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ABSTRACT

To optimize the structure of soybean precision seeder and improve the performance of sowing, a new rotary
spoon precision seeder is designed, and the key component structure is designed using numerical calculation
methods. Using a combination of bench experiments and field experiments for parameter optimization
experiments, a multi factor quadratic orthogonal rotation combination design experiment is adopted. The
experimental data is analyzed and processed using Design Expert 8.0.6 software to seek the optimal
combination of parameters. The results show that when the working speed is 24.56 ~ 33.72 r/min and the
forward speed is in the range of 1.31 ~ 2.21 m/s, the seeding qualification index is greater than 90% and the
coefficient of variation is less than 10%, meeting the requirements of excellent seeding standards. This study
uses a rotary spoon seeder to sow soybeans, providing a new idea and reference for the development of
precision soybean seeders.

BE
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24.56~33.72 r/min, BIHER 1.31~2.21 m/s SEEIRT, BRHEEIEH>90%, FRRH<106, LEFERILFHA
B, ZHFFBE I HFEIAXE, IKX GG TRIENR T CIT BB G £ S%,

INTRODUCTION

Soybean, as an important grain and oil crop, has been continuously expanded in planting scale, and the
demand for precise sowing is increasing day by day. Precision sowing machinery is used to accurately and
quantitatively sow seeds into predetermined positions in the soil, ensuring uniform three-dimensional spatial
distribution between seeds. The core component of a soybean seeder is the seeder, whose structure and
working principle determine the quality of sowing and directly affect soybean yield (Dayoub et al., 2021; Badua
et al., 2021; Sharma et al., 2024; Noureldin et al., 2019; Wang et al., 2021; Sarauskis et al., 2023). The main
types of soybean seeders are mechanical and air suction. Air suction is applied due to its light damage to
seeds and relaxed requirements for seed shapes, which is conducive to high-speed sowing by large machinery.
However, its complex structure, high price, and high-power requirements are not conducive to the application
of small machinery. Mechanical seeders have been widely used due to their simple structure, low cost, and
strong applicability (Akhalaia et al., 2021; Baghooee et al., 2023; Chen et al., 2020; Akhalaya et al., 2021).

Many studies have been conducted on mechanical soybean seeders. Emrah et al (2021) designed a
slotted wheel seeder device. Through optimizing the design of the slotted wheel, the damage to the seeder
was reduced, and the lowest crushing rate was achieved at a forward speed of 2 m/s. Kumar et al (2017)
designed a disc seeding device to overcome seed damage, seed loss, and uneven seed distribution. Laryushin
et al (2021) designed a disc groove seeding device, in which the filling groove of the cross-section is designed
as a ring shape to improve the uniformity of seeding. Kokuryu (2021) developed a slanted hole disc seeder
that can supply seeds on both sides and is used for large-scale high-speed sowing. Hensh and Raheman
(2022) designed an electromagnetic driven seeder that driven by a push-pull solenoid valve. The seeds are
transported through a rectangular hole wheel disc and thrown out at the outlet to improve seeding accuracy.
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Zhang et al (2022) optimized the height difference design of the hole edge at the filling end of the disc
soybean seeder to reduce the overhead problem of soybean seeds during the filling process. Huang et al
(2022) designed a side mounted guided soybean precision seeder with a hole structure that facilitates the
shape of seed filling, solving the problem of poor seed filling effect of existing mechanical seeders during high-
speed operations. Li et al (2024) designed a dual row seed disc-shaped hole staggered distributed seed planter.
The independent dual cavity structure reduces the speed of the seeder and avoids the population accumulation
and mutual interference affecting seed filling. The above studies mainly focus on improving the hole structure
of the sowing, increasing sowing accuracy or reducing damage rate. However, these studies only focus on
innovative optimization of the hole structure of the wheel sowing device, and there is relatively little researches
and applications of the spoon soybean sowing device.

In response to the limitations of the above researches, to improve the operational quality of mechanical
soybean precision seeders, a rotary spoon soybean precision seeder is designed. Its structure and working
principle are analyzed, and the key component structural parameters are optimized.The multi factor quadratic
orthogonal rotation combination experimental method is used to optimize the seeding and parameters of the
seeder, providing theoretical support and innovative ideas for the development of precision soybean seeding.

MATERIALS AND METHODS
Structure and Working Principle of the Seeder

The overall structure of the seeder mainly consists of an upper cover, dual drive disc (cam groove limit
track disc, drive turntable, seed spoon base), seed spoon, seed guide tube, seed container, seed storage box
and other components, as shown in Fig. 1 (a). The seed spoon and dual drive disc are the core components,
and their reasonable configuration can smoothly complete the tasks of seed filling, seed holding, and seed
feeding. The structure of the seed spoon is a near spherical crown, which can reduce the probability of seed
slipping and damage during seed picking, and improve seed adaptability. The other end is directly connected
to the base installed on the drive turntable, and the tail end of the base is embedded in the grooves of the cam
groove limit track disc. The design of the upper mouth of the seed guide tube is lengthened to increase the
feeding stroke and improve the effective seeding. The side wall is provided with an open seed partition plate,
which is in contact with the seed shell. The seed shell is divided into two parts: the seed filling area and the
seed storage area. The seeds in the seed storage area can flow into the seed filling area through the opening,
and the whole is closed by the upper cover. The final assembly drawing is shown in Fig. 1 (b).

1 2 3 45 6 7T 8 9
(a) Decomposition graph (b) Final assembly graph
Fig. 1 - Structure of the seeder

1. Upper cover; 2. Cam groove limit track disc; 3 Drive turntable; 4. Base; 5. Seed scoop; 6. Seed guide tube;
7. Seed separator; 8. Seed storage box; 9. Seed container

The working process of the seeder is mainly divided into three stages: seed filling, seed holding, and
seed feeding. During operation, the seeds in the seed storage box flow into the seed filling area under the
action of gravity. The number of seeds flowing into the seed filling area is controlled by the seed container and
the seed separator, ensuring that the number of seeds in the seed filling area is sufficient and in dynamic
balance. The driving turntable drives the seed spoon and the base to rotate steadily in the circumferential
direction. The tail end of the base is located in the grooves of the cam groove limit track disc. Under the joint
action of the driving turntable and the cam groove limit track disc, the seed spoon and the base rotate regularly
to ensure effective seed filling, stable seed holding, and precise seed feeding of the seed spoon.
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When filling seeds, the seeds are divided under the rotation and agitation of the seed spoon, forming a
population layer with different speeds. The seed filling process is completed under the combined action of its
gravity, centrifugal force, collision friction between populations, and the force of the seed spoon. During the
seed holding stage, the spoon slightly tilts upwards to ensure that a single seed does not fall off during rotation,
achieving a smooth seed holding. When the seeds are transported to the sowing area, the spoon mouth flips
downwards due to the rotation of the seed scoop. The seeds are precisely thrown into the seed guide tube
under their gravity and centrifugal force, completing the sowing process.

Structural design of seed spoon

The seeding spoon is one of the key components of the spoon seeding device, and its structural shape,
size parameters, and arrangement directly affect the seeding and feeding of the seeding device. Therefore, it
is required that the seed scoop scoops the seeds and rotates them in all directions smoothly without falling off,
and the seeds slide smoothly without obstacles when drop. 1000 soybean seeds (Zhonglong 3) are selected
randomly for three-axis size measurement, and the average values are respectively

I=5.3mm, w=5.0mm, h=4.9 mmas approximately spherical.

The formula for calculating the projected cross-sectional area is as follows:

S, =7zlw
S, =7lh (1)
S, = wh

where, S, —The projected cross-sectional area when the seeds are in a supine state, mm?
S, —The projected cross-sectional area when the seeds are in a side-standing state, mm?
S, —The projected cross-sectional area when the seeds are in an upright state, mm?

During the process of filling seeds with a seed spoon, the probability of the posture distribution of seeds
scooped into the spoon under the action of gravity and friction is positively correlated with the projected cross-
sectional area (Zhang, 1997), and it is an incompatible event.

The calculation formula is as follows:
P,+P,+R =1 (2)

___ Sn

S, +S,+5,

— SW

S, +S,+5,

_ Si

S, +S,+S,

P, x100%

x 100% @)

w

x 100%

R

Where:
P, —Probability of distribution in a supine position, %
P, —Probability of distribution in a side-standing position, %
P,—Probability of distribution in an upright position, %

According to Egs. (2) and (3), the probabilities of seeds being placed in three positions of supine, side-
standing, and upright in the seed spoon are calculated to be 34.4%, 33.8%, and 31.8%, respectively. Based
on the geometric parameters of seeds and the probability of attitude distribution, combined with the principle
of the steepest descent curve, the internal structure of the seed scoop is simplified. The solid of the seed scoop
is optimized as a near spherical crown by rotating and scanning the curve, as shown in Fig. 2. The main
structural parameters are the spoon mouth diameter D, the spoon depth H, and scanning curve parameters,

and the design should follow principles D>I>w>h>H >0.7] (Gulati and Singi, 2003).

Based on the measurement of the three-axis size parameters of the seeds, a seed scoop is designed
with an opening diameter of D=5.5 mm and a depth of H = 4.0 mm.
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brachistochrone

Fig. 2 - Seed spoon

When the seed rolls from the mouth to the bottom of the spoon, the shortest time path it experiences is
the steepest descent curve. The particle M rolling from the starting point O to the non-directly below endpoint
K is the curve with the shortest time, as shown in Fig. 3. The rolling circle with radius r rolls along the straight-
line OB, and the trajectory swept by a point M on the edge of the circle is the steepest descent line between
points O and K. 6@ is the angle of rotation, 7 is the radius of curvature, and the equation for the trajectory of the
steepest descent line is (Akhshik et al., 2015) as follows:

X=r(@-sind)
{z =r(l-cosé)

X o

y-
/

0e[0,7/2] (4)

/

K
4
Fig. 3 - The principle of the steepest descent line

The abstract model schematic diagram based on the actual movement of the seed filling and scooping
spoon is shown in Fig. 4. Using the center of the bottom of the seed spoon as the coordinate origin o, a spatial
Cartesian coordinate system o-vyz is established to study the motion state of seeds in the xoz plane, then

{mgcosﬂ:FN 5)
F=FKtang
where m - the quality of a single seed, (g);

g - gravitational acceleration, (m/s?);

B —the tangent inclination angle of the truncated curve at the sliding point, (°);

¢ -the friction angle between seed and spoon, (°);

Fy -the support of the spoon on seeds, (N);

F -the friction force of spoon on seeds, (N).

Fig. 4 - The cut-through curve of the fastest descent line
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During the seed filling process, when the height of the seed rolling is /4 (the maximum value is the hole
6 —sind

depth H), its lateral displacement is ﬁh . The work done by the frictional force F; when the seed rolls
—CO0sS
down along the steepest descent line to the bottom of the spoon is as follows:
Q-Sineh H'Sin H
J'l-C"SH mg cos f tan pdx = mgh cos ftan o ——— (6)
0 1-cosé
According to the law of conservation of energy, that is:
1 0-siné
=m(v>-v2) +mgh =mghcos ftan o ———— @)
2 1-cosé@

where v -the initial descent speed of seeds, (m/s);
vx -the seed termination horizontal speed, (m/s);
Combining and simplifying Egs. (4) to (7), it can be obtained:
- 2ghcos Stan ¢ ‘

8
VZ—VvZ +2gh ®)
From this, it can be concluded that the tangent inclination angle S is:
: VZ—Vv:+2gh, Vv -VvZ+2gh
B =arcsin[, [1+ (——= Pz Yo —V, + 29 )
2ghtan @ 2ghtan @

The friction angle between the seed and the spoon is =33 ~ 43°. In an ideal state, the initial velocity of
the seed is v,= 0 m/s, and the velocity of rolling to the bottom of the spoon is vy, = 0 m/s. Substituting it into Eq.
(9), the tangent angle B of the steepest descent curve can be obtained as =30 ~ 37 °.

Dual drive wheel design

The dual drive wheel disc consists of a drive turntable and a cam groove limit track disc, and a seed spoon
base is installed on the drive turntable. The cam groove limit track disc is used to restrict the movement
trajectory of the spoon base, and its model structure is shown in Fig. 5.

(@ (b) (©)
Fig. 5 - Dual drive disc structure
(a) Decomposition diagram of drive turntable and base; (b) Assembly diagram of seed spoon and drive turntable
(c) Cam groove limit track disc

The smooth coordination of the two plates can accurately and timely control the seed spoon to complete
the tasks such as filling, holding, and feeding. The principle of dividing the working areas of the seeder should
follow: the filling area should be designed as large as possible to ensure sufficient filling time, stable and
reliable filling efficiency, and avoid too large filling area that causes seed wear; the seed holding area is the
natural sliding of excessive seeds as soon as possible to ensure the smooth transportation of individual seeds
to the planting area; the seeding area keeps the seeds thrown accurately and quickly, so as to prevent the
spoon and seeds from crossing the seeding area and missing the seeding port. According to this principle,
combined with the position of the population in the seeder, the angles of the filling area |, the holding area Il,
the sowing area lll, the empty sowing area IV, are designed to be 130°, 90°, 50° and 90°, respectively, as
shown in Fig. 6.
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Fig. 6 - Regional division and seed stress analysis

To improve the seeding performance of the seeder, it is required that the force during seed transportation
be stable. The critical condition for seeds to be relatively balanced in a spoon and not thrown away is analyzed.
A mechanical model is established based on the D'Alembert principle:

mgsin(p+wt)+ F, =F,
F, =mg cos(p + wt)

(10)
F, = MR’ = 47°mRn?
F, = uky
where m—seed quality, (g);
u—friction coefficient between seed and spoon wall (0.32~0.43)
F.—centrifugal force of seeds, (N);
w—angular velocity of motion, (rad/s);
(¢ + wt)—rotation angle, (0, n/2)°
The second derivative of the radial decomposition in Eq. (8) is obtained as follows:
d’F, i
g L = —mgt?[sin(p+ @t) + ucos(p+ wt)] - 2mR (11)
Q)

According to the rotation angle range (0, 11/2) of the seeding wheel, it can be determined that the second-
order derivative of Eq. (11) is always less than zero, that is, the radial force function of the spoon holding seed
is changing along the convex curve. Therefore, it can be inferred that as the working speed increases, the
radial force on the seed first increases and then decreases. Therefore, the maximum centrifugal force on the
seed should be at the inflection point.

To solve for the critical condition of the seed being thrown away, the working speed limit value n is
obtained by organizing Eq. (10) as follows:

< \/g[sin(go+ at) + 12cos(g + wt)] (12)
47°R

The larger the rotation radius of the seeding spoon of the seeder, the more spoons there are, and the
lower the speed, the better the seeding. However, if the radius is too large and the spoon handle is too long,
the seeding stability will be worse. The diameter of the drive turntable should not be too small, otherwise the
number of seed spoons installed will be small, resulting in an increase in speed. Based on this, the radius of
the drive turntable is set to 50 mm; the radius of the cam groove limit plate is 46 mm; the rotation radius R of
the spoon is 56 mm; the number of spoons is 10, and the relative rotation angle is 25 ~ 90°. Substituting it into
Eq. (12), itis calculated that if the working speed is below 40.37 r/min, the seeds will remain stable and not fly
away, which sets the horizontal critical value of the working speed factor for the experiment.
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Experimental materials and equipment

1 2 3 4

(a) Test bench for the seed planter performance (b) Data acquisition system
Fig. 7 - Seed performance test bench
1.Transmission bed belt; 2. Installation rack; 3. Seeder; 4. Motor

The experimental material is soybean (Zhonglong 3), and the experimental location is the Seed
Performance Laboratory of Northeast Agricultural University. The experimental equipment includes the JPS-
12 computer vision seeder performance testing platform and seeder, as shown in Fig. 7. During the experiment,
the seeder is fixed on the test bench and maintained in a horizontal seeding state. The motor controls the
speed of the seeder, and another motor controls the speed of the seedbed conveyor belt to simulate the
forward state of the seeding machine. The data collection and statistical processing are carried out through
the image acquisition and processing system of the test bench, so as to accurately measure different seeding
performance indicators.

Test methods

According to the requirements of soybean growth and agronomic characteristics, combined with the
actual sowing conditions in Heilongjiang Province, a single row sowing spacing of 8 cm is set to ensure uniform
sowing during the operation. Referring to GB/T6973-2005 "Test methods for single seed drills (precision drills)"
and JB/T1029-2001 "Specifications for single seed drills (precision drills) ", the seeding qualification index and
coefficient of variation are selected as the test indicators to evaluate the performance of the seeder. The
calculation formula is as follows:

s =14 100% (13)
N
T1\2
C= L'szloo% (14)
(N -

where S—qualification index, (%);
C—coefficient of variation, (%);
n;—number of qualified seeds per grain, (piece);
N—total theoretical seeds of hole spacing, (piece);
[—theoretical sowing distance, (cm);
| —average sowing distance, (cm).

RESULTS AND ANALYSIS

Under the premise of determining the structural parameters of the seeder, the main factors affecting the
performance of the seeder are the working speed and forward speed of the seeder. Therefore, two factors are
selected as experimental factors, and a two factor five level quadratic regression rotation orthogonal
combination design experiment is adopted to seek the optimal working parameter combination of the seeder.
The working speed v of the seeder is set in the range of 20 ~ 40 r/min, and the forward speed v, is set in the
range of 1 ~ 3 m/s. The experimental design scheme and measurement results are shown in Table 1. Design
Expert 8.0.6 software is used for analysis, as shown in Table 2.
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Table 1
Experimental design and results
Number Experimental factor Performance index
Working speed v/ rrmin"' | Forward speed v2/ m-s | Qualified index S/ % | variable coefficient C/ %
1 -1 -1 88.01 11.97
2 +1 -1 81.59 7.67
3 -1 +1 76.08 13.95
4 +1 +1 74.46 11.56
5 -1.414 0 88.09 13.23
6 +1.414 0 79.23 10.65
7 0 -1.414 82.79 9.75
8 0 +1.414 70.16 11.78
9 0 0 90.88 9.22
10 0 0 93.62 8.93
11 0 0 90.67 7.93
12 0 0 89.49 7.34
13 0 0 94.91 6.91
14 0 0 93.67 6.32
15 0 0 92.55 7.67
16 0 0 90.39 8.99
Table 2
Measured test data from variance analysis
Indexes Sources Sum of squares Degree of freedom | Mean square F P
Models 853.92 5 170.78 59.31 < 0.0001
% 52.89 1 52.89 18.37 0.0016
V2 170.40 1 170.40 59.17 < 0.0001
V1 V2 5.76 1 5.76 2.00 0.1876
Qualified vi? 140.41 1 140.41 48.76 < 0.0001
indexes v2? 484.46 1 484.46 168.23 | < 0.0001
Residual 28.80 10 2.88
Fitting 2.70 3 0.90 0.24 0.8648
Error 26.10 7 3.73
Sum 882.71 15
Models 74.73 5 14.95 16.80 0.0001
% 13.36 1 13.36 15.02 0.0031
V2 9.55 1 9.55 10.74 0.0083
V1 V2 0.91 1 0.912 1.03 0.3351
Coefficient of vi® 33.72 1 33.72 37.91 0.0001
variation V22 17.18 1 17.18 19.32 0.0013
Residual 8.89 10 0.89
Fitting 2.29 3 0.76 0.81 0.5281
Error 6.61 7 0.94
Sum 83.62 15

Note: ** means extremely significant (P < 0.01); * means significant (0.01 < P < 0.05), same as below.

According to the analysis in Table 2, the working speed and forward speed have an extremely significant
impact on the sowing qualification index, coefficient of variation performance indicators, respectively. The
regression equation is meaningful and the fitting degree is good.

The regression equations for fitting the seeding qualification index and coefficient of variation are as

follows:

S =92.02—2.57v, - 4.62v, +1.2v,v, —4.19v> — 7.78V2
C =7.80—1.29v, —1.09v, —0.48v,v, +2.05v? +1.47V?

(15)
(16)

To analyze the relationship between sowing indicators and experimental factors more intuitively, Design
Expert 8.0.6 software is used to establish corresponding surfaces between the indicators and the two factors,
as shown in Fig. 8.
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Qualified index
variable coefficient

37.07

33.54 o0 33.54
30.00 190 30.00
. . . 170 26.46 . ;
B: Forward speed I 2646 A: Working speed B: Forward speed L A: Working speed

(a) (b)
Fig. 8 - Effects of different working parameters on the indicators
(a) Effects of working speed and forward speed on the qualified index
(b) Effects of working speed and forward speed on the variable coefficient

According to Eq. (15) and Fig. 8 (a), it can be seen that the qualified index of seed spacing increases
first and then decreases with the increase of working speed, and increases first and then decreases with the
increase of forward speed. When the working speed is low, the change in the qualification index is gentle, and
when it is high, the change increases significantly. When the working speed is around 28 r/min and the forward
speed is around 1.8 m/s, the qualification index is the highest.

According to Eq. (16) and Fig. 8 (b), it can be seen that the coefficient of variation decreases first and
then increases with the increase of working speed, and decreases first and then increases with the increase
of forward speed. When the working speed is low, the coefficient of variation of uniformity changes rapidly, and
when it is high, the change is gentle. When the forward speed is low, the coefficient of variation of uniformity
changes smoothly, and when it is high, the change is faster. When the working speed is around 37 r/min and
the forward speed is around 1.7 m/s, the coefficient of variation is the smallest.

Optimization of experimental results and parameter combinations

The optimal combination of working parameters is obtained by analyzing the experimental data, and
different factors are optimized for design. According to the agronomic requirements of soybean sowing and
combined with boundary conditions of various factors, a parameterized mathematical model is established.
Following the requirements of precision sowing, a multi-objective variable optimization method is adopted to
analyze the regression equations of sowing qualification index and coefficient of variation.

A nonlinear programming parameter model is established as follows:
max S

minC

st. 20r-min™* <v, <40r-min™ 17)
Im/s<v,<3m/s
90% < S <100%
0<C<10%

According to the optimization principle, Design Expert 8.0.6 is used for optimization analysis. It is found
that when the working speed is 29.47 r/min and the forward speed of the machine is 1.78 m/s, the seeding of
the seeder is optimal, with a qualified index of 92.90% for grain spacing and a coefficient of variation of 7.83%.
According to the optimization analysis, the optimal parameter combination interval is shown in Fig. 9, that is,
when the working speed is between 24.56 ~ 33.72 r/min and the forward speed is in the range of 1.31 ~ 2.21
m/s, the qualified index of sowing distance is greater than 90%, and the coefficient of variation of uniformity is
less than 10%.
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Field performance test

The field sowing performance test was conducted from June to July 2024 at the experimental base of
Northeast Agricultural University. Before the experiment, soil was prepared and the soil moisture content was
tested to be 17.8 %, with a solidity of 1.42x10° Pa, which meets the requirements of sowing agriculture. Based
on the optimal parameter interval combination optimized by the bench performance test analysis, three sets
of data were selected for the experiment. Each set of experimental data was tested three times and the average
value was taken. The experimental process is shown in Fig. 10, and the results are shown in Table 3.

(a) Sowing

2381

A: Working speed
Fig. 9 - Parameters analysis

(b) Sowing effect

Fig. 10 - Field experiment

Results of verification experiment

33.81

38.81

P NI

(c) Test procedure

Table 3

Number Working speed Forward speed Qualified index Variation coefficient
vi/ r-min™ v2/ m-s S/!% C/%
1 26 1.5 91.81 9.12
2 29 1.8 92.92 8.16
3 32 2.1 90.69 9.46

According to Table 3, when the working speed of the seeder is 29 r/min and the forward speed is 1.8
m/s, the combination of the two factors is optimal. When the seeding qualification index is 92.92% and the
coefficient of variation is 8.16%, the seeding is optimal. In addition, two sets of parameter combination
experiments show that the sowing qualification index is greater than 90% and the coefficient of variation is less
than 10%. The experimental results are basically consistent with the theoretical optimization results, meeting
the requirements of optimal sowing standards.
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CONCLUSIONS

(1) Based on the physical characteristics of soybean seeds, a seeder is designed. Its structure and
working principle are analyzed, and the structural parameters of key components such as the seed spoon,
drive turntable, and cam groove limit track are designed.

(2) The bench test investigates the optimal parameter combination of the working speed and forward
speed of the seeder, so as to establish a mathematical model between the seeder indicators and experimental
parameters. Design Expert software is used for analysis. When the working speed is 29.47 r/min and the
forward speed is 1.78 m/s, it is an optimal condition, with a qualification index of 92.90% and a coefficient of
variation of 7.83%. Optimizing the regression mathematical model, it is found that when the working speed is
24.5 ~ -33.72 r/min and the forward speed is in the range of 1.31 ~ 2.21 m/s, the qualified index of sowing
distance is greater than 90%, and the coefficient of variation of uniformity is less than 10%. This meets the
requirements of optimal sowing standards.

(3) Three sets of parameter combinations in the optimized parameter range are selected for field sowing
test. When the working speed is 29 r/min and the forward speed is 1.8 m/s, the parameter combination is
optimal, with a qualification index of 92.92% and a coefficient of variation of 8.16%, indicating the best seeding.
The qualification index of the remaining two evaluation indicators is greater than 90%, and the coefficient of
variation is less than 10%. The experimental results are consistent with the optimized model results.
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ABSTRACT

The development of industrial hemp production necessitates the creation of new technical means and
methods, and the refinement of technological approaches for cultivating and harvesting this crop. The
harvesting process requires special attention, which is determined by the characteristics of this crop, the stems
of which contain strong fibers making it difficult to cut them. The article discusses the efficiency of using the
machine that was developed and manufactured for spring harvesting of hemp stalks. The parameters of the
hemp stalks windrow were considered, taking into account the factors affecting its quality. In addition, there
were selected the parameters to asses the quality of the resulting windrow. The research was carried out using
probability theory and statistical methods. Through experimental studies, the functionality of the developed
and manufactured machine was confirmed. It was established that the machine facilitates the formation of a
uniform windrow from hemp stalks, with the skew cutting angle not exceeding 17°, which allows it to be
collected with a baler, minimizing the risk of clogging.

PE3IOME

Po3s8umok npomuciogo2o KOHOMISPCMea 3yMO8/I0e HeObXIOHICMb CMBOPEHHSI HOBUX MEXHIYHUX 3acobieg i
memodis, a maKkox yOOCKOHaneHHs1 mexHornoaiyHux rnidxodie 0o supowyyeaHHsi ma 36upaHHs yiei Kynbmypu.
B Ykpaini, de koHomnnspcmeo repexusae rnepiod akmugHo20 3pocmaHHs, iCHye ocobrniuea nompeba 8
MeXHIYHUX pilleHHsX, 30amHux 3abe3rnequmu sKicHUU rpouec 36upaHHs 8poXaro i Mpu UboMy 3anuwiamucs
docmyrniHumu 0Orisi 8iOHOCHO HegesuKuUx 2ocrnodapcms.

Y cmammi posansdaembcsi eghekmusHicmb po3pobrieHoi ma eu20moesieHoi MawuHU 071 8eCHSHO20
36upaHHs cmeben KoHonesnb. Po3ansHymo napamempu 8asnka cmebers KOHonesb 3 ypaxysaHHsaM hakmopis,
wo ennusatome Ha Uioeo sikicmb. Kpim moeo, 6ynu obpaHi napamempu Onsi OUIHKU SIKOCMi OmpuMaHO20
sarska. [JocnidxeHHs npogodusiucs 3 suKkopucmaHHsaM meopii MoegipHocmelt ma cmamucmu4yHux memodis.
3a Odoriomozoro ekcniepumeHmarnbHux docnidxeHb nidmeepdxeHo rnpayezdamHicmbs po3pobrieHoi ma
8U20MOo8/1eHOI MalWuHU. BcmaHoeneHo, wo MawuHa cripusie QhopMy8aHHIO PieHOMIPHO20 sarika 3i cmeber
KOHonesb, rnpu UboOMy Kym Haxurly 3pi3y He nepesuwiye 17°, ujo do3eossie 36upamu tio2o npec-nidbupayem,
MIHIMI3Y04U PU3UK 3aCMiYEeHHS.

INTRODUCTION

Hemp is a crop that garners widespread interest among scientists, farmers and industrial producers due
to its versatile applications. Currently, bast fibers are utilized for industrial applications in the textile,
construction, automotive, and other industries both in Europe and China (Nalobina et al, 2017; Popa et al,
2022). Recently, bast fibers have also gained importance as a renewable raw material for the production of
strong, lightweight composite (Pari et al., 2015).

Considering the potential of hemp cultivation and its diverse applications, Ukraine is experiencing a
resurgence in this industry. This revival necessitates the adoption of innovative technologies for cultivation,
harvesting and primary processing aimed at enhancing the product quality and reducing losses.

The increase in hemp cultivation in Ukraine underscores the need for widespread mechanization,
particularly in hemp harvesting, which is the most labor-intensive phase of cultivation.

Hemp has become the focus of research for numerous scientists, covering a wide range of directions.
These include investigations into the physical and mechanical properties of stalks and fibers (Moskalenko and
Giliazetdinov, 2011; Xiaoping et al, 2013; Wu et al, 2010; Sankari, 2000).
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Specifically, the research has revealed variations of hemp stem fiber across the different parts of the
hemp stem. The mechanical properties (modulus of elasticity and hardness) of the fiber cell wall in the lower
section were found to differ from the upper sections of the hemp stem (Hrydiakin, 2015). Hemp harvesting
technologies are somewhat different from those used for harvesting other agricultural crops, and they require
the use of specialized equipment capable of performing several technological operations in one pass. In
addition, the process is complicated by the plant height at the time of harvesting, as well as the structure of
the stems, which contain a strong fibrous layer and wood component. Therefore, an urgent issue in the hemp
industry is the intensification of harvesting operations, the use of modern harvesting technologies and technical
means to increase the level of mechanization in the industry.

The research by Zaica et al, (2022); Popa et al., (2022); Assirelli et al., (2020); Sadrmanesh and Chen
(2019); Huang et al., (2023); Huang, Shen, Li, (2017); Pari, Alfano, Scarfone., (2016);
Huang, Shen, Ji, Tian et al., (2020); Zhu, Zhang, Yu.,( 2018); Li, Shu, (2010); Burczyk., Kaniewski , (2003);
Bulgakov et al., (2015), and others are dedicated to solving this issue.

Burczyk and Kaniewski, (2008) proposed a method of harvesting hemp seeds and a device for its
implementation, which provides mowing and cutting the stems into smaller parts, allowing effective use for the
production of essential oils. This method is recommended for use during the hemp flowering phase. This device
can be also used during the period of complete ripening of seeds in order to harvest them for further preparation
of seed material.

The process of harvesting hemp seeds has also become the subject of scientific research by Baraniecki
et al, (2022), who investigated the operation of a B-800 mower, which was attached to a John Deere 6830
tractor with the power of 104.4 kW. The performance of this mower in hilly terrain was evaluated during hemp
harvesting. The authors recommend to use this equipment in relatively small farms, which are usually unable
to purchase expensive and bulky machinery for hemp harvesting.

The studies by Paun A. et al, (2020); Manea D. et al, (2023), who also investigated hemp harvesting
equipment, contain the results obtained as part of the research project conducted by INMA Bucharest. The
presented equipment was tested on the experimental site. The kinematic and power parameters were
obtained, and their influence on the quality indicators of the harvesting process, in particular the cutting height
of the stems, was investigated. The conducted research allowed the authors to provide certain
recommendations on the harvesting process efficiency.

The research of Bulgakov (2015); Huang (2023); Huang, Shen, Li (2017); Huang, Shen, Ji, Tian et al.
(2020); Pari, Alfano, Scarfone (2016) were devoted to the development and analysis of the hemp harvester
performance. Combine harvesters are able to ensure harvesting in large and level fields. In addition, these are
rather complex and bulky machines that are not suitable for use in small farm fields. A significant deterrent to
the use of combines by small and medium-sized farmers is their high price. Therefore, some researchers (Zhu
et al., 2018; Li et al, 2010) suggest using well-known headers. The authors found that the reapers were not
effective due to frequent baler clogging, uneven stem cutting and breakage of cutting elements.

The analysis of the latest research helped conclude that the issue of efficiently organizing hemp
harvesting operations is relevant, while the issues of harvesting technologies that would ensure obtaining high-
quality products, both seeds and fiber, are not sufficiently studied. In addition, the machines produced by well-
known machine-building companies are bulky and energy-consuming. Considering this, the research focused
on developing the equipment and technologies for small farms, which will facilitate the development of the
hemp industry, is highly relevant. Therefore, this study aims to develop a compact device for the spring
harvesting of hemp stalks suitable for small farms and to evaluate its operational effectiveness.

MATERIALS AND METHODS
Hemp harvesting employs various technologies, including the one developed and introduced by he

Institute of Bast Crops of the National Academy of Sciences of Ukraine which is known as spring hemp
harvesting. According to this technology, crop harvesting is carried out in two stages. Initially, seeds are
harvested using a combine harvester in autumn, followed by stalks harvesting in spring after rotting of the hard
stalks at the root, requiring less effort for their removal. To break the stalks during the second stage, a rotary
rake is offered to be utilized. However, this process results in uneven windrows of stalks with significant relative
displacements. These uneven windrows can lead to clogging of balers during the pickup. Consequently, the
baler must be stopped periodically to clear the clogs, thereby increasing the harvesting time (Nalobina et al, 2017).

In order to eliminate stoppages of the baler due to obtaining a uniform windrow from broken stalks in
the field, a specialized machine for spring hemp harvesting was developed and manufactured (Fig. 1).
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The newly manufactured machine operates as follows: the drive pulley 2 is powered by the power take-
off shaft of the tractor, which in turn drives the belts equipped with firmly positioned fingers on them. During
this period, following the winter season, the stalks are weakened at the root, making them prone to easy
breakage. The fingers transport the stalks from left to right and place them in windrows. The machine offers
two options for finger placement on the belts: sequential placement (Fig. 2) and a checkerboard pattern
arrangement.

Fig. 1 - Machine for springtime hemp stalk breaking:
1- frame, 2,3- upper and lower driving pulleys, 4,5 — belts, 6-driven pulley, 7,8 — tightener, 9-finger

L wl WL

&

.....

Fig. 2 — Machine for harvesting hemp stalks

To assess the functionality of the machine, the parameters of the process of forming a hemp stalks
windrow will be examined, assuming the implementation of spring harvesting technology.
Figure 3 illustrates the parameters of the stalks windrow formation.
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Fig. 3 - Factors influencing the windrow laying process and determining its quality
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Consider the above factors.

1. Stalk length ls.. The given parameter depends on the variety of hemp, conditions for its cultivation.
The average length of stalks (after removing the seed part) in the experimental field is 62.7 cm. The maximum
length is 98.7 cm, the minimum is 57.9 cm. The diameter of stalks dst= 0.85...1.97 mm. Breaking force is For
=4.72...7.55N.

2. Machine parameters

The number of fingers on the upper and lower belts is 24 pieces. The width of the rubberized belt is 10
cm.

3. Windrow parameters

The width of the windrow |y, laid out in the field depends on the uniformity of stalks composition
conveyed from the fingers of the machine carrier, the difference in the stalks height after mowing the seed
part, the uniformity of the field surface, and the speed of the machine movement.

The windrow width can be described by the following equation:

Ly = layg 6 [m] 1)

where:

lavg — average stalk length, m;

6 — windrow extent in the field,

§=1+ szg [m] (2

la
where:

Al is the value of displacement (relative to the distortion) of stalks in the windrow, which will depend on
the displacement of the lower (upper) part of the stalks after they leave the fingers relative to some optional
value.

In the field, the stalks are uneven in height. Taking into account the distribution of various heights, it can
be observed that the tops of stalks are distributed according to the normal law (Fig.4).

Iavg

0 ¥

-II
= |
)4
3d |/T\ 3d

Fig. 4 - Distribution of the stalk tops

Taking into account the above, the assumption is adopted that after laying the windrow from broken
hemp stalks and being moved by the machine in the field, the basal areas and tops are distributed according
to the normal law. This implies that the density of the distribution of the tops f(x;) and the basal parts f(xp) will
be determined as follows:

_ 1 (x—p)?
) = —=exp (- 55)

20't2 ( )
3
_ 1 _ ((x_lavg)_ll)z
fxo) = apV2m €Xp < 202 )

where:
u — mathematical expectation;
o? — variance of a random variable;
o; — mean square deviation of the basal parts and tops, respectively;
lavg — the average length of stalks in the windrow.

Given that the probability of a random value (abscissa representing the position of the stalk top) falling
within the expected interval is 99.7%, the system of equations (3) takes the form provided below:

-1 _ Ge=300?
f(xb)_at\/ﬁexp( 2 )

20t

(4)

1 (xb—30b)2

f(x) = meexp( T)

where: x; = x — lgyg-
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It should be noted that g, and g, are determined by the unevenness of the field, the stalk length, and
the machine parameters.

An important indicator for evaluating the quality of the windrow spread in the filed is the angle of
inclination of stalks in the windrow. The ideal windrow configuration is achieved when the stalks in it are laid
oud out parallel to each other and positioned at an angle of 90° to the direction of motion (Fig. 5).

<
——

|
Fig. 5 - Pattern of displacement in the windrow (in relation to the direction of the machine motion)

The manifestation of the Bi value is probabilistic, thus it will be assessed using the part of the event
occurrence (Chung, 2001).

Relative frequency of the event occurrence is:

p(B) =~ (5)
where:

M s the number of trials when event i occured;

Nis the number of all trials.

The uniformity of the windrow in terms of density is a significant indicator for evaluating the quality of
the hemp harvester. The windrow spead in the filed must exhibit uniform linear density to ensure unobstructed
collection by the baler without any clogging and the formation of rolls with uniform density along their height.
This is important for the preservation of rolls and their subsequent processing.

The number of stalks on one linear meter of the windrow laid out in the field is determined by the formula:

i = By iy, (6)
where:

B, is the machine grip width, m;

iy is the stalk density (the number of stalks per square meter of the field), items/m?2.

The linear density, items/m? of stalks is determined as follows:

. Vv
p=Bm'lO'TA:' (7

where:
B,, is the machine grip width, m;
iy is the stalk density (the number of stalks per square meter of the field), items/m?2.
V., V, are the speeds of the machine and the belt with fingers, m/s.

RESULTS
The research was conducted in the fields of Rivne region, Ukraine. Stalks were harvested using spring
technology. The newly developed and manufactured machine was used for harvesting.

The characteristics of the stalk density (average values over the two years of the research) are given in
Table 1.

Table 1
Stem density parameters
No. Parameter name Value Measuring
units
1 Stalk maximum height 98.7 cm
2 Stalk minimum height 57.9 cm
3 Average height value (100 stalks) 64 cm
4 Average stalk diameter 1.23 cm

The windrow width was determined by measuring one hundred one-meter-long windrow sections. The
relative displacement of basal parts and tops was also measured. Statistical processing of the experimental
data resulted in creation of a distribution graph confirming the earlier assumption regarding the normal
distribution of these values (Fig.6).

29



Vol. 74, No. 3 / 2024 INMATEH - Agricultural Engineering

8

2

o

- | o

2] W o

2 g1

L]

73]

2 |

= (%)

e 0.06 |

. | fx)
=]

2 | |

©0.02 | |

o

3 | | Stalk length
g0 1014 20 28 40 50573 70 78 90 987
[a}

Fig. 6 - Distribution of the basal part of stalks and tops in the windrow (stalk length)

With the obtained distribution, given that la,g=64 cm, the mean square deviation of the basal parts of
stalks g, = 4.6 = 5cm, the mean square deviation of the tops ¢, = 6.6 = 7cm, no clogging is observed.
The results of the study of the skew cutting angle §; are depicted in Fig.7.
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Fig. 7 - Distribution density of the probability of g; indicator manifestation under the conditions of using
the machine for harvesting hemp (mean values from one hundred one-meter-long plots):
a— PTO shaft speed is 530 rpm; b — PTO shaft speed is 1123 rpm.

It is evident that reducing the rotation speed of the machine drive pulley and, accordingly the belt speed,
has led to a decrease in the number of stalks deviating from the line perpendicular to the direction of the
machine movement.

In addition to the speed of the machine belt movement, changes were made to the arrangement of the
fingers on the belt. Experiments were also conducted with the machine where fingers were arranged in a
checkerboard pattern. The results are shown in Fig.8.
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Fig.8 - Distribution density of the probability of B; indicator manifestation under the conditions of arranging the
fingers in a checkerboard pattern and the rotation speed of the PTO shaft set at 530 rpm

Due to significant stalks displacement along the windrow length, checkerboard arrangement of fingers
is not efficient.
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CONCLUSIONS

As a result of the field tests of the machine for hemp spring harvesting, it was determined that:
- the machine is to be manufactured with a sequential arrangement of fingers on 10 cm-wide
belts with a distance between fingers of 41 cm;
- the diameter of the machine drive pulley is 250 mm with the pulley width of 200 mm;
- the tractor’'s PTO shaft is expected to have the rotation speed of 530 rpm.
Adherence to these conditions ensures the formation of a uniform windrow of hemp stalks in the field,

enabling the baler to collect the windrow without clogging or stopping.
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ABSTRACT

Accurate identification of sheep is of significant importance for modern, intensive sheep farming. Traditionally,
herders have used conventional methods to identify individual sheep, which are time-consuming, labour-
intensive, and prone to considerable errors. In recent years, researchers have developed sheep face
recognition models based on deep learning techniques to identify sheep using facial images. However, existing
models suffer from insufficient theoretical research and limited recognition accuracy. To address these issues,
this study develops a high-accuracy sheep face recognition model named ResNet-SFR. The core innovation
of this model is the deepening of the feature extraction network of the original ResNet50, which enhances the
model's ability to capture various facial features in sheep images, as well as improving its generalization and
stability. Additionally, the Convolutional Block Attention Module (CBAM) attention mechanism is embedded
into the original model to further enhance the identification of key features, significantly increasing the accuracy
of sheep face recognition. Transfer learning is employed to pre-train the sheep face recognition model, further
boosting the accuracy of ResNet-SFR. Experimental results show that on a self-constructed sheep face image
dataset, ResNet-SFR achieves a recognition accuracy of 96.6%, demonstrating its superior performance in
sheep face recognition tasks. The proposed ResNet-SFR not only offers high recognition accuracy but also
exhibits strong applicability, meeting the practical needs of farm identification and showcasing promising
application prospects.
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INTRODUCTION

With the continuous development of intelligent animal husbandry, intelligent and intensive breeding
methods have gained widespread attention. In modern sheep farms, it is necessary to collect various
information about the sheep, such as birth dates, weight, vaccination records, and pregnancy status. With this
information, herders can formulate scientific management strategies and improve feeding practices, thereby
effectively managing the pasture and further reducing breeding costs (Billah et al., 2023). Accurate
identification of sheep is a prerequisite for collecting individual information (Xue et al., 2024).

In the breeding process, the accuracy of sheep identification directly affects the effectiveness of
individualized management. For instance, by identifying each sheep, it is possible to record and track its health
status and production performance, ensuring that each sheep receives appropriate care and management
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(zhang et al., 2023). Additionally, identifying sheep helps to promptly detect and isolate sick individuals,
preventing the spread of diseases within the flock and thus reducing breeding risks and losses. Accurate
identification also provides reliable data support for breeding programs, assisting farmers in selecting superior
breeds and enhancing breeding efficiency. Ultimately, accurate sheep identification enables traceability of
meat quality, meeting consumer demand for high-quality meat. Therefore, sheep identification has become an
indispensable part of modern sheep farming (Salama et al., 2019).

Traditional methods of sheep identification include paint markings, manual observation, and ear tags.
However, these traditional methods have significant limitations. Manual observation is inefficient and
inaccurate, making it unsuitable for large flocks (Hitelman et al., 2022). Additionally, paint markings and ear
tags require regular maintenance and cleaning by staff, further increasing breeding costs. Currently, some
farms use RFID ear tags and readers for sheep identification. However, in complex environments, RFID ear
tags often become damaged or lost, and the identification process is easily disrupted. In summary, relying
solely on traditional sheep identification methods may be inconvenient for managing modern sheep farms
(Sharma et al., 2020).

With the development of information technology, biometric image recognition has gained increasing
attention and has become a trend in the field of animal face recognition (Zhang et al., 2022; Deng et al., 2022).
Biometric image recognition utilizes intelligent monitoring equipment and computer vision to capture stable
biometric features of individuals, such as facial images, and then performs identification based on these
individual features. In recent years, researchers have developed sheep face recognition models using deep
learning techniques, training on sheep facial images to achieve identification. However, existing sheep face
recognition models suffer from insufficient theoretical research and limited recognition accuracy. To address
these limitations, this study developed a high-accuracy sheep face recognition model named ResNet-SFR. By
integrating image recognition models and various improvement strategies, the aim is to overcome the
limitations of traditional sheep identification methods. The feature extraction layers of the original ResNet50
network were deepened. Additionally, the CBAM attention mechanism was introduced to enhance feature
extraction capabilities. Finally, transfer learning was employed to pre-train ResNet-SFR, further improving the
model's recognition accuracy. Experimental results show that ResNet-SFR achieved the highest recognition
accuracy, meeting the practical needs of modern sheep farms and providing technical support for sheep face
recognition technology.

MATERIALS AND METHODS

Dataset
This study used a group of Small Tail Han sheep as test subjects. The Small Tail Han sheep is a widely

bred sheep breed in China, known for its high reproductive rate and superior meat quality. The coat colour of
the Small Tail Han sheep is predominantly white, with some individuals having black or brown spots on their
faces. These spots are mostly concentrated around the eyes, ears, cheeks, or mouth. The sheep face images
used in this study were collected in August 2020 at Tianjin Aogin Animal Husbandry Co., Ltd. The collection
details are as follows: A total of 50 test sheep were used, aged between 1 to 3 years. The test sheep were
numbered from 1 to 50, with the numbers corresponding to their identity information. Before collecting the
facial images, the test sheep were enclosed in a pen and allowed to move freely. A photographer used a
Canon EOS 600D DSLR camera (Canon, Tokyo, Japan) to capture the sheep face images, which were saved
in JPG format with a resolution of 2736x1824. The collection distance was over one meter. The collection
times were from 9:00 AM to 11:00 AM and from 2:00 PM to 5:00 PM. To increase the complexity and practicality
of the dataset, facial images of the test sheep were taken from different angles, including left profile, right
profile, and frontal views. A schematic diagram of the sheep face image collection is shown in Fig.1.

c.
c. - ee

Fig. 1 - Schematic diagram of the sheep face image collection
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Using the above methods, 50 facial images were collected for each test sheep. Sample images of the
test sheep faces are shown in Fig.2.

-

Fig. 2 - Sample images of the test sheep faces

To enhance the applicability of the recognition model in practical scenarios, data augmentation was
performed on the collected sheep face images. The specific data augmentation operations applied were:
adjusting image brightness (-45% to 45%), adjusting image contrast (-45% to 45%), rotating the image 45
degrees to the left and right, and vertical flipping. Using these methods, 100 augmented images were
generated for each test sheep to supplement the training of the recognition model. Ultimately, 150 facial
images were retained for each test sheep, creating the sheep face image dataset. All images were randomly
divided into training, validation, and test sets in a ratio of 8:1:1. The specific configuration of the sheep face
image dataset is shown in Table 1.

Table 1
The sheep face image dataset

Dataset Images Size Proportion
Training 6000 2736%1824 80%
Verification 750 2736%1824 10%
Testing 750 2736x1824 10%
Total 7500 2736%1824 100%

ResNet50

Convolutional Neural Networks (CNNs) achieve image recognition tasks by continuously extracting local
features from images (Deng et al., 2021). Ideally, a deeper feature extraction network can capture richer and
more complex target features. However, with increased network depth, CNNs are prone to issues such as
gradient vanishing and network degradation, which can further lead to reduced learning efficiency or ineffective
improvement in accuracy. To address these issues, residual networks were proposed (He et al., 2016).
Residual networks successfully overcome these problems by introducing the concept of shortcut connections.
The basic form of a residual network involves directly connecting the output of a layer to the input of a
subsequent layer, which does not increase the model's parameter count or computational complexity. A
schematic diagram of the residual network structure is shown in Fig.3. The input features x are processed
through feature extraction to obtain output features F(x). The residual network further adds the input features
to the output features through a residual connection to obtain the final output features y. The specific
calculation formula is as follows:

y=F(X)+X @)
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—lx
Conv layer

T

Conv layer

F(x) +x

y
Fig. 3 - Schematic diagram of the residual network structure

ResNet50 is a residual network composed of forty-nine convolutional layers and one fully connected
layer. It mainly consists of four basic modules: Block, Conv-Block, Identity-Block, and Block2 (Zhang et al.,
2023). The Block module is composed of a convolutional layer and a max-pooling layer. The convolutional
layer is responsible for the initial feature extraction from the input image and forms the initial feature
representation. Next, the model uses the max-pooling layer to downsample the extracted features, reducing
the spatial dimensions of the feature map. At the same time, the max-pooling layer helps to retain the main
feature information, reduce computational complexity, and improve the model's adaptability to translation
invariance.

The Conv-Block is used to change the dimensions of the input vector. The Conv-Block can be divided
into two parts: the left side is the main branch, which includes two sets of convolutional layers with batch
normalization and ReLU activation functions, as well as an additional set of convolutional layers that only have
batch normalization. The right side consists of the residual branch, which includes a set of convolutional layers
with batch normalization. The Conv-Block captures abstract features at different levels and achieves nonlinear
mapping through convolutional operations. Therefore, the Conv-Block plays a role in extracting high-order
features throughout the ResNet architecture.

The Identity-Block is also composed of two parts. The left side is the same as the main branch of the
Conv-Block, while the right side is the residual branch, specifically connecting the input features with the output
features of the main branch. In ResNet, the Identity-Block is used to handle cases where the input and output
have the same dimensions. The Identity-Block effectively prevents the problem of gradient vanishing, retains
the original input information of the module, and enables iterative learning of features layer by layer in
subsequent layers.

In Block2, a global average pooling layer and a fully connected layer are used. The global average
pooling layer's function is to obtain a feature vector with the average value of each channel. Then, the fully
connected layer maps the final feature vector to specific classes, outputting the recognized target's class
through the Softmax activation function, thus completing the entire image recognition task.

ResNet50, with its unique network structure, demonstrates superior recognition performance in
numerous recognition tasks. The overall structure of ResNet50 is shown in Fig.4.
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Fig. 4 - Overall structure of ResNet50
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CBAM

The CBAM is an attention mechanism for CNNs that enhances feature representation by integrating
both spatial and channel attention (Ni et al., 2024). The modular design of CBAM allows it to significantly
improve model performance with relatively low computational cost (Zhang et al., 2023).

The CBAM module consists of two sub-modules: the channel attention module and the spatial attention
module. The channel attention module first captures global information through global average pooling and
global max pooling, and then generates channel attention weights using a shared multilayer perceptron (MLP).
The input feature map is then multiplied by these channel attention weights to obtain the weighted feature
map. The spatial attention module aggregates the input feature map along the channel dimension by
performing global average pooling and max pooling, generating a two-dimensional feature map. This feature
map then passes through a convolutional layer to generate spatial attention weights, which are multiplied by
the channel-weighted feature map to obtain the final output (Fang et al., 2024).

The structure of CBAM is highly pluggable, making it easy to integrate into existing convolutional neural
networks. Its workflow can be summarized as follows: first, channel dimension weighting is performed through
the channel attention module, and then spatial dimension weighting is performed through the spatial attention
module. This double weighting process enhances the representation ability of the input features. CBAM
effectively increases the model's focus on important features, improving performance in the sheep face
recognition task. The overall structure of the CBAM attention mechanism is shown in Fig.5.

¢~ Channel ™
attention
module

Spatial
attention
module

()

Input Output
Fig. 5 - Overall structure of the CBAM attention mechanism

In the process of optimizing ResNet50, this study introduces the CBAM attention mechanism before the
model's Block2 to further enhance performance. CBAM can adaptively adjust the responses at different
positions in the feature map, making the model more focused on important regions in the image. Before Block2,
ResNet50 completes the feature extraction of the final convolutional block and extracts the complete features
of the target. Therefore, introducing the CBAM module before Block2 can effectively strengthen the sheep
face-related features within the complete feature set and improve their representation. This design helps to
enhance the model's focus on key features of the sheep face.

Deepening network

ResNet50 includes four sets of stacked convolutional block structures, each composed of Conv-Blocks
and ldentity-Blocks. Considering the high difficulty of the sheep face recognition task in this study, the network
depth of ResNet50 was further increased to improve the model's feature extraction capability. The specific
deepening method is as follows: an additional set of stacked convolutional blocks was added to the third and
fourth sets of stacked convolutional blocks in ResNet50. The configuration of the added convolutional blocks
is consistent with the second set of stacked convolutional blocks, including one Conv-Block and three Identity-
Blocks. This design introduces deeper convolutional layers to extract more detailed sheep face features while
maintaining the stability of the network structure. This approach aims to make the improved ResNet50 better
suited for the sheep face recognition task, thereby enhancing the model's overall performance and
generalization ability.

Transfer learning

Transfer learning is a model training method. Transfer learning is defined as using a model trained on task
A as the initial model and retraining it for task B (Bo et al., 2024).
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By leveraging the knowledge from the source domain data, transfer learning makes the model more
robust and generalizable in the target domain. Additionally, transferring the knowledge of a complex model to
a simplified model can achieve model lightweighting and accelerated inference (Liu et al.,, 2024). The
application of transfer learning not only improves model performance but also provides feasibility for the
practical application of deep learning tasks in resource-constrained or data-limited situations.

In this study, the following method is used to apply transfer learning to multiple recognition models to
achieve pre-training. First, the sheep face image dataset is divided into Dataset A and Dataset B. The training,
validation, and test sets are all evenly split. In Method 1, the recognition model is first trained on Dataset A,
and a pre-trained model is obtained once the training results are stable. This pre-trained model represents a
model that has already learned the sheep face recognition task and achieved a "pre-learning" effect. The
resulting pre-trained model is then further trained on Dataset B, and the final training results for Dataset B are
obtained, which are considered as the final training results for Method 1. In Method 2, the recognition model
is first trained on Dataset B to obtain a pre-trained model. Then, this pre-trained model is trained on Dataset
A, resulting in the final training results for Method 2. The two sets of results are averaged to provide the final
training results of the recognition model after transfer learning.

ResNet-SFR
To further enhance the recognition performance of the sheep face recognition model, this study employs

the three improvement strategies mentioned above based on ResNet50, ultimately constructing the sheep
face recognition model ResNet-SFR. The overall structure of ResNet-SFR is shown in Fig.6.
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Fig. 6 - Overall structure of ResNet-SFR

Evaluation Metrics
The training platform used in this study is configured as follows: CPU is Intel Core i7-9700, GPU is

NVidia GeForce RTX 2080Ti with 11 GB VRAM, memory is 16 GB, and the operating system is Windows 10.
The software platform is PyCharm, with CUDA 11.3, PyTorch version 1.10.0, and Python version 3.8. During
model training, the dynamic learning rate is set to 0.001, with 50 epochs and a batch size of 16.

In this study, the evaluation metrics for the sheep face recognition model include precision, recall, F1-
score, and accuracy. Precision represents the percentage of correctly classified samples out of the total
number of samples. Recall measures the ratio of correctly retrieved samples to the number of samples that
should have been retrieved. Here, TP, FP, TN, and FN represent the counts of true positives, false positives,
true negatives, and false negatives, respectively. The F1-score takes both precision and recall into account.
Accuracy is one of the fundamental metrics for evaluating the performance of deep learning models, as it
measures the proportion of correctly classified samples out of all samples. The ranges for F1-score, recall,
precision, and accuracy are from 0% to 100%.

The formulas for these metrics are as follows:

TP

Precision = ——— 2
TP+FP
Recall = L (3
TP+ FN
F1— score — 2% Pre_c_|5|on x Recall @)
Precision + Recall
Accuary = TP+TN (5)

TP+TN +FP+FN
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RESULTS AND DISCUSSIONS
Training curve

To further investigate the training results of ResNet-SFR, an analysis was conducted on the training
curves of ResNet50 and ResNet-SFR, specifically including accuracy curves and loss curves. The training
curves for both models are shown in Fig.7. From the training curves, it can be observed that after the number
of epochs exceeds 10, the recognition accuracy of ResNet-SFR is consistently higher than that of ResNet50.
Additionally, the loss value for ResNet-SFR is consistently lower than that of ResNet50. Ultimately, the training
accuracy of ResNet-SFR stabilizes at 96.6%. These results indicate that, compared to ResNet50, ResNet-
SFR is more effective in learning the sheep face recognition task.
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Fig. 7 - The training curves for both models
a. Accuracy curve; b. Loss curve

Comparison of Recognition Performance of Different Models

In this section, several classic deep learning models were selected for pre-training and their performance
on the sheep face recognition task was evaluated. The chosen models include those previously used in sheep
face recognition research, specifically: VGG16, ResNetl8, MobileViT, AlexNet, RepVGG, YOLOv4, and
ResNet50.

The pre-training results for each sheep face recognition model are shown in Table 2. From the results
in Table 2, it can be seen that among the various recognition models, ResNet50 achieved the best performance
on the sheep face image dataset, with an F1-score and accuracy of 93.9% and 94.3%, respectively. Based on
these results, this study uses ResNet50 as the benchmark model for high-precision sheep face recognition
and will proceed with targeted improvements to further enhance recognition accuracy.

Table 2

The training results of the sheep face recognition model

Model F1-score (%) Accuracy (%)
VGG16 87.5 88.0
ResNet18 88.2 87.9
MobileViT 89.8 89.9
AlexNet 91.0 90.5
RepVGG 92.3 92.5
YOLOv4 93.0 93.6
ResNet50 93.9 94.3

Ablation Experiment

In this section, ablation experiments were conducted on ResNet-SFR to investigate the specific
performance of several improvement strategies. The results of the ablation experiments on ResNet-SFR are
shown in Table 3. Based on the three improvement strategies, eight combinations of improved models were
tested. Here, TL represents models pre-trained using transfer learning.

From the results in Table 3, it can be observed that compared to ResNet50, deepening the network
layers alone improved the F1-score and accuracy of the modified model by 0.8% and 0.7%, respectively.
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Introducing the CBAM module alone improved the F1-score and accuracy by 1.0% and 0.4%, respectively.
Using TL pre-training alone improved the F1-score and accuracy by 0.6% and 0.5%, respectively. These
results indicate that each of the three improvement strategies positively enhanced the recognition performance
of ResNet50.

When using two improvement strategies simultaneously, compared to the results from ResNet50,
deepening the network layers and introducing the CBAM module improved the F1-score and accuracy of the
modified model by 1.8% and 1.6%, respectively. Deepening the network layers and using TL pre-training
improved the F1-score and accuracy by 1.5% and 0.9%, respectively. Introducing the CBAM module and using
TL pre-training improved the F1-score and accuracy by 1.7% and 1.1%, respectively. Finally, when all three
improvement strategies were applied together, ResNet-SFR achieved an F1-score and accuracy of 96.3% and
96.6%, respectively. Compared to ResNet50, the F1-score increased by 2.4% and the accuracy increased by
2.3%. The experimental results indicate that the proposed improvement strategies effectively enhance the
recognition performance of ResNet50.

Table 3
The ablation results of ResNet-SFR
ResNet50 Dﬁg&%‘f‘pg CBAM TL Fl-score (%)  Accuracy (%)
V 93.9 94.3
V \ 94.7 95.0
v \ 94.9 94.7
v v 94.5 94.8
\ \ \ 95.7 95.9
v \ v 95.4 95.2
v \ v 95.6 95.4
v \ \ v 96.3 96.6

Comparison of Attention Mechanisms

In this section, different attention modules were introduced into ResNet50, and the training results were
compared. The integration position of each attention module was consistent. The test results are shown in
Table 4. In Table 4, the improved models with embedded attention modules all achieved performance
enhancements. Specifically, when the CBAM module was added to ResNet50+Deepening network+TL, the
improved model achieved higher recognition accuracy. In summary, the CBAM module was chosen as the
attention mechanism improvement strategy for ResNet-SFR.

Table 4
The training results of ResNet-SFR introducing different attention modules
ResNet50+Deepening network+TL F1-score (%) Accuracy (%)

/ 95.4 95.2

+SE 95.6 95.5

+ECA 95.8 95.9

+CA 96.1 96.3

+CBAM(Ours) 96.3 96.6

CONCLUSIONS

This study presents a high-precision sheep face recognition model named ResNet-SFR, which builds
upon the ResNet50 architecture and incorporates several advanced techniques to enhance performance. By
deepening the network layers, integrating the CBAM attention mechanism, and employing transfer learning,
ResNet-SFR significantly improves the accuracy and robustness of sheep face recognition.

The experimental results demonstrate that ResNet-SFR outperforms traditional methods and other deep
learning models, achieving a recognition accuracy of 96.6% on the sheep face image dataset.

Compared to ResNet50, the proposed model shows a 2.4% improvement in F1l-score and a 2.3%
improvement in accuracy. These enhancements validate the effectiveness of the introduced modifications in
capturing and utilizing complex features of sheep faces.
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In addition, the comparative experiments with various attention mechanisms highlighted the superiority
of the CBAM module, which further contributed to the model's performance boost. The comprehensive
evaluation and ablation studies confirm that the combination of deepened network layers, CBAM, and transfer
learning is instrumental in achieving high precision in sheep face recognition tasks.

Overall, this research not only provides a robust and accurate solution for sheep face recognition but
also contributes valuable insights into improving recognition models through advanced techniques. The
proposed ResNet-SFR model holds significant promise for practical applications in modern sheep farming and
animal management.
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ABSTRACT

Currently, the compaction operations in rice seedling greenhouses are mostly performed manually or with
simple machinery, resulting in significant discrepancies between the operational effects and requirements.
Moreover, simple compaction machinery towed by small tractors cannot meet the dimensional requirements
of rice seedling greenhouses. To address the issues of limited types of rice seedling compaction machinery
and inability to meet the technical requirements for seedbed compaction quality, an eccentric compaction
mechanism suitable for use in rice seedling greenhouses has been designed to reduce manual labor and
improve soil firmness and evenness of seedbeds. Based on eccentric vibration theory, the motion equation of
the leveling machine was established, and numerical simulations of the eccentric compaction mechanism were
conducted using the RecurDyn-EDEM coupling method. Results indicate that the eccentric compaction
mechanism effectively resolves the inability of traditional compaction devices to meet soil firmness
requirements. Using a seedbed leveling machine independently developed by Heilongjiang Bayi Agricultural
University, parameter optimization experiments were conducted using a second-order orthogonal rotational
combination simulation method. The optimized parameter combination was: forward speed of 0.708 m/s,
eccentric shaft rotation speed of 63.23 rad/s, and counterweight box mass of 50.99 kg, resulting in soil firmness
of 3156.554 kPa and evenness of 0.02573 m. The experimental results were within 5% relative error of the
simulation optimization results, indicating that the seedbed soil firmness and evenness meet agronomic
requirements and have practical application value.
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INTRODUCTION

In modern agricultural production, soil compaction is a crucial step in improving crop yield and quality.
However, current agricultural compaction machinery is limited in variety and often too large to meet the
dimensional requirements of greenhouse environments. Within greenhouses, compaction operations are
mostly carried out manually by dragging heavy objects, resulting in significant discrepancies between
operational effects and requirements, making large-scale application challenging.
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Wang Jia L. et al. designed a variable pressure seedling belt compactor that can detect the compaction
force during field operations of seeders through pressure sensors and digital displays, and adjust the force via
a hydraulic system. They also analyzed the impact of compaction force on actual seed depth and plant spacing,
thereby optimizing the appropriate range of compaction force (Jia L., Jiang Y., Sun J., et al., 2021). Luo Hongqi
et al. researched a combination compactor capable of simultaneously compacting ridge sides and seeding
bands (Luo H., Meng Y., Li X., 2019). The compaction wheel's soil contact area is circular, resulting in an
arched ridge shape post-compaction, which is beneficial for maintaining ridge form. Ren Luquan et al.,
addressing soil adhesion issues during compaction roller operations, designed a bionic compaction roller
(Zhang Y., Huang H., Ren L., 2013). This design incorporates a flexible rubber sleeve around the traditional
roller body, with protruding ribs on the inner surface of the flexible outer sleeve creating a gap between the
rubber sleeve and the roller body. This allows for deformation and vibration of the flexible outer sleeve during
operation, thereby reducing soil adhesion to the roller. Foreign research on compaction implements is more
extensive, with over 200 types of compactors in the United States alone. For example, contour-following
compactors can perform compaction operations adapting to ground surface changes and can determine
working width and number of units based on available power (Tolon-Becerra A., Tourn M., Botta G.F., Lastra-
Bravo X., 2011; Botta G.F., Tolon-Becerra A., Tourn M., Lastra-Bravo X., Rivero D., 2012). Other types include
tubular compactors, toothed disc compactors, anti-spray compactors, spiral compactors, double-sided tooth-
meshing compactors, straight-faced fan compactors, and chrysanthemum-type compactors, all with varying
degrees of application. Despite extensive research on soil compaction machinery by domestic and
international scholars, studies on compaction machinery specifically for rice seedling greenhouses remain
insufficient. Existing machinery struggles to achieve ideal compaction effects while meeting the dimensional
requirements of rice seedling greenhouses.

Therefore, there is a need to design an efficient compaction mechanism suitable for use within
greenhouses to reduce manual labor and improve seedbed soil firmness, thereby promoting crop growth.
Through the Recurdyn-EDEM coupling method and eccentric vibration theory, an eccentric block-shaft motion
model is established and numerically simulated to provide a theoretical basis for the design and optimization
of soil compaction machinery for rice seedling greenhouses.

MATERIALS AND METHODS
Agronomic requirement

According to the "Technical Specifications for Intelligent Soil Preparation Equipment Testing in
Standardized Rice Seedling Greenhouse Seedbeds" formulated by the National Grassroots Agricultural
Technology Extension System Reform and Construction Project of the Beidahuang Group, the agronomic
requirement for standardized rice seedbeds is "firm on top, loose below". Measurements of the 0-0.45 m soil
layer should yield soil firmness values as shown in Table 1.

Table 1
Reference Range for Soil Firmness After Leveling
Soil depth 0~0.15 0.15~0.30 0.30~0.45
[m]
Soi I[ : ;:]d ity 2600~2800 3000~3300 1800~2000

Referring to the provisions in "GB/T 5 668-2017", the post-tillage surface evenness is used as the
performance evaluation indicator for seedbed leveling machines. The post-tillage surface evenness is
measured perpendicular to the direction of machine advancement. A horizontal baseline is established above
the highest point of the ground surface. At appropriate positions, a width equivalent to the working width of the
prototype machine is divided into 10 equal parts. The distance from each division point to the ground surface
is measured, and the average and standard deviation of these measurements are calculated. One point is
measured for each pass, and the average of the standard deviations under working conditions represents the
evenness. A post-tillage surface evenness of 0.05 m or less is considered satisfactory.

Based on these agronomic requirements, when designing a rice seedling greenhouse seedbed leveling
machine, special attention must be paid to the design of the compaction device. On one hand, this device
needs to effectively compact the surface soil to meet the required firmness standards. On the other hand, it
must avoid over-compacting the lower soil layers to ensure the necessary looseness for root system growth,
thereby meeting the evenness requirements specified in "GB/T 5 668-2017" (Gang C., Wei L., Lin W., 2023).
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The whole machine structure and principle

The seedbed compaction device consists of a frame, gearbox, eccentric shaft mechanism, and
counterweight box. The frame is composed of a body and a baseplate, with connection holes for the landing
gear at the front end of the frame, and the frame bottom welded to the baseplate. The gearbox is a T6 spiral
bevel gear reducer. The eccentric shaft mechanism comprises a main shaft, eccentric block, bearings, and
bearing housings. The eccentric block is a solid iron block with a notch, allowing adjustment of its tightness
against the main shaft by varying the depth of the adjusting screw. The counterweight box consists of
compression springs and a weighted iron box. The power connection device is achieved through a fixed
coupling, with power output connected to the tractor's output shaft via a universal joint. The speed is then
increased through the gearbox and transmitted via V-belts to drive the eccentric shaft's rotation as shown in
Figure 1.

The working process of the seedbed compaction device utilizes the rotation of the main shaft with its
eccentric block to induce vibration in the entire machine, thereby causing continuous vibration of the
counterweight box. As the tractor moves forward during operation, it pulls the machine, which to some extent
contributes to leveling the ground.

6

Fig. 1 —Overall Machine Structure
1. bottom plate; 2. transmission; 3. racks; 4. output shafts; 5. front; 6. bearing seats; 7. spindle; 8. belt wheels;
9. bearing; 10. bearings; 11. weight boxes; 12. main vocal spring

Motion equation
This paper employs an eccentric block structure. To facilitate manufacturing and reduce costs, a simpler
block structure is used as shown in Figure 2. The excitation force generated by the eccentricity is:
F(t) = mlewz (1)

where:

m: is the mass of the eccentric block, [kg]; e is the eccentricity, [m]; w is the angular velocity of the
eccentric block rotation, [rad/s].

Counterweight mechanism

Fig. 2 =Simplified Motion Diagram of the Leveling Machine
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The spring deformation is:

F(t) —-Fy
= — 2
p )
where:
Fo is the restoring force of the spring [N]; K is the spring stiffness coefficient, [N/mm].
According to Newton's second law, the springs system motion equation is:
dzx k _ 2
m; = + kx = mjew (3)
where:
m; is the weight of the counterweight mechanism [kg];
Based on trigonometric identities, the amplitude can be derived as:
2
mqew
A=—— 4
k- m2w2 ( )

Based on agronomic requirements for a maximum soil firmness of 3300 kPa and design specifications
allowing engine output speeds of 0 ~ 104.72 rad/s during operation, an excitation force of 4500 N is selected
at 62.83 rad/s. This results in an eccentricity of 0.045 m, although typical eccentric mechanisms like vibrating
screens generally use an eccentricity of 0.020 m (Olumide O., Indresan G., Njema M.A,, et al., 2021).

To meet the agronomic requirement of a maximum seedbed soil firmness of 3300 kPa, the leveling
machine must exert a significant downward force to ensure effectiveness. This necessitates a greater
excitation force to achieve the required working amplitude. However, increasing the excitation force also
increases the load, leading to reduced service life, increased energy consumption, and compromised machine
reliability and cost-effectiveness. Therefore, drawing inspiration from large vibrating screen mechanisms, main
vibration springs are installed beneath the tamping box. This increases the amplification factor of the vibration
system, allowing the vibration system to resonate with the excitation system, thereby reducing power output
burden and increasing amplitude. This effectively addresses the lifespan issues of key components, saves
manual labor, and improves work efficiency.

Based on the agronomic requirement for maximum soil firmness of 3300 kPa and design specifications,
the natural frequency of the compaction mechanism components is observed to ensure that internal structures
do not resonate near the working frequency. The main vibration springs are then designed to bring the overall
system's working frequency close to the natural frequency of 10 Hz for the vibration mode moving vertically up
and down. When the overall system resonates, deformation primarily occurs in the elastic elements, allowing
the internal structure of the compaction mechanism to be approximated as a rigid body (Thiago B.L., Classon
B.S.V., 2021). This ensures internal structural stability and reliability while effectively reducing excitation force,
extending the service life of shafts and bearings, and reducing the vibrating screen's energy consumption.
Resonance occurs when the excitation frequency w equals the system's natural frequency w,, where:

w=w0=\/mzz )]

The equation of motion at this point becomes:
d?x dx kx = 2
mlﬁ'l_cﬁ'l_ X = mew” —my (6)

where: C is the damping coefficient, [N-s/m].

Calculations show that the springs can withstand a maximum load of 5000 N. With a stiffness coefficient
of 1400 N/mm, the system's natural frequency is 10 Hz. The maximum load on the springs is a combination of
the excitation force and the weight of the counterweight box, so the maximum weight of the counterweight box
is 500 N, approximately 51.02 kg. In the subsequent simulation, the weight of the counterweight box is
tentatively set at 50 kg.
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The relationship between frequency and amplitude

According to previous calculations, after adding springs, the system's natural frequency is around 10
Hz, matching the excitation frequency. Resonance occurs when the excitation frequency is approximately 10
Hz, significantly increasing the amplitude to meet design requirements (Zhang C., 2020). Using RecurDyn
software to solely consider the leveling machine's motion state, the spring stiffness coefficient is set to 1400
N/mm. Displacement conditions are captured within 1-1.5 seconds of movement on the Ground at shaft
rotation speeds of 52.36 rad/s (8 Hz), 62.83 rad/s (10 Hz), and 75.40 rad/s (12 Hz) to observe the overall
machine vibration and further verify if it meets design requirements in Figure 3.

Fig. 3 —Relationship between excitation frequency and amplitude

The Z-axis displacement of the leveling machine at 52.36 rad/s (8 Hz), 62.83 rad/s (10 Hz), and 75.40
rad/s (12 Hz) is exported from RecurDyn. As the eccentric shaft speed (excitation frequency) increases, the
overall machine amplitude shows a trend of first increasing and then decreasing (Lamandé et al, 2011). The
maximum amplitude shown in the figure is 0.01082 m, with a vibration frequency of 9.86 Hz, which is close to
both the excitation frequency and the previously calculated natural frequency, aligning with the expected
design plan.

Model establishment

A simplified three-dimensional structural model of the seedbed leveling machine was created using
SolidWorks 2020 and saved as an .x_b file. This file was then imported into the RecurDyn multibody dynamics
simulation software. The soil compaction process of the leveling machine was simulated using the EDEM-
RecurDyn coupling method (Ucgul M., Fielke J.M., Saunders C., 2014). The main parameters of the
constructed seedbed soil compaction simulation model are shown in Table 3.

Table 3
Main Parameters of the Soil Particle Model
Parameter name Value

Soil particles density [kg/m?3] 2740
Soil particle shear modulus [Pa] 1.55e+08
Soil particle Poisson's ratio 0.29
Coefficient of restitution between soil particles 0.4
Static friction coefficient between soil particles 0.4
Dynamic friction coefficient between soil particles 0.11
Surface energy between soil particles [J/m?] 0.159
Static friction coefficient between soil and leveling machine 0.5
Soil-Separate Rubbing coefficient between the leveling machines 0.48
Dynamic friction coefficient between soil and leveling machine 0.21
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