output Signal
Converters Bits Range (°C) & Output Input Signal Type Type
1 24.0 —40~105 2and 4 analog digital

2.1.2. Data Processing Scheme

For the noise in the signal, common filtering methods include high-pass filtering,
low-pass filtering, band-pass filtering, notch filtering, etc. Such filtering methods need to
measure the frequency band of the noise in advance to reduce the noise, and it is difficult
to apply to scenes containing a large amount of random noise. The adaptive filter has been
widely used in audio processing, power ripple processing, and image processing because of
its small amount of calculation, no prior data, good real-time performance, and automatic
adjustment of filter coefficients.
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In order to reduce the interference of the UAV vibration noise weighing sensor, this
paper designed two filtering schemes based on the Least Mean Squares (LMS) adap-
tive filter and conventional low-pass filter, respectively. The filtering effects of the two
schemes were compared through experiments to pick up the suitable filtering scheme
of the weighing sensor and provide reliable data for the UAV. The output frequency (fil-
tering frequency) of the data was 250 Hz, and the data processing flow first converts
the voltage signal of the weighing sensor into the original weight data, then performs
data preprocessing, and finally performs data smoothing. Data processing was a pretreat-
ment with a Butterworth low-pass filter named scheme 1 and with an LMS adaptive filter
named scheme 2, as shown in Figure 2. Kalman filtering and moving average filtering
were carried out to further reduce the noise in the data and improve the smoothness of
the data.

i Signal conversion P Pretreatment v Smoothing processing :
I Voltage | | Analog-digital | | Raw B Butterworth ¥ Kalman Moving  |!
i | signals conversion data | i i |low-passfilter| filtering average filter |!
_________________________________________________________ @
Signal conversion b Pretreatment b Smoothing processing ;
! Voltage Analog-digital | | Raw L | LMS adaptive | ! ' Kalman Moving ‘
! A —>| A (> : N ) . !
¢ | signals conversion data | i filtering o filtering average filter |
(b)

Figure 2. Two data processing schemes: (a) scheme 1 with Butterworth low-pass filter and (b) scheme 2
with LMS adaptive filter.

2.1.3. Differential Weighing Sensors Installation

The installation method of the weighing sensor is shown in Figure 3. Two weighing
sensors (No. 1 and No. 2) were used as the main sensors, which were fixed on both sides
of the crossbeam of the frame and were used to directly weigh the storage tank. A third
weighing sensor (No. 3) was used as a noise monitoring sensor, which was connected
to the bottom of the frame beam through a copper column, and the force end of the
sensor was fixed to a 500 g counterweight block. When the data processing scheme 1
was adopted, only the data of two main sensors were used; when the data processing
scheme 2 was adopted, the data of the two main sensors were used as the reference signal
of the LMS adaptive filter, and the data of the noise monitoring sensor were used as the
input signal.

No.2 weighing sensor

No.1 weighing sensor

Crossbeam of the frame

Figure 3. Cont.
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Storage tank

No.2 weighing sensor
Crossbeam of the frame

Copper column
500 g counterweight block

No.3 weighing sensor

Figure 3. The installation method of differential weighing sensors: (a) the installation of the main
sensors and (b) the installation of the noise monitoring sensor.

2.1.4. Filtering Requirements

The filtering requirements were generally considered from two aspects: convergence
speed and convergence accuracy, which sometimes contradict each other, that is, increasing
the convergence speed (reducing the convergence time) will lead to a convergence accuracy,
and reducing the convergence speed (increasing the convergence time) can improve the
convergence accuracy. The specific filtering requirements are as follows:

(1) The weight data mentioned in this paper were mainly used to monitor the storage
tank and indicate that there was no material left in the storage tank. The quantity
monitor is installed on the UAV and connected to the controller of the UAV. During
the operation of the UAV, when the quantity monitor detects that there is nothing
remaining in the storage tank, it sent an instruction to the UAV’s controller to suspend
the operation of the UAV and remind the operator so that the operator can control
the UAV to return to the feeding point to add materials, avoiding having the empty
storage tank continuing to operate, resulting in missed application. The maximum
acceptable error of missed application of the device for the test was 1 m. According
to the maximum 3 m/s operating speed of the prototype, the maximum acceptable
delay time of the filtered data was 333 ms, that is, the convergence time should be less
than 333 ms.

(2) When the weighing data were used for the judgment of the shortage warning, if the
data fluctuation range is large, the accuracy of the shortage warning will be affected.
Therefore, the higher the convergence accuracy is, the better. The average relative
error of the weighing data during the UAV flight should be less than 3%.

2.2. Data Preprocessing Based on Butterworth Low-Pass Filter

The main feature of the Butterworth filter is that the frequency response curve in
its passband has the maximum flatness. The higher the order of the filter, the better the
passband characteristics and flatness [24]. The Butterworth low-pass filter can be used to
reduce the high-frequency vibration noise in the data. The normalized transfer formula of
the n-order Butterworth low-pass filter is as follows [25]:

1
ag + ais + aps? + azsd + - - - +ays"’

H(s) =

)

where ay, a1, a3, a3, and a, represent polynomial coefficients; n represents the order of the
filter. Although increasing the order of the filter can improve the filtering effect, the delay
of the filtered data increases, and the amount of calculation becomes larger. Considering
both the delay and computational complexity, a second-order Butterworth low-pass filter
is selected to preprocess the data, and its normalized transfer formula is as follows:
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where by, by, a1, and a, represent coefficients of the filter, and the expression in (5) is the
final second-order Butterworth low-pass filter data update formula.

By inputting a step signal to the system, the convergence speed of Butterworth low-
pass filter is observed to confirm the cut-off frequency and filter coefficient of the filter. The
method was to place 10 kg weight on the storage tank. After the weight data are stable,
5 kg of the weight was reduced in an instant, the data change is observed, and the data
are recorded before and after filtering at a sampling frequency of 250 Hz when collecting
the data.

2.3. Data Preprocessing Based on LMS Adaptive Filtering

The filter mainly included two parts, namely the Finite Impulse Response (FIR) filter
and the coefficient update algorithm. The output signal is generated after the input signal
passes through the FIR filter, and the error was calculated after the output signal was
compared with the desired signal. The coefficient update algorithm adjusted the coefficients
of the FIR filter according to the output signal and the error, so that the error gradually
became smaller, and then, the adaptive parameter adjustment and filtering were performed.

The main adjustable parameters of the LMS adaptive filtering algorithm were the
order k and step factor m. The larger the order, the larger the filter cache, the more data
available for the filter reference, but the larger the single calculation; the larger the step size
factor, the faster the tracking and convergence speed of the algorithm, but the lower the
convergence accuracy. The iterative formula of the LMS adaptive filtering algorithm is [26]

y(n) =b(1)x(n) +b(2)x(n —1) +b3)x(n —2) + -+ b(k)x(n —k+1)
e(n) =d(n) —y(n) , (10
b(k) =b(k—1)+2me(n)x(n —k+1)

where e(n) is the error at time #; d(n) is the desired signal at time n; x(n) is the input signal
at time 7; y(n) is the output signal at time 7; and b(k) is the k-order filter cache.

The input signal of the LSM adaptive filter is the data of the noise monitoring sensor,
the expected signal is the data of the two main sensors, and the output signal is the
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filtered data. The data of the main sensor will become smaller and smaller due to the
continuous reduction of seed weight during UAV working, and the data can be regarded
as a signal source containing noise. The weight of the weight block fixed by the noise
monitoring sensor is unchanged, but due to the interference of noise, the data will fluctuate
continuously, and the data can be regarded as the noise source. After inputting the data of
the main sensor and the noise monitoring sensor into the LMS adaptive filter, the coefficient
update algorithm constantly adjusts the coefficients of the FIR filter, gradually eliminates
the noise of the main sensor data, and makes the output signal gradually approach the real
signal source to realize the data filtering.

The step size factor is the main parameter that affects the convergence speed of the
LMS adaptive filter. To determine the size of the step size factor, the order of the filter was
fixed to 100. By changing the size of the step size factor, the delay time of the data was
observed to analyze the convergence speed. The experimental design is as follows:

(1) The step size factor was set to 10 levels, ranging from 0.01 to 0.1, and each 0.01 was
a level;

(2) By inputting the step signal into the system, the convergence speed of the filtering
algorithm was observed: 10 kg of weight was placed on the storage tank, and 5 kg
of weight was reduced in an instant after the weight data were stable, and the data
corresponding to different step-size factors were recorded at a sampling frequency of
250 Hz.

2.4. Data Smoothing
2.4.1. Kalman Filtering

As an optimal estimation algorithm [27], the Kalman filter algorithm can filter the
observation data with noise. In this paper, the linear Kalman filter algorithm was used to
further smooth the data. The algorithm mainly includes two parts: prediction and update.
The formula is as follows [28]:

fk_ = fk__l + uy, (11)
P =Pk 1+Q, (12)
_ B
Ky = — p (13)
P- +R
=2, + Kie(ye — %), (14)
P = (I-Ky)P, (15)

In the above formulas, (11) and (12) are the prediction equations of the algorithm, and
(13)—(15) are the update equations of the algorithm. Where %} represents the predicted
state at time k; vy represents the observation at time k; uj represents the control effect of
the outside world on the system at time k; P represents the covariance matrix at time
k; Q represents the prediction noise matrix; R represents the measurement noise matrix;
Ky represents the Kalman gain at time k; I represents the unit matrix; and £, and 13,:
represent the corresponding prior variables. When the algorithm is executed, the prior
estimation of the state variables is first performed, and the prior covariance is calculated.
Then, the Kalman gain is calculated, and finally, the data estimation and covariance update
are performed.

When adjusting the parameters of the algorithm, the prediction noise covariance Q
and the observation noise covariance R are mainly adjusted. When the Q increases, the
dynamic response becomes faster, that is, the convergence speed is accelerated, but the
convergence accuracy is reduced. As R increases, the dynamic response becomes slower,
that is, the convergence speed becomes slower, but the convergence accuracy is improved.
According to the experience of Q and R tuning parameters, there is a final R value of 1.2
and a Q value of 0.1.
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2.4.2. Moving Average Filter

In the actual operation process, the frame of the UAV is prone to random vibration,
which causes random noise interference to the weight data. Therefore, it is necessary to
further smooth the data. The moving average filtering algorithm has the characteristics of
simplicity and small computation and can effectively eliminate the random noise in the
data and improve the smoothness of the data. The formula is as follows:

x4+ Y ) 16)

t=n—L+1

==

y(n) =

where y(n) represents the data after moving average at time n; x(n) represents the input
data at time 7; and L represents the window size of moving average filtering. The window
size L determines the filtering effect of the algorithm. When the algorithm is executed, the
moving average is calculated after waiting for L data. In theory, the data lags L data. The
larger the value of L, the better the filtering effect, but the longer the data delay time.

In this paper, the convergence time of the expected filtering data is less than 333 ms.
After the Kalman filter (in Section 2.4.1) is added, the convergence time of the two data
processing schemes is 260 ms and 280 ms, respectively. Therefore, after the moving average
filtering is added in this section, the convergence time can be extended by 73 ms and 53 ms,
respectively. The weight data output frequency of this subject is set to 250 Hz (the filtering
period is 4 ms), and the window size should be less than 18.25 and 13.25, respectively, so
the window size was 18 and 13, respectively.

2.4.3. Static Filtering Effect

The control system designed in this project had the function of seeding quantity
calibration, and the weight data needed to be obtained during calibration. The accuracy
requirement of the calibration process for the weight data was a deviation of less than 2 g.
The static filtering data were analyzed, the data of 10 s were collected, and the accuracy
of the data was evaluated by the average deviation. The average deviation calculation
method is as follows: ;

Y en — et

E— n=1 , 17
——— (17)

where E represents the average deviation of the sample (g); e, represents nth filter data (g);
and e; represents reference weight (g).

2.5. Data Processing Comparison Test
2.5.1. When the UAV Is Hovering

In the hovering state of the UAV, which means that the UAV is stationary in the air,
maintaining a certain height and position, the filtering effects of the two data processing
schemes were tested, and the design is as follows:

(1) The test was carried out in sunny conditions with a natural wind speed of less than
3 m/s, and the temperature was between 20 and 28 degrees Celsius. The test site was
the open space of the wind tunnel laboratory of South China Agricultural University,
Guangzhou, China.

(2) Before the test, the weight of the storage tank was peeled, and the actual load of
the UAV storage tank was changed by adding a 5 kg weight to the storage tank.
Five levels of 5, 10, 15, 20, and 25 kg (25 kg is the maximum load) were set up for a
total of 5 groups of tests.

(3) The hovering height of the UAV was set to 1.5 m. At the same time, two filtering
schemes were used to filter the original data in real time, and the update rate (output
rate) of the filter was 250 Hz. The data were recorded after the UAV hovered stably,
and the data recording time was 30 s, that is, 7500 data points were collected.
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The actual weight of 5 bags of heavy objects was recorded before the test. The weight
was used as the reference weight in the data analysis. The filtered data were compared with
the reference weight, and the data were analyzed from the aspects of maximum deviation,
maximum relative error, average relative error, and FFT spectrum. The calculation method
of the relative error is as follows:

0 = 1Xi = Xi| x 100% (18)
Xi
where J; represents the relative error of the i th filtered data (kg); X; represents reference
weight (kg). The smaller the relative error, the better the filtering effect. The FFT spectrum
can reflect the distribution of noise and the size of noise. The smaller the amplitude
corresponding to a certain frequency, the smaller the noise in the data corresponding to
that frequency.

Six kinds of filter data were recorded during the experiment. To facilitate chart reading

and data analysis, the code shown in Table 3 was used to replace each filter processing.

Table 3. Methods of different filtering processing.

Filter Processing Code
Butterworth low-pass filter Treatment 1
LMS adaptive filter Treatment 2
Butterworth low-pass filter + Kalman filter Treatment 3
LMS adaptive filter + Kalman filter Treatment 4
Butterworth low-pass filter + Kalman filter + moving average filter (BKM) Treatment 5
LMS adaptive filter + Kalman filter + moving average filter (LKM) Treatment 6

2.5.2. When the UAV Is Flying

In the actual operation process, the UAV was not only in the hovering state, but also
in the switching route state and the flight state. However, the UAV was in the flight state
most of the time, so the weight data in the flight state were more important. In this test,
the corresponding weight data were analyzed when the prototype was in flight, but its
actuator was not working. The specific experimental design is as follows:

(1) The test weather conditions and test sites were the same as those in Section 2.5.1.

(2) We planned the route at the ground station to make the prototype fly along the route.
The working height was set at 1.5 m, and the working speed was set at three levels of
1,2, and 3 m/s, respectively. The weight of the storage tank was set to 5 levels, which
were 5, 10, 15, 20, and 25 kg (25 kg was the maximum load), and a total of 15 groups
of tests were carried out.

(3) At the same time, two filtering schemes were used to filter the weight data in real time,
and the update rate (output rate) of the filter was 250 Hz. The data were recorded
during the flight of the prototype, and the data recording time was 15 s, that is, 3750
data points were collected.

2.6. UAV Seeding Field Test

To further verify the practical application effect of the treatments, three field tests of rice
seeding were carried out in the Mark Village, Dongchong Town, Nansha, Guangzhou, China,
the Dagang Village, Zhucun Town, Zengcheng, Guangzhou, China, and the Zengcheng
Teaching and Research Base of South China Agricultural University, Guangzhou, China.
During the test period, the wind speed was less than 3 m/s, and the temperature was
between 22 and 30 degrees Celsius. The test sites and planting features are shown in
Figure 4 and Table 4.
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(b) (©
Figure 4. The test sites: (a) Mark Village, Dongchong Town, Nansha, Guangzhou, China, (b) Dagang

Village, Zhucun Town, Zengcheng, Guangzhou, China, and (c) Zengcheng Teaching and Research
Base of South China Agricultural University, Guangzhou, China.

Table 4. UAV seeding field test scheme.

Test Name

Location Area (hm?)

Seeding Rate Row Spacing

(kg/hm?) (m) Height (m)  Speed (m/s)

Test 1

Mark Village, Dongchong

Town, Nansha, 0.4453 90 0.25 1.5 2.0

Guangzhou, China

Test 2

Dagang Village, Zhucun
Town, Zengcheng, 0.1906 150 0.25 15 2.0
Guangzhou, China

Test 3

Zengcheng Teaching and
Research Base of South
China Agricultural 0.1047 150 0.25 15 2.3
University, Guangzhou,
China

In seeding, it was difficult to obtain reliable reference data because the quantity of
the storage tank was becoming smaller and smaller. Therefore, the stability of the monitor
for the storage tank mainly performed FFT analysis on the data and observed the noise
changes before and after filtering to analyze the stability of the monitor for the storage tank.

The weight data of test 1, test 2, and test 3 were recorded and collected at a frequency
of 250 Hz when seeding. After the tests, the weight data of three consecutive routes were
selected from each test for comparison and analysis.

3. Results
3.1. Determination of Cut-Off Frequency and Filtering Coefficient

Before determining the cut-off frequency, the data needed to be analyzed by Fast
Fourier Transform (FFT) to obtain the noise frequency band in the data. When the load
of the UAV was about 5 kg, the weight data of the UAV in static was collected, hovering
and flight states, and the data acquisition frequency was 250 Hz. The three sets of data
were compared and analyzed by FFT using MATLAB® software (R2022a 9.12.0.1884302).
The results are shown in Figure 5. The weight data fluctuated less in the stationary state,
while the data fluctuated greatly in the hovering and flight states, and the data stability in
flight was worse than that in hovering. It can be seen from the FFT spectrum that the noise
frequency bands during hovering and flight were widely distributed, and obvious noise
interference was generated near the frequencies of 75 and 150 Hz.

Because the noise frequency band was widely distributed and the noise caused great
interference to the data, to retain useful low-frequency data, the cut-off frequency was
selected at 30 Hz. The stability of the filter was preliminarily verified by using the Filter
Designer in MATLAB® software. The response type was selected as ‘Lowpass’, the design
method was selected as ‘IIR-Butterworth’, the order was selected as ‘2’, the sampling
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frequency was selected as 250 Hz’, and the cutoff frequency was selected as ‘30 Hz'.
Figure 5 shows that the amplitude—frequency response curve of the filter is a non-oscillatory
curve, which met the stability requirements.

Flight
8 Hovering
Static
7
= 6
=
g5
Q
=4
3
2 . . . . )
0 1,500 3,000 4,500 6,000 7,500

Sampling serial number

(a)

200
Flight
oy Hovering
0150 Static :
5 . LAkl
< )
Z10 3
i =
55
50 100 150 200 250
Frequency(Hz)

Rt il ik
200 250

100 150
Frequency(Hz)
(b)

Figure 5. (a) Data comparison and (b) FFT spectrum of UAV in different states.

Using the Filter Designer, the coefficients of the second-order Butterworth low-pass
filter are generated. The results were by = 0.0913, by = 0.1826, by = 0.0913, a; = —0.9824, and
ap = 0.3477.

We input a step signal into the system, and the results are shown in Figure 6.

Original data
11, Butterworth low-pass filtering data
10
2
5]
‘5 Tt
= 6}
5 L
4 L L L |
0.0 0.2 0.4 0.6 0.8

Sampling time(s)
Figure 6. Butterworth low-pass filtering data.

The Butterworth low-pass filtering data lagged behind the original data by about
16 ms, and the convergence time was about 200 ms. The results met the requirement that
the convergence time was less than 333 ms. In actual sowing, the instantaneous reduction
in the weight of the storage tank by 5 kg was almost non-existent, so the convergence time
of the designed Butterworth low-pass filtering algorithm was less than 200 ms.

141



Drones 2024, 8, 92

13 of 24

3.2. Determination of Step Size Factor

For the determination test of the step factor, the weight change is shown in Figure 7. It
can be seen from the figure that as the step size factor increased, the convergence speed
of the data accelerated. The step size factor started from 0.06, and the growth rate of
convergence gradually decreased. Further analysis of the delay time is shown in Table 5.
The convergence time corresponding to the step size factors of 0.06, 0.07, 0.08, 0.09, and
0.10 were 294, 255, 222, 216, and 212 ms, respectively, which were within the acceptable
convergence time range (less than 333 ms). Since the convergence speed of the step size
factor did not change significantly after 0.08, and increasing the step size factor may reduce
the convergence accuracy, it was more appropriate to select 0.08 as the step size factor.

Step size factor

0.01
11¢ ——0.02
10 Y
w9l —0.05
= 0.06
= —0.07
& 7 ——0.08
0 ——0.09
= 6f —0.10
5 L
4 L L L L L L )
0.0 02 04 06 08 1.0 12 14

Sampling time(s)
Figure 7. Weight variation in different step size factors.

Table 5. The delay time corresponding to different step size factors.

Step size factor

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Delay time (ms)

720 496 426 343 294 255 222 216 212

3.3. Result of Data Smoothing
3.3.1. Result of Kalman Filtering

By inputting a step signal into the system, the convergence speed of the filtering
algorithm was observed. As shown in Figure 8, the data convergence time processed
by ‘Butterworth low-pass filtering + Kalman filtering” was about 260 ms, and the data
convergence time processed by ‘LMS self-adaptive filtering + Kalman filtering’ was about
280 ms. The convergence time met the requirements.

Original
11¢ Butterworth low-pass filtering + Kalman filtering
—— LMS self-adaptive filtering + Kalman filtering
10
9
o
=
~—
<=
27
= 6

()]

0.0 0.2 0.4 0.6 0.8
Sampling time(s)

i

Figure 8. Data comparison after adding Kalman filter.
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3.3.2. Result of Moving Average Filter

By inputting a step signal into the system, the convergence speed of the filtering
algorithm was observed. The results are shown in Figure 9. The data convergence time
processed by BKM was about 318 ms. The data convergence time processed by LKM was
about 329 ms, and the convergence time was less than 333 ms, which met the demand.
Because this experiment tested the convergence speed of the filtering algorithm by inputting
the limit of the step signal (instantaneous reduction of 5 kg), and in the actual UAVs’
working, the system input was not a step signal but generally a skew signal, the filtering
algorithm convergence speed will be faster, and the convergence time will be shorter.

11_ Orignal
10 —
= 9
=< gl
5
5 T+
= 6
5_
4 1 1 L . 1 )
00 01 02 03 04 05 0.6

Sampling time(s)
Figure 9. Increase in the data comparison after moving average filtering.

3.3.3. Result of Static Filtering Effect

The experimental results are shown in Figure 10 and Table 6. The average deviation
of the data processed by BKM was 1.41 g. The average deviation of the data processed by
LKM was 1.47 g, and the average deviation of the original data was 4.79 g. The two data
processing schemes had a better filtering effect in the static state, which can meet the
accuracy requirements of sowing quantity calibration.

10.10; .
=
10.08} —
o
£10.06
<
an

'510.04
=

10.02¢

1000+t s s euassenasscusy
012345678910
Sampling time(s)

Figure 10. Static filtering data comparison.

Table 6. The average deviation of data in static state.

Filter Processing Average Deviation (g)
Original 4.79
BKM 1.41
LMS 1.47
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Weight(kg)

Weight(kg)

3.4. Data Processing Comparison Result When the UAV Was Hovering

After different filtering processing under different loads, the data pair is shown in
Figure 11. It can be seen from the figure that under the five load levels, the original weight
data without filtering fluctuates greatly. This is due to the vibration of the frame when the
UAV was hovering. In addition, the UAV was not kept at the same height, and the UAV
continued to move up and down at the target height. The vibration generated by the frame
was transmitted to the storage tank, which ultimately caused the measurement result of

the weighing sensor to be unstable.
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Figure 11. Comparison of processing data under different loads: (a) 5 kg, (b) 10 kg, (c) 15 kg, (d) 20 kg,

and (e) 25 kg.
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The data are further analyzed to calculate the maximum deviation, the maximum
relative error, and the average relative error. The results are shown in Table 7. When the
UAYV was loaded with 5, 10, 15, 20 and 25 kg, respectively, the maximum deviations of the
original data were 1.574, 1.690, 1.380, 1.522, and 1.872 kg, respectively, indicating that the
unfiltered data had a large deviation and was difficult to use directly. After Treatment 5
and 6, the maximum deviation of the original data was less than 0.5 kg.

Table 7. Maximum relative error, average relative error, and standard deviation.

Maximum Deviation Maximal Relation Error Mean Relative Deviation

Load (kg) Filter Processing (kg) (%) (%)
Original data 1.574 31.48 4.80

Treatment 1 0.779 15.58 1.84

Treatment 2 0.138 2.76 0.66

5 Treatment 3 0.513 10.26 1.24
Treatment 4 0.125 2.50 0.62

Treatment 5 0.146 2.92 0.66

Treatment 6 0.108 2.16 0.58

Original data 1.690 16.90 2.61

Treatment 1 0.753 7.53 1.26

Treatment 2 0.603 6.03 1.00

10 Treatment 3 0.562 5.62 0.82
Treatment 4 0.491 491 0.70

Treatment 5 0.246 2.46 0.57

Treatment 6 0.274 2.21 0.49

Original data 1.380 9.20 1.55

Treatment 1 0.784 5.23 0.77

Treatment 2 0.641 4.27 0.69

15 Treatment 3 0.500 3.33 0.55
Treatment 4 0.409 2.73 0.53

Treatment 5 0.275 1.83 0.38

Treatment 6 0.172 1.15 0.47

Original data 1.522 7.61 1.39

Treatment 1 0.755 3.78 0.64

Treatment 2 0.608 3.04 0.59

20 Treatment 3 0.546 2.73 0.48
Treatment 4 0.587 2.94 0.49

Treatment 5 0.251 1.26 0.34

Treatment 6 0.232 1.16 0.33

Original data 1.872 7.49 1.18

Treatment 1 0.866 3.46 0.60

Treatment 2 0.576 2.30 0.42

25 Treatment 3 0.672 2.69 0.47
Treatment 4 0.587 2.35 0.34

Treatment 5 0.464 1.86 0.36

Treatment 6 0.310 1.24 0.31

The filtered data of Treatment 5 and Treatment 6 are further analyzed, and the FFT
spectrum diagram is drawn as shown in Figure 12.
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Figure 12. FFT spectrum of each processing data under different loads: (a) 5 kg, (b) 10 kg, (c) 15 kg,
(d) 20 kg, and (e) 25 kg.

3.5. Data Processing Comparison Result When the UAV Was Flighting

Section 3.4 has analyzed each processing, indicating that the filtering effect of Treat-
ment 5 and Treatment 6 was better. Therefore, when analyzing the weight data of flight,
this section focuses on comparing the data of Treatment 5 and Treatment 6. The filtered
data waveform is shown in Figure 13.

Further analyzing the above data, the statistical maximum deviation, maximum
relative error, and average relative error are shown in Table 8.

Table 8. Corresponding results of different loads and different operating speeds.

Evaluatin Filter Load (kg)
& . Speed (m/s)

Indicator Processing 10 15 20 25
1 1.995 2.924 2201 2.669 2427
Original data 2 2316 2.584 2417 2587 2,552
3 2.654 3.136 2547 3.103 3.666
Mot deviation (k 1 0.642 0.943 0.763 0.901 1.064
aximum deviation (kg) ks 2 0.515 1.088 1.448 0.895 1,503
3 0.621 1173 1.799 1329 2,031
1 0.381 0.391 0.306 0.39 0.420
Treatment 6 2 0.425 0.392 0.368 0.546 0.817
3 0.503 0.484 0.427 0.654 0.888
1 39.90 29.24 14.67 13.35 9.71
Original data 2 4632 25.84 16.11 12.94 10.21
3 53.08 31.36 16.98 15.52 14.66
Maxiimal relat . 1 12.84 9.43 5.09 451 426
aximal relation error (%) o 2 10.30 10.88 9.65 4.48 6.01
3 12.42 11.73 11.99 6.65 8.12
1 7.62 3.91 2.04 198 1.68
Treatment 6 2 8.50 3.92 245 273 327
3 10.06 484 2.85 327 3.55
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Table 8. Cont.
i Filter Load (kg)
Eval}latmg . Speed (m/s) 5
Indicator Processing 10 15 20 25
1 6.94 4.35 2.77 2.34 1.67
Original data 2 7.30 5.37 3.65 2.54 2.23
3 7.90 5.39 3.71 2.77 2.62
1 1.64 1.11 0.75 0.72 0.82
. . o
Mean relative deviation (%) Treatment 5 > 240 1.87 185 131 161
3 2.86 2.21 2.02 1.55 1.96
1 1.38 1.13 0.74 0.78 0.76
Treatment 6 2 2.32 1.43 1.09 0.97 1.13
3 2.54 1.79 1.10 0.92 1.37
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Figure 13. Data comparison under different loads and different flight speeds: (a—¢) 5 kg (1~3 m/s),
(d-f) 10 kg (1~3 m/s), (g-i) 15 kg (1~3 m/s), (j-1) 20 kg (1~3 m/s), and (m-o) 25 kg (1~3 m/s).
3.6. Result of Field Tests
The data of field tests and result of the FFT analysis are shown in Figure 14.
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Figure 14. Cont.
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Figure 14. Data of field tests: (a) test 1, (b) test 2, and (c) test 3; and results of FFT analysis: (d) test 1,
(e) test 2, and (f) test 3.

4. Discussion
4.1. Analysis of UAV Hovering Test

It can be seen from Figure 11 that the unfiltered original weight data fluctuate greatly
at five load levels. This is due to the vibration of the frame when the UAV was hovering. In
addition, the UAV was not kept at the same height, and the UAV continued to move up
and down at the target height. The vibration generated by the frame was transmitted to the
storage tank, which ultimately caused the measurement result of the weighing sensor to
be unstable.

After processing 1 and processing 2, the amplitude of data fluctuation was significantly
reduced. Under the load of 5, 10, and 15 kg, the data fluctuation amplitude of treatment 2
was less than that of treatment 1, while under the load of 20 and 25 kg, the data fluctuation
amplitude of treatment 1 and treatment 2 was similar, which proves that the filtering effect
of treatment 2 was better than that of treatment 1, and the adaptability of treatment 2 was
stronger. The reason for this phenomenon may be that under different loads, the vibration
of the frame was irregular, and the generated vibration noise was random. Processing 1
set a fixed cut-off frequency, which made it difficult to effectively eliminate random noise.
Processing 2 continuously adjusted the coefficient of the filter during execution and had an
adaptive adjustment ability, which can better filter out random noise.

After the original data were processed by processing 3 and processing 4, respectively,
the amplitude of data fluctuation was further reduced, and the filtering effect was better
than that of processing 1 and processing 2, respectively, indicating that the Kalman filter
algorithm can effectively reduce the noise and further eliminate the random noise. After
the original data were processed by processing 5 and 6, respectively, the amplitude of data
fluctuation was further reduced, and the filtering effect was better than that of processing
3 and 4, respectively, which shows that the moving average filtering had a better noise
reduction ability and can improve the smoothness of the data.

Table 7 shows that there was a large deviation in the unfiltered data, which was
difficult to use directly. After processing 5 and 6, the maximum deviation of the original
data was less than 0.5 kg, but under the same load, the maximum deviation of processing 6
was smaller. With the increase in load, the maximum deviation of treatment 5 and treatment
6 became larger, which indicated that the larger the load, the larger the noise generated by
the UAV frame and the larger the deviation. From the perspective of maximum relative
error, the maximum relative error of the original data after processing 5 was 1.26~2.94%,
while the maximum relative error after processing 6 was 1.24~2.74%, indicating that under
the same load, the maximum relative error of processing 6 was smaller, so the filtering
effect of processing 6 was better. From the perspective of average relative error, the average
relative error of the original data was within 1.18~4.80%, the average relative error of
treatment 5 was within 0.34~0.66%, and the average relative error of treatment 6 was within
0.31~0.58%, indicating that treatment 5 and treatment 6 had a better filtering effect and met
the filtering requirements.

It can be seen from Figure 12 that a large amount of noise was mixed in the original
data. Near the frequencies of 75 and 150 Hz, the fluctuation range of the original data was
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large, and the noise interference to the data was more serious. After processing 5 and 6,
the amplitude corresponding to the same frequency was reduced by about 100 orders of
magnitude, and the noise was well suppressed.

4.2. Analysis of UAV Flighting Test

It can be seen from Figure 13, under the same load, with the increase in working speed,
the fluctuation range of data became larger. This is because the greater the speed, the greater
the vibration amplitude of the frame, and the greater the noise. At the same operating
speed, with the increase in load, the fluctuation range of data became larger, indicating
that the noise increases with the increase in load. By comparing the data waveforms
of processing 5 and processing 6, it can be seen that the data waveform of processing 5
fluctuates less when the load was 5 and 10 kg, but the fluctuation became larger when
the load was 15, 20, and 25 kg, while the data of processing 6 fluctuate slightly near the
reference data, which shows that processing 6 encounters larger vibration and noise, better
stability, stronger adaptability, and better filtering effect.

In Table 8, the maximum deviation range of the original data was 1.995~3.666 kg.
Overall, the deviation is larger than the original data of the hovering test in Section 3.4,
indicating that the vibration noise of the UAV during flight was larger than that during
hovering. With the increase in load and working speed, the maximum deviation of treat-
ment 5 and treatment 6 gradually becomes larger. When the load was 25 kg, the deviation
increases obviously. Currently, the maximum deviation of treatment 5 was in the range of
1.064~2.031 kg, and the maximum deviation of treatment 6 is in the range of 0.420~0.888 kg.
In contrast, treatment 6 had a better noise suppression ability.

From the perspective of relative error, the maximum relative error of treatment 5 was
4.26~12.84%, and the average relative error was 0.72~2.86%. The maximum relative error
of treatment 6 was 1.68~10.06%, and the average relative error was 0.74~2.54%, which all
met the filtering requirements. Under the same conditions, the maximum relative error and
average relative error of treatment 6 were smaller than those of treatment 5, which shows
that treatment 6 has a better noise suppression ability and smoother data filtering data.

4.3. Analysis of Field Test

Figure 14 shows that the original data are seriously disturbed by the vibration and
noise of the UAV, and the data fluctuate in a large range. After processing 2 (LMS adaptive
filtering), the stability of the data is greatly improved. After the original data were processed
by processing 4 (LMS adaptive filtering + Kalman filtering), the fluctuation range of the
data was reduced again, and the noise was further filtered out. After the original data were
processed by processing 6 (LKM), the data were smoother, the stability was better, and the
noise was effectively suppressed. The data fluctuation range of test 3 was larger than that
of test 1 and test 2, because the working speed of test 3 was faster than that of test 1 and
test 2. The faster the working speed, the greater the vibration noise and the more unstable
the data.

Further analysis shows that when the UAV switches the route, the data had a large
fluctuation. The possible reason was that during the switching route, the gravity accelera-
tion of the UAV changed drastically, and the UAV switched continuously in the two states
of overweight and weightlessness, resulting in the continuous shaking of the storage tank
and the large-scale fluctuation of the data.

The FFT analysis in Figure 14 shows that the frequency band of noise was widely
distributed before filtering, and the noise interference was more serious near the frequency
of 75 Hz and 150 Hz. After filtering, the amplitude corresponding to the same frequency
was reduced by about 1000 orders of magnitude, and the noise near 75 Hz and 150 Hz was
effectively suppressed.
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4.4. A Comparison with Existing Research

Obtaining the allowance in the storage tank is very important for various devices
in agricultural production and is a key factor in improving the working accuracy of the
devices [29,30]. In the existing research, the filtering processing of weighing data is often
limited to the use of a single filter. This paper innovatively proposes a new processing
scheme, that is, multiple filters optimized for different noise types are continuously applied.
In order to verify the effectiveness of this scheme, this paper compares several groups of
experiments and finds a better filter combination to further improve the accuracy and effect
of data processing. Through this continuous filtering method, it can filter out all kinds
of noise interference more comprehensively, so as to obtain more accurate and reliable
weighing data.

The final filtering scheme adopts the LMS adaptive filtering scheme with fixed step
size factor, but the fixed step size factor is difficult to balance with the steady-state error and
convergence speed. In order to further improve the filtering effect, the variable-step-size
LMS adaptive filtering algorithm can be used in subsequent research [31]. In addition,
compared with existing schemes, a noise monitoring sensor is added to the final determined
storage tank allowance monitoring scheme, which means an increase in cost and an increase
in installation difficulty. Other schemes can also be tried to further improve the stability
and reliability of seed box allowance monitoring data [32].

5. Conclusions

In this paper, aiming to evaluate the influence of UAV’s vibration noise in the accurate
quantity weighing of the storage tank, a differential sensor and supporting two filtering
methods with strong adaptability were provided to filter out the noise. The quantitative
evaluation was summarized as follows:

(1) The analog-to-digital conversion circuit for reading the weighing sensor signal was
designed, and two data processing schemes were proposed, which are Butterworth
low-pass filter + Kalman filter + moving average filter (BKM) and LMS adaptive filter
+ Kalman filter + moving average filter (LKM).

(2) The UAV hovering test was carried out, and two data processing schemes were
compared. The results show that for different loads, the scheme of LKM can effectively
suppress noise. The maximum relative error of the filtered data is 1.24~2.74%, and the
average relative error is 0.31~0.58%.

(3) The results of the UAV flight test show that for different loads and different flight
speeds, the LKM has a better noise suppression ability and better filtering effect than
the BKM. The maximum relative error of the filtered data is 1.68~10.06%, and the
average relative error is 0.74~2.54%.
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Abstract: Fungal spores that cause infectious fungal diseases in rice are mainly transmitted through
air. The existing fixed, portable or vehicle-mounted fungal spore collection devices used for rice
infectious diseases have several disadvantages, such as low efficiency, large volume, low precision
and incomplete information. In this study, a mobile fungal spore collection device is designed,
consisting of six filters called “Capture-A”, which can collect spores and other airborne particles
onto a filter located on a rotating disc of six filters that can be rotated to a position allowing for the
capture of six individual samples. They are captured one at a time and designed and validated by
capturing spores above the rice field, and the parameters of the key components of the collector are
optimized through fluid simulation and verification experiments. The parameter combination of the
“Capturer-A” in the best working state is as follows: sampling vessel filter screen with aperture size
of 0.150 mm, bent air duct with inner diameter of 20 mm, negative pressure fan with 1500 Pa and
spore sampling of cylindrical shape. In the field test, the self-developed “Capturer-A” was compared
with the existing “YFBZ3” (mobile spore collection device made by Yunfei Co., Ltd., Zhengzhou,
China). The two devices were experimented on at 15 sampling points in three diseased rice fields,
and the samples were examined and counted under a microscope in the laboratory. It was found that
the spores of rice blast disease and rice flax spot disease of rice were contained in the samples; the
number of samples collected by a single sampling vessel of “Capturer-A” was about twice that of the
device “YFBZ3”in the test.

Keywords: diseases of rice; fungal spores; sampling; UAV

1. Introduction

More than 50 kinds of rice fungal diseases, 6 kinds of bacterial diseases, 11 kinds of
viral and mycoplasmosis, and 4 kinds of nematode diseases have been found in China [1-3].
The common diseases mainly include rice blast, sheath blight, white leaf blight, flax spot,
rice stalk, rice grain smut and bad seedling [4-6]. The infection of rice by airborne spores is
an important factor causing rice infection [5,7-9]. The determination of spores in the air is
an indispensable part in the analysis of the degree of disease occurrence, early warning
and prevention [10-13]. To monitor the process of airborne sporogenesis, it is necessary
to have an effective collection device to monitor the temporal and spatial dynamics of
pathogens [11,12,14,15].
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The collection technology of rice fungal spores is the basis of pathogen identification
and monitoring, as well as the premise of disease control [16,17]. The traditional devices
for acquiring microorganisms such as rice infectious fungal spores are large and heavy, as
shown in Table 1 [18,19]. The efficiency of the existing mobile spore collection device is low,
and only one sample can be collected at a time, which cannot meet the requirements of
efficient and intelligent modern agriculture [20,21]. In view of the problems of the existing
spore capture instruments, the work efficiency and application range of the spore capture
instrument need to be improved [22,23].

Table 1. Specifications of existing spore collection devices used in China.

Brand/Country Model Mode of Use Sample Carrier L x W x H (mm) ‘Aﬁ(lgg)ht
Yunfei/China YFBZ3 Portable Slide 250 x 250 x 300 8
Yunfei/China YFBZ2 Vehicular Slide 300 x 200 x 300 12
Yunfei/China YFBZ1 Stationary Slide 760 x 760 x 1850 35
Tianhe/China TH-BZ01 Stationary Slide 650 x 650 x 1500 30
Oukeqi/China OK-BZ1 Portable Slide 450 x 280 x 100 -
Oukeqi/China OK-BZ2 Vehicular Slide 250 x 300 x 760 -
Oukeqi/China OK-BZ10 Stationary Slide 450 x 280 x 1000 -
Wanxiang/China WX-BZ3 Stationary Slide 420 x 308 x 787 -
Bangyou/China BY-BZ3 Portable Slide 280 x 280 x 450 -
Aiwo/China AW-BZ2 Vehicular Slide 250 x 300 x 760 -
Aiwo/China AW-BZ1 Portable Slide 240 x 240 x 360 -
Burkard /England HIRST Portable Transparent plastic (mylar) 600 x 700 x 800 16
Burkard /England Spore watch Bracket type Transparent plastic (mylar) 240 x 100 x 550 35
Burkard /England B-350 Bracket type Liquid or Eppendorf bottle 1250 x 870 x 770 24
Burkard /England SRVST Bracket type Container 570 x 650 x 650 -

There are several potential aspects that can be considered:

(1) Lighter weight and smaller sizes need to be adopted to make the spore collection
device smaller and more lightweight [24-27].

(2) The existing fixed spore capture equipment can obtain spores in glass slides, Eisenhoff
bottles, scotch tape or bottle containers (as shown in Table 1), and the design of sample
carriers also has room for research [28,29].

(3) We improve the work efficiency of mobile spore collection device by enhancing the
ability of a single device that supports multiple sample collection tasks [21,30].

(4) Integrating with contemporary UAV technology, the development of versatile mobile
spore collection devices broadens the utility of spore capture devices [31-33].

In order to improve the collection effectiveness of rice infectious fungal spores, and
explore a rice infectious fungal spores collection device suitable to be mounted on UAV, this
study proposes a design scheme of a mobile rice infectious fungal spore collection device
named “Capturer-A”, which uses air flow to collect biological particles, such as spores,
onto filters. In this study, the features of key components of the developed device were
simulated, and the key parameters affected were analyzed and optimized.

2. Working Principle and Structure Design of Spore Collection Device

To collect the rice fungal spores more efficiently, a UAV-borne mobile collecting de-
vice named “Capturer-A” was designed according to the characteristics of spores [19].
“Capturer-A” is mainly composed of air intake, sample collection vessel cover, sample
collection vessel shell, fan and turntable shell, motor and microprocessor shell, sample
collection filter vessel, spore sample filter vessel-positioning turntable, angle-positioning
motor, bent air duct, negative-pressure fan, air outlet, microprocessor, motor and battery,
etc., as shown in Figure 1.
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Figure 1. Structure diagram of the fungal spore collection device. Note: 1. air intake; 2. sample
collection cover; 3. sample collection shell; 4. fan and turntable shell; 5. motor and microprocessor
shell; 6. spore collection; 7. spore sample filter-positioning turntable; 8. angle-positioning motor;
9. bent air duct; 10. negative-pressure fan; 11. air outlet; 12. microprocessor; 13. motor; 14. battery;
15. lifting handle; 16. screen-fixing cover; 17. sample screen; 18. truncated cone sampling; 19. cylindri-
cal sampling; 20. hemisphere-shaped sampling; 21. aluminum alloy beam; 22. electric telescopic rod;
23. electric turntable; 24. waterproof frame; 25. aluminum alloy bracket.

The negative-pressure fan rotates to form negative pressure in the capture bin, and
the air containing spores outside is inhaled by the air intake, through the air duct and the
filter vessel, and the spores and other microbial particles will be attached to the filter of the
filter vessel, so as to complete the capture of spores. After completing the sample collection,
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the filter vessel is rinsed with pure water in the laboratory; then, the fungal spores can be
further observed and analyzed.

The workflow of the field experiment of the UAV-borne mobile rice fungal spore
collection device is as follows:

(1) The rice fungal spore collection device starts to work at a fixed position in the field.
The device uses suction to sample airborne particles such as spores in the air into the first
filter vessel through a negative-pressure fan.

(2) When the fungal spore collection device is transferred to the second collection point,
the filter flow vessels changed to the second air filter for the collection of fungal spores.

(3) When the working process needs to enter the next collection point, it is necessary to
switch the sample collection filter through the remote control or timer for sample collection.

3. Design and Simulation of Key Components of the Fungal Spore Collection Device

Since the sample collection efficiency may be affected by several main factors, this
study analyzed different simulation results of the “Capturer-A”, assessing the following
effects: inner diameter of bent air duct, wind pressure, sample filter vessel shape and
aperture size of sampling vessel filter screen. Microbial particles in paddy fields include
inorganic particles, organic particles and a small number of mixed particles, which usually
exist in the form of dust in the crown of rice, with a diameter of about 0.001 um to 10 um.
The simulation process is described below.

3.1. Simulation of Inner Diameter of Bent Air Duct

Since the key step of collecting spores in the “Capturer-A” is that the air containing
spores is sucked by negative-pressure wind into the sampling vessels with filter nets
through the bent air duct, the diameter of the bent air duct has a certain influence on the
collection efficiency of “Capturer-A”. Due to the limited overall size of “Capturer-A”, the
space to accommodate the bent air duct is limited, and the shape of the bent air duct will
change slightly due to the size change, which has a certain impact on its spore-catching
ability. ANSYS 23 (ANSYS Inc., Canonsburg, PA, USA) was used to simulate the inner
diameter of the bent air duct in “Capturer-A”. By establishing a simplified model to
compare and simulate the bent air duct with different diameters, the flow field changes of
“Capturer-A” during operation were analyzed, and the optimal inner diameter of the bent
air duct was determined.

The velocity cloud of the flow simulation situation with the inner diameter of the
bent air duct of 15 mm is shown in Figure 2a. It can be found that the maximum velocity
is mainly concentrated at the waist of the bend and the exit, and the velocity begins to
increase from the waist. Changes in the mass flow at the outlet monitored during the
simulation calculation are shown in Figure 3. It can be seen that the minimum flow at the
outlet is 4.633 L /min. This value is maintained when the calculation conditions are stable.

A simulation of the flow field with an inner diameter of 20 mm of the bent air duct
is shown in Figure 2b. It can be seen from the cloud image that the flow field pressure
increases from the entrance, and the flow speed is mainly concentrated at the exit. When
other conditions remain unchanged, it can be found that the maximum velocity is the
smallest compared with that of 15 mm, but through the outlet flow ratio, it is found that the
outlet mass flow of 20 mm with an inner diameter is about 13.693 L /min, and the outlet
mass result of the bent air duct with an inner diameter of 20 mm is greater.

A simulation of the flow field with the bent air duct with an inner diameter of 25 mm
is shown in Figure 2c. It can be seen from the cloud image that the flow field pressure
increases from the entrance, and the flow speed is mainly concentrated at the exit. If other
conditions remain constant, compared with bent air ducts with an inner diameter of 25 mm
and 20 mm, it can be found that the corresponding bent air duct with an inner diameter of
25 mm whose maximum velocity is less than 20 mm has the same velocity as a diameter of
20 mm. However, through the outlet flow ratio, it is found that the outlet mass flow of the
bent air duct with an inner diameter of 25 mm is about 13.216 L/min, and the result of the
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bent air duct with an inner diameter of 25 mm is very close to the outlet mass of the bent
air duct with an inner diameter of 20 mm.
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Figure 2. Compare and simulate the bent air duct of different diameters: (a) velocity cloud image,
pressure cloud image and outlet mass flow image of bent air duct of 15 mm; (b) velocity cloud image,
pressure cloud image and outlet mass flow image of bent air duct of 20 mm diameters; (c) velocity
cloud image, pressure cloud image and outlet mass flow image of bent air duct of 25 mm diameters.
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Figure 3. Numerical simulation of the influence of diameter variable on air flow rate.
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In order to compare the air flow state under different diameters more accurately, other
variables can be kept consistent through numerical simulation, as shown in Figure 3. Only
the influence of diameter variables on the air flow rate was simulated and studied, while
other variables remained unchanged. Three kinds of bent air ducts with different inner
diameters were designed, and the influence of diameter on air flow was analyzed through
the mass ratio of the outlet.

From Figure 3, it can be seen that the suction mass flow of the bent air duct with an
inner diameter of 20 mm and 25 mm is much higher than that of 15 mm, and the outlet
mass flow of the bent air duct with an inner diameter of 20 mm and 25 mm is very similar;
the outlet mass flow of the bent air duct with an inner diameter of 20 mm is slightly higher
than the outlet mass flow of the bent air duct with an inner diameter of 25 mm, so an inner
diameter of 20 mm was selected as the optimal diameter.

3.2. Simulation Analysis of the Wind Speed of Fungal Spore Collection Device

In order to verify the influence of the parameters of the negative-pressure fan on the
spore sample collection effect of the equipment, the sampling effect of the negative-pressure
fan working under different wind pressures was simulated and analyzed in this study.
ANSYS 23 (ANSYS Inc., Canonsburg, Pennsylvania, America) was used to simulate the air
flow during the negative fan of the “Capturer-A” operation, pressure distribution cloud
diagram and the velocity distribution cloud diagram (Figure 3). Since the above simulation
results show that the bent air duct with a diameter of 20 mm is the most efficient, in order
to ensure the compatibility of “Capturer-A”, the interior diameter of the sampling vessel is
consistent with the diversion duct with an inner diameter of 20 mm.

In order to simulate accurately and conveniently, a simplified model of the “Capturer-A”
was built in Workbench in advance. The simplified model only retains important com-
ponents, such as negative-pressure fan, air duct and sample collection filter vessel. The
performance of the whole device can be evaluated through simulation analysis of the
simplified model.

In this simulation, a turbulent model was adopted for simulation. In this model, the
turbulent kinetic energy k and turbulent dissipation rate ¢ are defined as:

Uiy
k== 1)

(aul) <8u;) )
& = —t

0 \9xk ) \ 9xk

The turbulent viscosity can be expressed as a function of k and ¢, namely:

k2
U = peu— ©)

Cy is the empirical constant, where the transport equation for k and ¢ is:

I(pk) | 9(pku;) 0 o¢ _

o0 o ox +5g ox;| TR P @
d(pk) | 9(pxkui) _ 0 ui\ 9 ] | Ciet
o oy ox (u+(5e)8xl + G~ Capy ©)

B du;  Ouj\ du;
G = <8x + axl> ox; (6)

where Cy, = 1.44, Cy, = 1.92, C; = 0.09, 6 = 1.0, 5 = 1.3.
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The standard model is a complete turbulence model, which is mainly used to solve
the turbulence core region. For the solution of the region near the wall where turbulence is
not fully developed, the wall function method needs to be adopted:

ﬂco.25ku-5 C0.25k0.5
”’7:1M<Ep”‘°y> )
Tw/p k u
= Lol ys  (y\ VY Y
uyv (9)

Yo = §025 k2-5

The change in wind pressure, temperature and humidity will affect the density of
air. When the temperature is 20 °C, the absolute pressure is 760 mmHg, and this state
is generally 1.293 kg. In this study, due to the high humidity of the air collected in the
rice field and the possibility of a small amount of dust in the rice cluster, the air density
p = 1.295 kg/m?>. If the wind pressure of the negative-pressure fan is represented by N,
the wind speed of the negative-pressure fan is represented by V, the rotation speed of the
negative-pressure fan is represented by Y and the fan blade length is represented by J; then,
the wind speed is converted to wind pressure by the following formula:

N:%mw (10)

The formula of rotation speed of the negative-pressure fan is:

Y = ooV (11)
]

By fitting the relationship data between velocity and pressure difference, the fitting
graph shown in Figure 4 is obtained. Because the microbial particles suspended in the
air move in a Boolean manner in a small area in the absence of wind, when the negative-
pressure fan of the device does not work, there is also a small air flow inside the device
in the absence of wind. When the negative-pressure fan of the equipment is working,
the microbial particles suspended in the air will move in a large range when there is
wind action.

Through the setting of boundary conditions, the simulation results of the model were
analyzed when the negative fan was not working, as shown in Figure 5. According to
the cloud image analysis obtained through the simulation results in the figure, when the
negative-pressure fan of the spore collection device does not rotate, the flow rate in the
suction movement channel can pass through the bent air channel, and the maximum flow
rate appears near the lower exit. The entire static suction motion obstructs the fluid in
the device channel, causing it to flow around the phenomenon, and the velocity behind
the movement is very small. In the case that the front negative-pressure fan does not
rotate, the fluid can only pass through one inlet, and the device cannot complete the spore
collection work.

The analysis of model simulation results during fan rotation is shown in Figure 5. As
can be seen from the pressure cloud map, the maximum pressure is mainly concentrated in
the front of the moving negative-pressure fan, and there is no large pressure on the back.
Combining the flow velocity cloud image and the pressure cloud image, it can be seen that
this is mainly due to the lack of rotation in the front disk, so this non-uniformity appears.
Through the above simulation of the non-rotating negative-pressure fan, it is found that
the flow field before and after the fan is not uniform. Now, the fixed disc of the six filter
slots in front of the movement rotates, and the negative-pressure fan rotates at a speed
of 5000 revolutions per minute; that is, when the wind speed is 2.62 m/s, cloud image
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data can be obtained. There is no large speed distribution phenomenon at the top of the
movement of the spore collection device, only a small part of local movement. There is no
obvious large jet phenomenon in the bent duct, and the speed becomes smaller. At the same
time, in order to obtain the data change diagram, a straight line is drawn at the movement
position of the negative-pressure fan, and the simple model of “Capturer-A” is observed by
the speed and pressure changes on the straight line. Through the data monitoring chart, it
can be found that the maximum peak speed appears at both ends of the fixed turntable of

the filter vessel. In the cloud image, the flow rate corresponds to the maximum position,
and there is symmetry.
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Figure 4. Fitting graph of speed of negative-pressure fan and wind pressure.

From the results, when the negative-pressure fan works, the internal pressure of the
device is negative, and the bent air duct of the on-site spore-trapping device will produce
negative pressure, so that the outside air is forced into the bent air duct, and the surrounding
air is absorbed into the bent air duct, so as to achieve the effect of inhaling spores. From
the cloud image, it can be seen that the speed and pressure are relatively high only at a
short distance in front of the tube outlet, indicating that if the tube outlet of the device is far
from the spores, it may not be able to create air flow delivering spores or guide the spores
into the tube. In order to solve this problem, the speed of the fan can be increased, and the
attraction range of the outlet of the bent air duct can be expanded.

It can be seen from the results that when the negative-pressure fan of the spore
collection device rotates, the bent air duct of the rice fungus spore-sampling device will
produce negative pressure, so that the outside air will be forced into the bent air duct, so as
to achieve the effect of inhaling spores. From the velocity cloud map, it can be seen that the
gas pressure in the bent air duct line reaches 450-1500 Pa, which is enough to adsorb spores
in the bent air duct line. However, it can be seen from the cloud image that the speed and
pressure of the bent air duct entrance are relatively high only at a short distance in front of
the bent air duct entrance, which indicates that if the bent air duct entrance of the device is
far from the spores, it may not be possible to guide the spores into it. In order to solve this

problem, the speed of the fan can be increased, and the attraction range of the bent air duct
hole can be expanded.
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Figure 5. Pressure and velocity distribution cloud diagram: (a) velocity cloud image inside the
“Capturer-A” before the negative-pressure fan starts; (b) pressure image inside the “Capturer-A”
when the negative-pressure fan starts; (c) velocity vector image inside the “Capturer-A” when the
negative-pressure fan starts; (d) velocity cloud image inside the “Capturer-A” when the negative-
pressure fan starts; (e) velocity cloud image inside the “Capturer-A” after the negative-pressure
fan starts; (f) vector velocity image inside the “Capturer-A” after the negative-pressure fan starts;
(g) pressure cloud image; (h) cross-section pressure image inside the “Capturer-A” after the negative-
pressure fan starts.
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3.3. Simulation of Sample Filter Vessel Shape

In order to verify the influence of the shapes of the sampling vessels on the spore
sample collection effect of “Capturer-A”, this study simulated the working state and
working effect of different shapes of sampling vessels. According to the actual filter model
settings, the geometric model is established by Workbench (ANSYS Inc., Canonsburg, PA,
USA). Since the above simulation results show that the bent air duct with a diameter of
20 mm is the most efficient, in order to ensure the compatibility of “Capturer-A”, the
interior diameter of the sampling vessel is consistent with the diversion duct with an inner
diameter of 20 mm. The exterior diameter of the sampling vessel cylinder is 22 mm, and
the interior diameter sampling vessel cylinder is 20 mm. The truncated cone sampling
collection vessels with filter nets were installed in an inverted way; the top exterior diameter
was 22 mm, the top interior diameter was 20 mm, the bottom exterior diameter was 18 mm
and the bottom interior diameter was 16 mm. The model consists of three parts: inlet fluid
region, porous media region and outlet fluid region.

For meshing of the above model, Fluent meshing is used as the meshing tool, and the
mesh is a polyhedral mesh. In practice, the problem of porous media is often encountered,
such as filter containers, filters, soil, air, etc., which is characterized by a large number of
geometric pores. This problem is usually simplified in fluid simulation calculation, and
the porous region is simplified to the fluid region with increased resistance source, thus
avoiding the trouble of establishing porous geometry. The air sample in this study also
belongs to porous media, and the simplified method usually provides a velocity-dependent
momentum source in the porous region, which is expressed as:

3 1
Si = — (2} Dijl/ll)]' . Z? = ]C1]2p0|0]) (12)

S; is the source term of the momentum equation in the i (x, y, z) direction; V is the
speed value; D and C are the specified matrices. In the formula, the first term on the right
is the viscosity loss term, and the second term is the inertia loss term.

For uniform porous media, it can be rewritten as:

u 1
Si = —<“Ui+622|?’0i> (13)

« is permeability; C, is the inertial drag coefficient. The matrix D is 1/a. The momentum
acts on the fluid to create a pressure gradient,

Ap =S (14)

An is the thickness of the porous media domain. If the above two formulas are
connected, they can be uniformly expressed as the following formula:

Ap:avz+b-v (15)

From the flow field velocity cloud in Figure 6, it can be seen that because the sample
filter vessel of the circular table is inverted on the rotary table, the inlet is large, and the
outlet radius is small, so it can be seen that in the sample filter vessel of the circular table
shape, the existence of porous media will cause the velocity distribution in this hierarchical
gradient, and there is a velocity difference. From the flow rate area product flow formula, it
can be seen that the outlet diameter becomes smaller and the velocity increases, so even if
there is a porous medium obstruction, the air in the roundtable shape of the filter net still
has the maximum speed at the outlet. Figure 6a is a velocity distribution cloud map of the
porous media model on different sections corresponding to the circular platform, and it
can be seen that the maximum velocity reaches 300 m/s.
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Figure 6. Pressure cloud diagram and cloud image of upstream field and velocity at different sections
of the truncated cone sampling vessel with filter net: (a) pressure cloud image of truncated cone
sampling vessel with a filter net; (b) velocity cloud image of truncated cone sampling vessel with a
filter net; (c) velocity cloud image of flow field on different sections of truncated cone sampling with
a filter net; (d) pressure distribution on the symmetric line of truncated cone sampling vessel with a
filter net; (e) velocity distribution on the symmetric line of truncated cone sampling vessel with a
filter net.

According to the pressure distribution cloud map in the circular platform porous media
model, the existence of porous areas makes the pressure drop obvious. The maximum
pressure at the entrance is 400,000 Pa, the pressure in the middle is 240,000 Pa and the
pressure drop is 160,000 Pa. As can be seen from the velocity and pressure distribution
diagram on the symmetric line in Figure 6b, the velocity on the symmetric line gradually
increases with the position change, but the pressure decreases along the symmetric line.
To sum up, it can be seen that because of the shape of the filter net, the outlet flow rate
is large, and the influence of the porous area on it is not very large. Compared with the
cylindrical shape, the porous area is not dominant, and the cylindrical shape of the filter
net is dominant.

The following is the simulation analysis of the cylindrical filter net. Because the
section size and radius of the entrance and exit of the cylinder are the same, the pressure
distribution cloud map shows that the existence of porous areas makes the pressure drop
obvious. The maximum pressure at the entrance is 30,000 Pa, and the pressure drop at the
middle is 18,000 Pa. However, due to the existence of porous regions, the pressure drop of
the flow is larger than that of the flow without porous media, and there is a well-defined
pressure change, as shown in Figure 7a below. Compared with the circular shape, it can
be seen that the pressure drop generated by the porous region of the cylindrical-shape
filter is smaller than that of the circular-shape filter under the same boundary conditions.
As shown in Figure 7b, the velocity and pressure distribution diagram on the symmetric
line shows that the velocity on the symmetric line gradually decreases with the change in
position, which is mainly due to the existence of the porous region in the middle, which
obstructs the flow and makes the velocity smaller. The pressure on the symmetric line is in
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the form of a piece wise function, and the outlet pressure increases due to the obstruction
of the porous region.
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Figure 7. Pressure cloud image and flow field cloud image of cylindrical shaped sampling vessel
with filter net and velocity and pressure distribution on the symmetry line of the cylindrical section:
(a) pressure cloud diagram and velocity cloud image of upstream field velocity at different sections
of cylinder sampling vessel with filter net; (b) pressure and velocity distribution on the symmetry
line of the diagram of cylindrical sampling vessel with filter net.

The following is the simulation analysis of the hemispherical sampling vessel with
a filter net. It can be seen from the pressure distribution cloud map that the existence of
porous regions makes the pressure drop obvious. However, due to the presence of porous
regions, the flow has a greater pressure drop than the flow of a medium without pores, and
there is a significant pressure change, as shown in Figure 8a below. Compared with the
hemisphere-shaped sampling vessel with a filter net, it can be seen that under the same
boundary conditions, the pressure drop generated by the porous region of the cylindrical
filter is smaller than that of the hemisphere-shaped sampling vessel with a filter net.

In order to accurately reflect the changes in the flow field in the hemisphere, we make
a symmetrical line and observe the changes in velocity and pressure on the line. Figure 8b
below shows the velocity pressure distribution on a symmetric line. It can be seen that the
velocity on the symmetric line gradually decreases with the change in position, mainly due
to the existence of porous regions in the middle, which hinders the flow and makes the
velocity smaller. The pressure on the symmetric line is in the form of a piecewise function,
and the outlet pressure is reduced due to the obstruction of the porous area, which was
found to be different from the cylindrical-shaped sampling vessel with filter net.
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(a) Cloud image of flow field of hemispherical filter box;
(b) Velocity image of flow field of hemispherical filter box;
(c) Velocity and pressure distribution on the systemmetrical line of the hemispherical shape filter tank.

Figure 8. Pressure cloud diagram and cloud image of upstream field velocity at different sections
and velocity and pressure distribution diagram of symmetry line of section of hemisphere-shaped
sampling vessel with filter net: (a) pressure cloud diagram of hemisphere-shaped sampling vessel
with filter net; (b) cloud image of upstream field velocity at different sections of hemisphere-shaped
sampling vessel with filter net; (c) velocity and pressure distribution diagram of symmetry line of
section of hemisphere-shaped sampling vessel with filter net.

3.4. Simulation of Aperture Size of Sampling Filter Screen

In order to verify the effect of the aperture size of the sampling filter screen on spore
sample collection of “Capturer-A”, the working state and working effect of filter nets with
different aperture sizes of sampling filter screens installed in the sampling vessels were
simulated and analyzed.

Since the above simulation results show that the bent air duct with a diameter of
20 mm is the most efficient, in order to ensure the compatibility of “Capturer-A”, the
interior diameter of the sampling vessel is consistent with the diversion duct with an inner
diameter of 20 mm. According to the model setting of the actual filter net, a geometric
model was established in Workbench (ANSYS Inc., Canonsburg, PA, USA), as shown in
Figure 9. The cylinder has an outer diameter of 22 mm and an inner diameter of 20 mm.
The circular table is installed in a reverse way, and the top is the same as the cylindrical
sampling vessel with an outer diameter of 22 mm and an inner diameter of 20 mm. The
bottom has an 18 mm outside diameter and 16 mm inside diameter. The model consists of
three parts: inlet fluid region, porous media region and outlet fluid region.

The monitoring data of microparticle mass flow at the outlet of the truncated cone
sampling collection vessel with a filter net in the simulation process are shown in Figure 9b.
The three groups of working conditions when the aperture sizes of the sampling filter
screen of filter nets are 0.180 mm, 0.150 mm or 0.0750 mm are installed in the sampling
vessels. It can be seen from the monitoring chart that the mass flow at the outlet fluctuates
mainly due to the existence of porous media and finally reaches stability. It was found that
the fluctuation in the sampling vessel when installing the filter net with an aperture size of
0.180 mm was gentle, and the obstruction was relatively large.

Three different aperture sizes of sampling filter screens in the cylindrical sampling
vessel with a filter net were simulated and compared, and it can be seen from the monitoring
chart that the mass flow at the outlet between them fluctuates mainly due to the existence
of porous media and finally reaches stability, as shown in Figure 9c. Compared with the
three different aperture sizes of sampling filter screens, it is found that the fluctuation is
still flat, and the fluctuation in the sampling vessel when installing the filter net with an
aperture size of 0.150 mm was gentle and the obstruction was relatively large.

For the comparative monitoring of the three aperture sizes of sampling filter screens in
the hemisphere-shaped sampling vessel with a filter net, it can be seen from the monitoring
chart that the mass flow at the outlet between them fluctuates mainly due to the existence of
porous media and finally reaches stability, as shown in Figure 9d. Compared with the three

166



Agronomy 2024, 14, 716

14 of 25

different aperture sizes of sampling filter screens, it is found that the fluctuation was flat,
and the fluctuation in the collection vessel when installing the filter net with an aperture
size of 0.0750 mm was gentle and the obstruction was relatively large.
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Figure 9. Model of three different shapes of sample collection vessels with filter net and analysis
of microparticle mass flow: (a) model of truncated cone, cylindrical, hemisphere-shaped sampling
collection vessel with filter net; (b) analysis of microparticle mass flow of truncated cone-, cylindrical-,
hemisphere-shaped sampling filter screen with aperture size of 0.180 mm; (c) analysis of microparticle
mass flow of truncated cone-, cylindrical-, hemisphere-shaped sampling filter screen with aperture
size of 0.150 mm; (d) analysis of microparticle mass flow of truncated cone-, cylindrical-, hemisphere-
shaped sampling filter screen with aperture size of 0.0750 mm.

This simulation mainly compares the sample collection capability of filter nets with dif-
ferent aperture sizes, so it is mainly through the porous media of the filter net to distinguish
and simulate the filtration capacity of filter nets with different aperture sizes. Through the
pressure distribution of the model of truncated cone-, cylindrical- and hemisphere-shaped
sampling vessels with filter screens in the simulation of porous media, it can be found that
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the pressure distribution under the cylindrical filter is the largest, which is distributed in a
step to the outlet.

3.5. Summary Findings of the Simulations

According to the above simulation results, if “Capturer-A” is equipped with an aper-
ture sampling vessel filter screen of 0.150 mm, bent air duct with an inner diameter of
20 mm, negative-pressure fan of 1500 Pa and cylindrical spore-sampling vessel, “Capturer-
A” can complete the spore sample collection more efficiently.

4. Verification Test of Prototype

In order to verify the effectiveness of “Capturer-A” in collecting spores, a prototype
was designed and field test conducted with reference to the model parameters and simula-
tion results above (as shown in Figure 10). The size and weight parameters of the prototype
are shown in Table 2. The prototype test was used to verify the effect of several important
parameters on the collection of microbial particles such as spores, and the validity of the
parameters of simulation analysis was verified.

Figure 10. Verification test of prototype. Note: 1. pre-flight status of the drone carrying Capturer-A;
2. status of Capturer-A when it is installed on an aluminum alloy bracket; 3. portable prototype;
4. sample collection filter; 5. microscope; 6. sample diluent.

Table 2. Size and weight parameters of “Capturer-A”.

Parameters Length (mm) Width (mm) Height (mm) Weight (kg)
Values 90 90 150 0.47

4.1. Test Method
4.1.1. Test Methods for Prototype

The rice fungus spore collection device “Capture-A” was used to sample the suspected
diseased paddy field. First of all, the collection points were planned, so that “Capture-A”
could operate at several collection points within a certain distance from the rice crown
cluster for a certain period of time. “Capture-A” has six sampling vessels with filter nets,
each sampling vessel works for a certain period of time and the collected samples are
tested and counted under a microscope to analyze the microbial information contained in
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the samples. During the validation test of the equipment, diseased rice fields of different
growth stages were selected for the experiment.

4.1.2. Counting of Rice Disease Spore Information in Laboratory

(1) Put the sample into water, shake it in a conical bottle to disperse the conidia, then
filter and rinse with multi-layer gauze, making sure that the filter residue does not contain
spores, and dilute to 100 mL [16,34-36].

(2) Take one drop of dilute liquid, drop it on the calculation grid of the blood cell
counting board, then gently press the cap from side to side, so that the cap is completely close
to the counting board, and there are no bubbles in the liquid; use filter paper to absorb the
excess suspended spore liquid, and let it sit for a few minutes until the spores settle [12,37].

(3) Observe the sample with a microscope. Since the spores in the dilution are in
different spatial positions on the hemocytometer and can only be seen at different focal
lengths, the micro-spiral must be mobilized one by one when counting, so as not to miss it.
Spores are usually located on the lines of a large grid and should be counted on both sides
and discarded on the other side to reduce errors. Each sample is observed and counted no
less than two times, and its average value is taken [22,35].

4.2. Analysis of Experimental Results
4.2.1. Influence of Negative-Pressure Fan Power of the “Capture-A” on Sample
Collection Effect

In order to ensure the reliability of the test data, under the same other conditions,
“Capturer-A” equipped with negative-pressure fans of different wind pressures (450 Pa,
800 Pa, 1500 Pa) was used to sample the four sampling points of eight different rice fields
affected by rice blast, and the sampling time was 5 min (as shown in Figure 10). Collected
samples were counted under a laboratory microscope to obtain the number of disease
spores in each sample. It can be seen from the figure that the fan power is positively
correlated with the number of spores collected (as shown in Figure 11).

4.2.2. Comparative Test of Equipment Installation of Different Parameter Components

In order to optimize the fungal spore collection device parameters, a comparative test
of equipment installation of different parameter component orthogonal experiments are
carried out in this study. The test scheme and test results are as follows:

Four factors (aperture size of filter net, size of sampling vessel, shape of sampling
vessel and air pressure of negative-pressure fan) that have an impact on the results were
selected, and three levels were determined for each factor. The L9 (34) orthogonal test
was used to determine the optimal formulation process based on the results as an index.
Orthogonal test factors and level design are shown in Table 3.

The self-developed rice fungal spore collection device named “Capturer-A” was used to
assemble different components in a rice field with suspected disease. In the same area of the
paddy field, the device maintain a certain distance from the rice crown cluster and runs for
the same period of time through a negative-pressure fan against each spore sample collection
filter vessel at the inlet of the device. The rice fungus spore collection device is equipped with
sample collection vessels of different sizes, sample collection vessels of different shapes, filter
nets of different aperture sizes and different wind pressure brought by different negative fans
with different pressures. The collected samples are monitored and counted in the laboratory
and then analyzed using orthogonal tests. Several parameters affecting the device are set as
factors and levels in the orthogonal test. Specific test factors and levels are shown in Table 3.

According to the range analysis of the orthogonal test, the most suitable combination
is A3B2C1D3. The device can meet the requirements of rice disease information collection
when the pressure of the negative-pressure fan is 450 Pa to 1500 Pa. If the aperture size of
the sampling filter screen is 0.150 mm, sampling vessel size is 20 mm, sampling vessel shape
is cylindrical and the pressure of the negative-pressure fan is 1500 Pa, the sampling effect is
the best.
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Figure 11. Comparison of numbers of samples collected by negative-pressure fans with different

wind pressures in the prototype test: (a) number of spores collected by “Capturer-A” at 4 sampling

sites in the first blast rice field; (b) number of spores collected by “Capturer-A” at 4 sampling sites

in the second blast rice field; (c) number of spores collected by “Capturer-A” at 4 sampling sites in
the third blast rice field; (d) number of spores collected by “Capturer-A” at 4 sampling sites in the
fourth blast rice field; (e) number of spores collected by “Capturer-A” at 4 sampling sites in the fifth

blast rice field; (f) number of spores collected by “Capturer-A” at 4 sampling sites in the sixth blast

rice field; (g) number of spores collected by “Capturer-A” at 4 sampling sites in the seventh blast rice

field; (h) number of spores collected by “Capturer-A” at 4 sampling sites in the eighth blast rice field.
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Table 3. Orthogonal experimental factors and levels.

Aperture Size of Diameter of Bent

Factor Name/Serial Number Filter Net (mm) Air Duct (mm) Shape of Sargplmg Vessel Wind Prc]e)ssure (Pa)
A B
1 0.180 15 Cylinder 450
2 0.150 20 Circular 800
3 0.0750 25 Platform 1500

In orthogonal test analysis, ki is the sum of the i level test index values in the cor-
responding factors, ki represents the mean value of the i level test index values in the
corresponding factors and the r value represents the difference between the maximum
and minimum values of ki in the fixed factors. The larger the r value is, the greater the
influence of different levels of the factor settings on the evaluation indicators. Therefore, it
shows that the greater the influence of this factor on the evaluation index, and vice versa,
the smaller the influence of this factor on the experimental results. Through orthogonal
analysis of the results, the results of four columns of tests A, B, C and D in Table 4 show
that the change in test results caused by the change in parameters of A is the largest, and
the change in test results caused by the change in parameters of B is followed by C and
then D. It can be seen from the range (r-value) analysis in Table 4 that the influence degree
of the four factors on the results is successively A > B > C > D (the aperture size of the
sampling vessel filter net > an inner diameter of bent air duct > the shape of the sampling
vessel > the wind pressure of the negative-pressure fan), with the maximum result as the
optimization objective. From the size analysis of k1, k2 and k3, the optimal condition of the
result is A3B2C1D3. The experiment was carried out according to the L9 (34) orthogonal
design table, and the results are shown in Table 4.

Table 4. Orthogonal experimental results.

Serial Number of

. A B C D Results (x107)
Experiments
1 1 1 1 1 1.26
2 1 2 2 2 9.2
3 1 3 3 3 16
4 2 1 2 3 30.4
5 2 2 3 1 39.2
6 2 3 1 2 48
7 3 1 3 2 812
8 3 2 1 3 1000
9 3 3 2 1 906
K; 26.46 843.66 1049.26 946.46
K, 117.60 1048.40 945.60 869.20
K3 2718.00 970.00 867.20 1046.40
k1 8.82 281.22 349.75 315.49
ky 39.20 349.47 315.20 289.73
ks 906.00 323.33 289.07 348.80
r 897.18 68.25 60.69 59.07
Primary and secondary ASB>C>D
order of factors
Optimal combination A3B,C1Dj

The data were processed by the R language data processing program (Lucent Tech-
nologies Co., LTD., Hangzhou, China). The results of ANOVA for a single factor showed
that factor A had a significant impact on the results (p < 0.01), while factors B, C and D had
no statistically significant impacts on the results (p > 0.05).

The analysis of variance is used to test the actual situation of the influence of various
factors on the results. The larger the sum of squares of deviation for the factor, the greater
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the difference between the test results and the greater the influence of the factor on the test
results. p < 0.01 indicates a very significant effect, and p < 0.05 indicates a significant effect
(as shown in Table 5).

Table 5. Variance analysis of situation of the influence of various factors on the results.

Source of Sum of Degree of Mean N
Variation Squares Fregedom Square Value of F - Value of p - Significance
A 1,557,197.137 2 778,598.568 295.939 0.003 *
B 7114.091 2 3557.046 1.352 0.425
C 5559.755 2 2779.878 1.057 0.486
D 5261.883 2 2630.942 1.000 0.500
Error e 5261.883 2 2630.942

Note: ** indicates very significant (p < 0.01) effect.

The sum of squares of deviation for each factor and error is calculated, and then the
degree of freedom, mean square and F-value are obtained; the F-test is then carried out.
The specific calculation process is as follows:

__1&
y= LY (16)

Q=2 (17)

1(& T?
P=y (Z%) = as)
n 1 n 2
SSTZZ(yiy)2=xy?n<xyi> =Q-P (19)

v n r T2 n r
SSa = %Zl(zk,fy):; <2k12> = (2 kf) -P (20)
i= i=1 i=1

SSt refers to the sum of squares of the total deviation, which is used to reflect the
total difference change in data during the test. The sum of squares of deviation reflects the
degree of influence of various factors on the experimental results. The larger the sum of
squares of deviation is, the greater the influence of selected factors on the test results.

The sum of squares of deviation of each factor reflects the degree of influence of each
factor on the test results. The larger the sum of squares of deviation of the factor, the greater
the difference between the test results when the factor is taken to different levels, and the
greater the influence of the factor on the test results. The sum of squares of deviations for
each factor is calculated as follows:

T=)v (21)
i=1

5Sp, SS¢ and SSp were processed in the same way. The variance results of each factor
on the results are shown in Table 6. It can be seen from Table 6 that the aperture size of
the spore sampling filter net has a very significant impact on the results (p < 0.01), while
the shape of the sampling vessel, the air pressure of the negative-pressure fan and the
size of the sampling vessel have no significant impacts on the results (p > 0.05). The order
of influence of the four factors is as follows: number of filter meshes > size of sampling
vessel > shape of sampling vessel > air pressure of negative-pressure fan. Considering
the influence of the four factors on the results, the optimal combination is A3B2C1D3;
that is, when the aperture size of the filter net is 0.150 mm, the diameter of the sampling
vessel is 20 mm, the shape of the sampling vessel is cylindrical and the air pressure of the
negative-pressure fan is 1500 Pa, the maximum result is obtained.
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Table 6. Validation test of orthogonal test result.
Process Standard Relative Standard
Condition Test 1 Test 2 Test 3 Mean Value Error Deviation/%
A3B,C1D3 909 900 892 900.33 8.5 0.85

In order to verify the reliability of the L9 (34) orthogonal test results, three parallel tests
were carried out under the conditions of the aperture size with a filter net of 0.0750 mm,
sampling vessel with diameter of 20 mm, the shape of the sampling vessel of cylinder
and air pressure of negative-pressure fan of 1500 Pa. The verification results are shown
in Table 6, and the obtained results are 900.33 £ 8.5. The results were higher than those
of the single factor test and orthogonal test group, indicating that the optimal condition
(A3B2C1D3) obtained the by L9 (34) orthogonal test was stable and reasonable.

4.3. Comparison Test between Self-Developed Device and Existing Market Device

In order to verify the sampling effect of “Capturer-A”, the sampling effect of “Capturer-
A” and “YFBZ3” are compared and tested. The two devices were placed at the same
sampling point in the same plot, at the same time. In order to avoid mutual influence, the
two devices were 2 m apart. The “Capturer-A” (aperture sizes of filter net of sampling
with 0.150 mm, bent air duct with an inner diameter of 20 mm, negative-pressure fan with
1500 Pa, sampling of cylindrical shape) and the mobile spore collection device of “YFBZ3”
(YunFei Co., Ltd., Zhengzhou, China) were used to carry out five-point sampling on rice
fields suspected of diseases. The two devices were simultaneously placed on the ridge of
the same sampling point in the same plot, and the distance between the two devices and
the rice was 250 mm. Analyzing the microbial information contained in the sample, a test
process field diagram and results are shown in Figure 12.

According to the test data, there was a certain difference in the number of spore
samples collected by A and B at the same sampling point in the same period of time. The
two devices were operated at fifteen points for 1 min, 3 min, 5 min and 10 min, respectively.

Through paired T-test analysis in the R language data processing program (Lucent
Technologies Co., LTD., Hangzhou, China), it was found that there were significant differ-
ences between “Capturer-A” and “YFBZ3” in 1 min, 3 min, 5 min and 10 min collection at
field A (p < 0.05), and the value collected by “Capturer-A” was significantly higher than
that by “YFBZ3” (as shown in Table 7).

Table 7. Paired t test analysis table of “Capturer-A” and “YFBZ3".

Serial of Sampling Time  Mean Value £+ SD Mean Value + SD Valueof T Valueofp Significance
Sampling Field (Min) of the “Capturer-A” of the “YFBZ3"”

A 1 1871 £ 742.2 749.6 £ 279 5.100 0.007 **
A 3 5142 + 2271 1922 + 647.4 4122 0.015 *
A 5 8431.6 + 3280.4 3378 +1297.9 4.848 0.008 **
A 10 17,600 £ 7542.9 6784 4 2474.3 4.506 0.011 *
B 1 1537.4 4 493.3 780 £+ 252.3 5.598 0.005 **
B 3 3948 +1190.7 3384 + 1672.9 0.979 0.383

B 5 6944 + 2230.3 3190 + 779.7 5.067 0.007 **
B 10 14,120 + 4326.9 6748 +1633.9 5.621 0.005 **
C 1 1608 £ 343.6 930 + 364.1 5.279 0.006 **
C 3 4316 + 963.3 2682 + 1186.1 4.850 0.008 **
C 5 6544 1+ 2114.4 3130 £+ 1378 5.059 0.007 **
C 10 11,774 + 2847.4 7534 £+ 3120.8 5.552 0.005 **

Note: ** indicates very significant (p < 0.01) effect, * indicates significant (p < 0.05) effect.
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Figure 12. Test comparison of spore catching ability between self-developed device and portable
spore trap (YFBZ3): (a) comparison of the “Capturer-A” and the mobile spore collection (YFBZ3) and
sample diluent from a single test; (b) the number of spores collected by the “Capturer-A” and mobile
spore collection device (YFBZ3) working in field A for 1 min, 3 min, 5 min, 10 min; (c) the number of
spores collected by the “Capturer-A” and mobile spore collection device (YFBZ3) working in field B
for 1 min, 3 min, 5 min, 10 min; (d) the number of spores collected by the” Capturer-A” and mobile
spore collection (YFBZ3) working in field C for 1 min, 3 min, 5 min, 10 min.
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At 1 min, 5 min and 10 min collection at field B, there were significant differences
between “Capturer-A” and “YFBZ3” (p < 0.05), and the value of “Capturer-A” was sig-
nificantly higher than that of “YFBZ3”. There was no significant difference between
“Capturer-A” and “YFBZ3” at 3 min (p > 0.05).

It was found that there were significant differences between “Capturer-A” and “YFBZ3”
at 1 min, 3 min, 5 min and 10 min collection at field C (p < 0.05), and the value collected by
“Capturer-A” was significantly higher than that by “YFBZ3".

The comprehensive analysis shows that no matter on field A, field B or field C, the
acquisition time is 1 min, 3 min, 5 min and 10 min, and the value collected by “Capturer-A”
is higher than that collected by “YFBZ3".

5. Conclusions and Prospects
5.1. Main Conclusions

This study mainly studied the rapid detection of spores of rice infectious fungal
diseases in scattered, numerous and geographically remote plots, and it solved the short-
comings of the existing spore detection methods, such as high cost, low intelligence and
long detection cycle. After the prototype development and field test, the conclusions were
as follows:

(1) A rice fungal spore collection device is developed, which is suitable for mobile
field operation. The mobile spore collection device is small and easy to carry, and it can
be carried by hand, vehicle or UAV. In operation, the system can complete the collection
of fungal spores from multiple sample collection points at one time, realize the collection
of spores from multiple points in the monitoring plot and comprehensively monitor the
disease situation of the field. The mobile spore collection device has the advantages of
reasonable structure, safety and lightweight, convenient operation, small size, overall mass
less than 2 kg and can be mounted on the UAV.

(2) A rice fungal spore collection device is designed. The microcomputer controls
the stepper motor to rotate the fixed plate of the sampling vessel for collecting spores by
writing a program, so that the sampling vessel on the fixed plate of the sampling vessel
can rotate to the working position within a set time and start collecting spores. After the
collection task of a collection point is completed, the stepper motor can be controlled by a
programmed microcomputer to make the next sampling vessel reach the working position,
and so on, so that the collection task of multiple collection points can be continuous. The
prototype produced in this study was equipped with six sampling vessels to achieve the
efficient collection of fungal disease spores.

(3) After the simulation and test analysis of the components of the mobile rice infectious
fungal disease collection device, it was found that the aperture size of the sampling vessel
filter net, the inner diameter of bent air duct, the shape of the sampling vessel, the wind
pressure of the negative-pressure fan and other parameters were basically selected. The
scheme is as follows: when the device adopts 450 Pa, 800 Pa or 1500 Pa negative-pressure
fans, the sampling filter vessel shape adopts a cylinder, truncated cone or hemisphere form,
and the aperture sizes of the sampling spore filter net are 0.180 mm, 0.150 mm, 0.0750 mm,
bent air duct with an inner diameter of 15 mm, 20 mm and 25 mm, “Capturer-A” can
meet the functional requirements of rice infectious fungal spore collection. The parameter
combination of “Capturer-A” in the best working state is as follows: the aperture size of
the sampling filter net with 0.150 mm, the inner diameter of the bent air duct is 20 mm, the
shape of the sampling vessel of cylinder and the wind pressure of the negative-pressure
fan is 1500 Pa. In the field test, the self-developed “Capturer-A” (inner diameter of bent air
duct of 20 mm, the shape of the sampling vessel of cylinder and the aperture size of the
sampling spore filter is 0.150 mm, the wind pressure of the negative-pressure fan 450 Pa)
was compared with the existing “YFBZ3"” (mobile spore collection device made by Yunfei
Co., Ltd., Zhengzhou, China) fungal spore collection device in the market. Samples were
collected from 15 sampling points in three suspected diseased rice fields. The two devices
were operated at fifteen collection points for 1 min, 3 min, 5 min and 10 min. The samples
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were examined and counted under a microscope in the laboratory, and it was found that the
spores of rice blast disease and rice flax spot disease of rice were contained in the samples.
It was found that under the same conditions, “Capturer A” was about twice that of the
existing spore collection device “YFBZ3” (mobile spore collection device made by Yunfei
Co., Ltd., Zhengzhou, China).

(4) The field test of the prototype showed that the device could effectively collect spore
information on rice crown bush disease when working within a certain distance from the
crown bush. If the spore collection work needs to be expanded, the parameters of the
device should be adjusted to meet the functional requirements.

5.2. Prospects

In this study, the rapid collection of rice fungal spores and microorganisms in rice
crown and rapid image collection of rice crop phenotypic information were studied. Some
research achievements and new technical progress were made. Due to the limitation of
personal ability and research time, there are still many problems in this project that need
further research and exploration:

(1) The prototype test in this study only verified the working effect of the prototype
with a certain range of parameters in the rice crown cluster and did not verify the working
effect of the prototype in a larger range. The prototype produced in this study was equipped
with 4-6 sampling vessels; more sampling vessels can be installed in order to achieve the
efficient collection of fungal disease spores. The performance of “Capturer-A” needs to be
further optimized in future work.

(2) The self-developed rice fungal spore collection device needs to conduct follow-
up monitoring, data statistics and processing of samples through a microscope in the
laboratory after collecting information, and the intelligence level is not high. It is hoped
that an integrated spore information monitoring function can be added in follow-up work.

(3) The hardware structure of “Capturer-A” needs to be further optimized. Since
water resistance needs to be considered in the work of rice crown clusters, it is necessary to
add shells and metal brackets when installing on mobile devices such as drones, and the
volume and weight will further increase. The further research direction of this topic is to
further optimize the structure and make the whole system more convenient.
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HEHS: 220861

4 W

BB R &

TR ROE

Mk HE S % CTXGPNXO01 & TSL-Scanner o ANLE % i 8 B R &,

TSL-Scanner % ¥ if ERERBEHASEH (5FMH)

' Jiﬂ’ ‘ 80x56x53 (K x3x&, mm) ;e GPS. DLS CEEERE) . £
e, 4~36VDC (#E 2W) 3k FOV: 60°, £%: 6.0 mm
BRI 1/10 - 1/29000 s AT R 54 128x1 4% CCD &5
#1 % (%0 494nm,# %, 20nm) fidh A 13X HEESRE
#2 4 (. 5320m,% % 20nm) P [ 8 > 20 /445
%fﬁ? #3 47 (/% 653nm,# % 20nm) ez é DII X-PORT
#4407 (0 745nm, % 55 20nm) ﬁ%ﬁgﬁL DJIM210 RTK. M300 # 7| %
#5 ¥ 47 4h(P A 843nm, % % 20nm) | a0 B HCHE 155 GeoTIFF
§ﬁ§§$ 1.5m @100m 47 & B AR AR WGS-84
iy & 10 FPS AR T A R BB Y
T EF5in 0°C £ 40°C XE X RS FAT32 (32 GB)
ERSEGE

1. BMEETF 202248 A 21 H (EZH) 09:00AM - 14:00PM 7 4 5 R b A 5 38 3 2 5 #H #F
EMHEAT.

2. # %% ASD Field spec3 3% SU(R! 5. FS3350-2500. H#& 7. ASD). #FRAHMK (B F.
500x500 & K 4T E AR . #IE®E: S MEB LR ARAE) # RedBdge-M % A ik & & 4% &
2 (A Z. RedBdge-M. #li&#: MicaSense) W/ R AFR G,

3. 24 %% 4& ASD Field spec3 Hig . #F7E K AT A7 RedBdge-M % K& B REBHH
Rk, HEREHEARBRN, EBEREG%.

4, BB ETAN (AlE. DIIM2I0RTK V2, #l#8: BT ABCFHLARLE) FF
AR AF R

NS
—. ®imE

i A 0 3 G R
1 A 1 6 K A i& 1#
2 o A AT A i A 1#
3 B 22 B A & A 1#
4 AR A 38 2 oK T IR & H 1#
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o

REHE: 220861 14 % 70

B & R

T E —: B KA

mﬁﬁﬁ:&M%aammmmﬂMMa

MR 77 iE: KA ASD Field spec3 H i (X #f TSL-Scanner % H. 3% & & 1% & &
By &3 RO HATEE R KK, &M EELFKE 10 KHEERTFH. A
A % RedBdge-M % K ERERE, BHKBEULKEFM A, #Eib ik
WA MR A F S ARE L T E R AR RO R 24T

TEEAR: H T AR B SR BEE K K SEFREUE I T R AT .

# 1 TSL-Scanner 5 RedEdge-M %% B4 # K (nm)

Xt AL A #1 W EX #2 L #3 W B #4 K #5 W
TSL-Scanner 494.1 532.0 653.0 745.5 843.0

RedEdge-M 475.0 560.0 668.0 717.0 840.0

BPTE = 32K AR

MK A A9 S H 11:00AM-13:00PM,

MR A HE: EE ORI EARAERHFAERSR, EARXETEA
TSL-Scanner % 1% 3 & 15 & 48 AT KA AR #E 4T ROAT 3 898 K B, S8 i far A
HIE . RAERT A EZ O 11:00AM-13:00PM, 4§ 24 24347 1 HEEXRE, — &
S5H, BHI0KRELE., RAFXFEXRERERBEFLHUT AT Z2EEER
# K ETAR A« ASD Field spec3 # X 5T T th 338 £ = A 0 R LR AT R E,
—# 54, FHI0KEEL.,

WEAEAF: L ERE FBEL, #2250, #3440k, ¥ O pf#s 4
) HERANMERE (B WS RIS ERE MAE CFAEITRZE)
1 RMSE (A FRRZED) 1 HWRFE AT,

n

MAE = 2

yi—xi|
1

(1)
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WEH S 220861 #+ 147 £ 8 T

D %) +t 0=,

RMSE = - (2)
v, 1 TSL-Scanner & i K 4t R4 4E-FHME, x, & ASD Field spec3 1% &Y
Rt ZHAEFHE,
# 2 TSL-Scanner M zh A& R At £ #E (#1 EAHED
i | 2 AR B SHAR R A
g | M
et | 2% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
1| O] 0090 | 0152 | 0220 | 0307 | 0454 | 0533 | 0.632 | 0.735 | 0.835 | 0.936
2| M2 0036 | 0.154 | 0201 | 0335 | 0427 | 0.534 | 0.635 | 0.735 | 0836 | 0.937
3 1:;8 0012 | 0.146 | 0254 | 0384 | 0.435 | 0.534 | 0.636 | 0.747 | 0.848 | 0.937
4 13;12 0.093 | 0.127 | 0226 | 0387 | 0.483 | 0.520 | 0.634 | 0.736 | 0.835 | 0.937
s | 1236 0001 | 0193 | 0241 | 0340 | 0416 | 0.521 | 0.628 | 0.734 | 0835 | 0.936
FTHME | 0064 | 0154 | 0228 | 0351 | 0.443 | 0.530 | 0.633 | 0.737 | 0.838 | 0.937

% 3 TSL-Scanner SR B3 5 KA R HHE (#2 KA KB

wit | 2 ok R SR S
AT | i | 2% | 10% | 20% | 30% | 40% | s0% | 60% | 70% | 80% | 90%
1| L) 0093 | 0.144 | 0272 | 0378 | 0413 | 0521 | 0663 | 0.747 | 0.849 | 0.947
2| W2 ] 0027 | 0041 | 0238 | 0309 | 0.451 | 0.542 | 0.649 | 0.767 | 0839 | 0.952
30| 8 003 | 0147 | 0238 | 0363 | 0420 | 0.549 | 0.648 | 0780 | 0.872 | 0.957
4 1131‘\}[2 0.098 | 0.116 | 0.297 | 0.352 | 0.440 | 0.547 | 0.684 | 0.717 | 0.870 | 0.961
s | 1236 10099 | 0197 | 0224 | 0313 | 0482 | 0.535 | 0.615 | 0.757 | 0.849 | 0.907
Y 0.070 | 0.149 | 0.254 | 0343 | 0.441 | 0539 | 0.652 | 0.754 | 0.856 | 0.945
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Yme: 220861

#* 14

E 9N

% 4 TSL-Scanner M & FZN & R AT £ 44E (#3 LB ED

i | = o B A
gy | R .
GHE | 2% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
1| % | 0012 | 0143 | 0259 | 0392 | 0435 | 0.5% | 0.615 | 0711 | 0.829 | 0.961
2 1}1’1\244 0.023 | 0.138 | 0.263 | 0372 | 0.448 | 0.568 | 0.613 | 0.741 | 0.810 | 0.968
3 liff 0.046 | 0.127 | 0.214 | 0.335 | 0.494 | 0.584 | 0.677 | 0.719 | 0.821 | 0.942
4 | 1202 10017 | 0012 | 0273 | 0341 | 0454 | 0.548 | 0.682 | 0.786 | 0.859 | 0.939
s | 1256 | 0014 | 0.105 | 0224 | 0314 | 0483 | 0.532 | 0.667 | 0.736 | 0.845 | 0.925
SEIE 0.022 | 0.125 | 0.247 | 0.351 | 0.463 | 0.564 | 0.651 | 0.739 | 0.833 | 0.947
#% 5 TSL-Scanner WM& S A R HEHE WM LU XK B
i | % ok AHR RS
gg | MR :
GHEl | 2% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
1| W% | 0012 | 0.143 | 0222 | 0392 | 0435 | 0.590 | 0.615 | 0.711 | 0.829 | 0961
2 | W24 | 0028 | 0161 | 0275 | 0328 | 0443 | 0.545 | 0.618 | 0781 | 0.859 | 0.920
3| LS5 10026 | 0.143 | 0288 | 0382 | 0447 | 0515 | 0.669 | 0.727 | 0.828 | 0922
4 | 120210079 | 0110 | 0237 | 0314 | 0441 | 0.544 | 0.653 | 0.777 | 0850 | 0.939
5 11‘,?3[6 0.098 | 0.186 | 0.258 | 0.382 | 0.455 | 0.591 | 0.692 | 0.780 | 0.848 | 0.987
38 0.049 | 0.149 | 0.256 | 0.360 | 0.444 | 0.557 | 0.649 | 0.755 | 0.843 | 0.946
#% 6 TSL-Scanner MF A F AR ST EHE #5 T RER)
it | 2% R AR
gy | AR
HE | 2% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
v | 00 10012 | 0143 | 0242 | 0392 | 0435 | 059 | 0615 | 0711 | 0829 | 0961
2 1;11\244 0.098 | 0.143 | 0.209 | 0.347 | 0.475 | 0.587 | 0.620 | 0.724 | 0.805 | 0.937
30| 188 | 0055 | 0158 | 0220 | 0310 | 0464 | 0.510 | 0.618 | 0.794 | 0.837 | 0.939
4 112,1:\:[2 0.015 | 0.151 | 0.230 | 0.383 | 0.409 | 0.565 | 0.620 | 0.713 | 0.868 | 0.941
s | '23% | 0.019 | 0110 | 0207 | 0381 | 0434 | 0.575 | 0.639 | 0.742 | 0.885 | 0.916
T | 0040 | 0.141 | 0222 | 0363 | 0.443 | 0.565 | 0.622 | 0.737 | 0.845 | 0.939
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HEHS: 220861 k14 F 10 I
# 7 ASD Field spec3 MFEMH SR HEHE #l BELKBR)

MR e RAHR R At &
4 TDJ— 2% 10% 20% 30% 40% 50% 60% 70% 80% 90%
1 0.045 | 0.130 | 0.260 | 0.348 | 0.448 | 0.579 | 0.675 | 0.745 | 0.882 | 0.964
2 0.045 | 0.131 | 0.260 | 0.347 | 0.448 | 0.580 | 0.676 | 0.752 | 0.881 | 0.965
3 0.045 | 0.130 | 0.260 | 0.347 | 0.448 | 0.580 | 0.676 | 0.752 | 0.881 | 0.966
4 0.045 | 0.130 | 0.260 | 0.347 | 0.448 | 0.580 | 0.676 | 0.750 | 0.881 | 0.965
5 0.045 | 0.130 | 0.260 | 0.348 | 0.448 | 0.580 | 0.677 | 0.748 | 0.880 | 0.965
6 0.045 | 0.130 | 0.260 | 0.349 | 0.448 | 0.580 | 0.679 | 0.749 | 0.880 | 0.966
7 0.045 | 0.130 | 0.260 | 0.349 | 0.448 | 0.580 | 0.679 | 0.744 | 0.880 | 0.966
8 0.046 | 0.130 | 0.260 | 0.350 | 0.447 | 0.581 | 0.680 | 0.743 | 0.879 | 0.966
9 0.045 | 0.131 | 0.261 | 0.350 | 0.446 | 0.581 | 0.680 | 0.752 | 0.877 | 0.966
10 0.045 | 0.130 | 0.260 | 0.350 | 0.445 | 0.580 | 0.679 | 0.752 | 0.874 | 0.968
T 4E | 0.045 | 0.130 | 0.260 | 0349 | 0.447 | 0.580 | 0.678 | 0.749 | 0.880 | 0.966

F 8 ASD Field spec3 M| B9 50 A& RATH 4 (#2 A HEBD

e P ROEHR R AT =
A5 2% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
1 0.045 | 0.124 | 0.254 | 0.342 | 0.443 | 0.572 | 0.669 | 0.747 | 0.875 | 0.960
2 0.044 | 0.124 | 0.255 | 0.342 | 0.443 | 0.572 | 0.669 | 0.746 | 0.874 | 0.961
3 0.044 | 0.124 | 0.255 | 0.342 | 0.443 | 0.572 | 0.669 | 0.745 | 0.874 | 0.961
4 0.044 | 0.124 | 0.255 | 0.343 | 0.443 | 0.572 | 0.670 | 0.743 | 0.874 | 0.961
5 0.044 | 0.124 | 0.255 | 0.344 | 0.443 | 0.572 | 0.671 | 0.745 | 0.873 | 0.961
6 0.044 | 0.124 | 0.255 | 0.344 | 0.443 | 0.572 | 0.672 | 0.738 | 0.873 | 0.961
7 0.044 | 0.124 | 0.255 | 0.345 | 0442 | 0.572 | 0.672 | 0.738 | 0.872 | 0.961
3 0.044 | 0.124 | 0.255 | 0.345 | 0441 | 0.572 | 0.672 | 0.746 | 0.870 | 0.962
9 0.045 | 0.124 | 0.255 | 0.345 | 0.440 | 0.573 | 0.672 | 0.747 | 0.867 | 0.964
10 0.044 | 0.124 | 0.254 | 0.343 | 0.443 | 0.571 | 0.667 | 0.774 | 0.875 | 0.959
SFHI{E | 0.044 | 0.124 | 0255 | 0.344 | 0.442 | 0.572 | 0.670 | 0.747 | 0.873 | 0.961

# 9 ASD Field spec3 W& H 21 5 RAT R 4HE (43 LA HEBO

M35 PR R BT IR R At &
BT o0 | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
1 0.050 | 0.127 | 0.254 | 0.347 | 0.444 | 0.568 | 0.668 | 0.740 | 0.863 | 0.947
2 0.050 | 0.127 | 0.255 | 0.346 | 0.444 | 0.569 | 0.669 | 0.747 | 0.862 | 0.948
3 0.049 | 0.127 | 0.255 | 0.346 | 0.444 | 0.569 | 0.669 | 0.746 | 0.862 | 0.948
4 0.049 | 0.126 | 0.255 | 0.346 | 0.444 | 0.569 | 0.669 | 0.745 | 0.862 | 0.949
5 0.049 | 0.127 | 0.255 | 0.347 | 0.444 | 0.569 | 0.670 | 0.743 | 0.861 | 0.949
6 0.049 | 0.127 | 0.255 | 0.348 | 0.444 | 0.569 | 0.671 | 0.745 | 0.861 | 0.949
7 0.049 | 0.127 | 0.255 | 0.348 | 0.443 | 0.569 | 0.672 | 0.738 | 0.861 | 0.949
8 0.049 | 0.127 | 0.255 | 0.348 | 0.443 | 0.569 | 0.673 | 0.738 | 0.860 | 0.950
9 0.049 | 0.127 | 0.255 | 0.348 | 0.442 | 0.570 | 0.673 | 0.746 | 0.858 | 0.950
10 0.049 | 0.127 | 0.255 | 0.349 | 0.441 | 0.570 | 0.672 | 0.747 | 0.855 | 0.952
SEHME | 0.049 | 0.127 | 0.255 | 0.347 | 0.443 | 0.569 | 0.671 | 0.744 | 0.861 | 0.949

207




WERmE: 220861 147 £ 11 W
# 10 ASD Field spec3 Ml B3 & R A R #3E (#4 X ED
4= 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
1 0.055 | 0.134 | 0.263 | 0.360 | 0.454 | 0.575 | 0.681 | 0.747 | 0.856 | 0.938
2 0.055 | 0.134 | 0.263 | 0.359 | 0.454 | 0.575 | 0.681 | 0.755 | 0.856 | 0.938
3 0.055 | 0.134 | 0.263 | 0.359 | 0.454 | 0.576 | 0.682 | 0.754 | 0.855 | 0.939
4 0.055 | 0.134 | 0.263 | 0.359 | 0.454 | 0.576 | 0.682 | 0.753 | 0.855 | 0.939
5 0.055 | 0.134 | 0.263 | 0.360 | 0.454 | 0.576 | 0.682 | 0.751 | 0.855 | 0.939
6 0.054 | 0.135 | 0.264 | 0.361 | 0.454 | 0.576 | 0.684 | 0.752 | 0.854 | 0.939
7 0.054 | 0.135 | 0.264 | 0.361 | 0.453 | 0.576 | 0.685 | 0.746 | 0.854 | 0.940
8 0.055 | 0.135 | 0.264 | 0.362 | 0.453 | 0.576 | 0.685 | 0.746 | 0.853 | 0.940
9 0.040 | 0.135 | 0.264 | 0.362 | 0.452 | 0.576 | 0.685 | 0.754 | 0.851 | 0.940
10 0.055 | 0.135 | 0.264 | 0.362 | 0.451 | 0.576 | 0.684 | 0.755 | 0.848 | 0.943
SFH{E | 0.053 | 0.135 | 0.264 | 0.361 | 0.453 | 0.576 | 0.683 | 0.751 | 0.854 | 0.940
# 11 ASD Field spec3 #1389 A& KAt £ $3F (#5 LS EBD
3K PR R ST R R AT 2
é =}
He 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90%
1 0.050 | 0.125 | 0.250 | 0.349 | 0.440 | 0.562 | 0.672 | 0.736 | 0.840 | 0.927
2 0.050 | 0.125 | 0.251 | 0.348 | 0.440 | 0.563 | 0.672 | 0.744 | 0.840 | 0.927
3 0.050 | 0.125 | 0.251 | 0.349 | 0.440 | 0.563 | 0.673 | 0.743 | 0.840 | 0.928
4 0.050 | 0.125 | 0.251 | 0.349 | 0.440 | 0.563 | 0.673 | 0.742 | 0.839 | 0.928
5 0.050 | 0.125 | 0.251 | 0.350 | 0.440 | 0.563 | 0.674 | 0.740 | 0.839 | 0.928
6 0.050 | 0.126 | 0.251 | 0.351 | 0.440 | 0.563 | 0.675 | 0.741 | 0.838 | 0.928
7 0.050 | 0.126 | 0.251 | 0.351 | 0.440 | 0.564 | 0.676 | 0.735 | 0.839 | 0.928
8 0.050 | 0.126 | 0.251 | 0.351 | 0.439 | 0.564 | 0.676 | 0.735 | 0.838 | 0.929
9 0.050 | 0.126 | 0.251 | 0.352 | 0.438 | 0.564 | 0.676 | 0.744 | 0.836 | 0.929
10 0.050 | 0.126 | 0.251 | 0.352 | 0.438 | 0.564 | 0.675 | 0.744 | 0.833 | 0.931
T34 | 0.050 | 0.126 | 0.251 | 0.350 | 0.440 | 0.563 | 0.674 | 0.740 | 0.838 | 0.928
#% 12 TSL-Scanner 5 ASD Field spec3 #9304 KA 2 #3E = 7 4 b
i i
E AR m—r— o
i o i L #4 LT A #5 4T
#1 A #2 Gt #3 4T3 i 5
i B 3 B S B B ik B
3 4 3T 1R
0.026 0.015 0.012 0.013 0.015
#=/MAE
~ ; ‘D
A RIR 0.043 0.026 0.022 0.024 0.029
/RMSE

TR
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HEH S 220861 i+ 147 F 12 |

BWTE = 3 EHEE R

MR B E A Y H 10:00AM-11:00AM, 13:00PM-14:00PM.

MR F7 7k f#F RedEdge-M £ K 3% 38 & % & % 5 TSL-Scanner % & 38 &
EREFATHEZEEM MR, ARTANERTF 63—t T ERMEL,
R L E R A FHBHF A LM AT, RedEdge-M £ R E(E ] DI 18 1
B AT, CYATHEEN 0m/s, &E N 100m, FHEEN 75%. TSL-Scanner
2 B Z% # JFl DJIM210 RTK # # %47, “ATEE A 10 m/s, & E A 100 m,
RedEdge-M X A PIX4D # 1T E % #t 4, TSL-Scanner X A ENHHE. FK
WETREER QGIS XN L BN @A HETH T FRBEZ 6K, b F
3k GRRFF 1-3), TH 3K (RBF T 4-6) . BHERMERF —RE4K
JE B9+ Z H. (CPU: Intel Core i7 12700K, RAM: 32 GB, T & GTX1050Ti, #1E %
%: Windows 10 64 Bit) #ATA %,

HEEAF: TERMMERBE B A EEE (AH/4-40)
AREA
¥
T
Ao, S hBtEEEE (ANH/4A4, ha/min) , AERA HEFEMEM (LH
/ha) , T AHHEZEFRE (44 /min) .

# 13 TSL-Scanner 5 RedEdge-M % it # R A BB E & H##EE (ha/min)

| RBFE
T AL A ¥
: 1 2 3 4 5 6
7/ B
ﬁihlg ? 44,441 44,995 43.592 44.033 44 432 43.205
a
Ak 38 A B
RedEdge-M _ T | r7ss | 0183 | 28633 | 35017 | 3255 | 36733
(min)
BEEE
: 0.931 1.119 1.519 1.259 1.366 1.177
(ha/min)
/- B
—Iﬁjf a 38.084 38.582 39.021 39.121 39.249 39.380
(ha)
Be
TSL-Scanner ﬁtﬁﬁ ﬂ_ 1.010 1.013 1.043 1.030 1.040 1.017
(min)
N 5 \ﬂi -
%#%L—E 37.707 38.087 37.412 37.982 37.739 38.722
(ha/min)
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WEH=: 220861 £ 14W F 13 1

R ITE M. AR HAE X IR

MR B E . A4 H 10:00AM-11:00AM, 13:00PM-14:00PM.

MK F % : ¥ RedBdge-M % N & B A7 B 4 5 TSL-Scanner % >t i &R
RBHATEREE A LR, RERARNTE = KRG ERKE, F1F
REBE 6 HERPH (HHREFT 1-6) , MEHEHERZHREINER 10 1
M CEAERM. EH. BE) #TEMEIELH L, %8 NDVI. SAVI & EVL,

HEARAT T EFAME R B AR SR B = R B R B A KA AT

% 14 HBAEHKE

wEE# w3 &E
NDVI NIR-R
NIR+R
SAVI j g TR~ #1=B. #3=R. #5=NIR
NIR + R+0.5
EVI 2.5x (NIR-R)
NIR+6 x R-7.5 x B+1
# 15 TSL-Scanner 5 RedEdge-M % 3% 8 R t5 B B A #4648 A e 447
R R4 Sl s n)

NDVI 0.820

I SAVI 0.879
EVI 0.751

NDVI 0.862

> SAVI 0.933
EVI 0817

NDVI 0.936

3 SAVI 0.966
EVI 0.921

NDVI 0.783

4 SAVI 0.898
EVI 0.840

NDVI 0.813

5 SAVI 0.011
EVI 0.801

NDVI 0.860

6 SAVI 0.923
EVI 0.955
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&% 220861 £ 14T % 14 W
AR TR
e W& 4 AE . W RERS | RREA
1 Rt AVM-07 E0295 \
2 R SEWAN E0117-7 v
3 ASD Field spec3 # & U FS3 350-2500 / v
i Fo FRC 500x500 # K 4 H AT IR / v
5 |RedEdge-M % i ERf5 R B RedEdge-M / v

SE: LSV HRKRRBEAME, 14, TaRTFRAARBAERAGOMNE. L.
2T MNB LR FZINAN .
345 & LARE T T A AL B R A e ARk KRR

M AREwRE—

i
o
=
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JIRAE AR IT O R R B 3R

G S B R AR B BT L3R

R 18 TR R A RN 2023411 A 18 H

B TRETIHLO 7 RA KB ReAb R & TR 7T b0
J R AR A 3 | T A i P b — 4 s A e
A L6005 7T [ 2 &% ® | 2023511520264 12/
z 7 8 W M&A%M&?&[Dﬂkﬁi}&%ﬁi
RIEHRFL Y/ IRFE AL
HEERRAREEMT /éﬁi IKFL AL LR e Rl K2
AR RN —_—_T7 HERRAN BT
BAAN E7EW N ZHR
BRI 13642730710 It A HLTE 18819266170
o 3k T T R X L #4835 BN Mk 7T R X L #5483 5
B TR O E A SR
s Z51 HHE 2 BAr ¥ Z% (BEERE)
N Q_?é -
| gy PRI AT 1m0W§=%Iﬁﬂﬁ%MW%:
W0 g, mameR it 365 BB
RN R A 76
. HE: ATEFRPOLFRA
Hep, BEEX A 17 i
Hr, 1+ A 21
P . — HE: ETEFRPOFRE
- i%ﬁg W R % 4% R e JiTe 5000 R %
Titi 244 > . M&: BTEFRDOHRS
W & 3 AR SEAK 10000 .
R GRID) FAKUERBTTE N || W BTEBSHLHTER
H HICAX
R (25) Hir. ER57R - 5| R ATEBAFOERR
i * S 5H LR R
WA B MR EFE - 105
B RS R e B A P 1) *
I =ERBUR HEF) T 75| H&: ATERATLRAE
= | BRS CocrkmE A i 1 HiEEs
— | 7Nk TTEk
A JBE W ST R 1 R B B R ER S 4 b 45
- S . Brk: & TRFRTFOEFFT
& =45 F A UL R VFRTIRON JiTt 2413| e et B AL B
W omAm ESERR. AL T | e BRI L R

HVE:

1. FEREFEFFN20224E B 2R .

2. FrJRERMEHERT L, BB BRA . EmdE & HE . Bt A, BRERIRE L. TReRRE
Pl B MRS

3. BIEHAFLMTAMERES TEPLTITE.

4. BILEWFFTHROKITEM AR K.
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3.2 HAH BN

A e e B AR Al K 4 B R b Kk O A HT T A R i R A
BAANRAMK, EEFHLARTOA, P LA R2A, HIMELHLT
EAAN, mBIRARLTA, FHRIRARTA, FEEFMLAR21A; o HIFA
FRFTEIRREEIA. BEXFLEAGRRRENZRIA (Bl E R
IA) . BERKIFHFLIA, RULFHREAIA. T RKERF2A.
REHRFEF L HEARREREERLA,

WRENEERF. BE, XK. KAEL, AXFEIEFTRL
AFREEFRYAFEHAFTAR G RABGEEARRERL
44, BWHARARREEATA, EABREL M EZAE
RKERRGAEFHEETHAAFEEZRE R, TRARFOAEN
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7 |g W| B | 50 |#EA| BT | #4 | REARAIE
8 |ms#| 2 | s1 | #m | BT | M | KULARKIE
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