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ABSTRACT The feasibility of aerial fertilization by UAV-based granular fertilizer spreaders (GFSs) has
been widely accepted. Although commercial UAV-based spreaders have emerged, their performance in
granular fertilizer spreading application has rarely been studied. This paper tested the performances of
four existing UAV-based GFSs in the automatic controllability, range of the discharge rate and the swath
width and uniformity of the distribution. An analytic hierarchy process (AHP)-based method was proposed
to evaluate their comprehensive performance in spreading application. The main results are as follows:
(a) GFS-A showed the maximum controllable discharge rate of 27 kg/min, and GFS-B showed the minimum
(proximately 3 kg/min). The discharge rate could be changed in a stepless way by GFS-B, C and D. The
relationship between the discharge rate and the rotational speed of the fluted roller of GFS-D showed a
significant linear relationship (R> = 0.9991) for the operational range. (b) The distribution patterns of
GFS-A and D were trapezoidal, which was the better deposition pattern for generating uniform spreading;
those of the other two UAV-based GFSs were a wide triangle with obviously asymmetrical sides (GFS-B)
and a typical M-shape with two peaks (GFS-C). (c¢) the simulation of CV-swath width illustrated that
the available effective swath width (CV < 20%) for these UAV-GFSs were 5.1m (CV = 14.73%),
4.8m(CV = 17.55%), 3.9m(CV = 13.02%) and 5.7m(CV = 18.36%) respectively under the given
conditions. Furthermore, according to the AHP-based evaluation model, it was proved that GFS-D was able
to provide superior performance in precise fertilization for a large application range, which is important for
its practical application. This comparative study makes useful contribution for farmers and researchers in
this field in understanding the application performance of various UAV-based GFSs.

INDEX TERMS Precision agriculture, unmanned aerial spreader, variable-rate fertilizer application, AHP,
distribution pattern.

I. INTRODUCTION
As the main provider of nitrogen nutrients for high-yield
crop production, granular fertilizer makes up a large part of
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agricultural chemical inputs [1]. Traditionally, mechanical
fertilization was mainly performed using machines on the
ground. Although their work efficiency and profit margins
have been significantly improved, it is difficult for these
machines to move in deep paddy fields and/or pass through
crops where stem leaves are high enough to cover the row
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spacing [2], [3]. In addition, the unacceptable soil and land
damage caused by the long-term field application of high-
horsepower ground machines should not be ignored [4].

As a new agricultural machinery, agricultural UAV can be
performed without touching the cultivated land surface and/or
the crop canopy, offering an effective and flexible solution
for special fields given the low adaptability and traffica-
bility of ground machines [5]. Notably, manned fixed-wing
aircrafts are applicable to large areas of connected agricul-
tural fields [6], while UAVs are more suitable in irregular
small-scale fields and hilly lands especially in Asia due to
their flight flexibility and controllability [7]. Additionally, the
performance improvements of agricultural UAVs especial in
payload and flying capacity have recently increased rapidly,
expanding its application in granule spreading [8], [9]. Fur-
thermore, the development of precision technologies pro-
motes the field application of agricultural UAVs with good
distribution performance [10], [11].

The existing UAV-based spreaders are mainly divided into
two types: the centrifugal disc type and the pneumatic type.
Li et al. designed a centrifugal disc-type spreader mounted
on a 12-axis UAV and verified its feasibility in a field exper-
iment [12]. As an improvement, a seed fluted roller designed
by Song et al. was mounted above the disc to generate a
continuous particle flow falling on the disc. The position of
the particle flow falling on the disc greatly influenced the
distribution uniformity [4]. To generate a nonhollow depo-
sition distribution in the field experiment, Wu et al. designed
a baffle ring mounted around the disc for particle rebound.
A bench test and a dynamic test of rice seeding were con-
ducted before the field experiment [13]. The results of the
field experiment using the optimum parameter settings eval-
uated in advance showed the feasibility of aerial spreading.
Cointault, F. et al. designed an imaging technology to test and
analyze the motion characteristic of fertilizer particle from
a centrifugal spreader for a good application [14]. Although
their working principle is simple, disc-type spreaders inher-
ently result in variable swath deposition [15]. On the other
hand, Song et al. designed an air-assisted spreader based
on agricultural UAV. The particle motion affected by the
interaction of the airflow from the duct and the wind field
of the UAV was analyzed and optimized to obtain a better
trajectory distribution [16]. Furthermore, a drill seeder was
also designed and mounted on the UAV, which could force
the particle flow to fall in rows. At the bottom of the drill
seeder, the particle flow was carried by the airflow along a
duct to the end with a sufficient final velocity. To date, several
commercial UAV-based spreaders have emerged for agri-
cultural material spreading applications and have attracted
considerable attention.

Considering the differences in the working principle
among the various UAV-based spreaders and the deviations
between the desired and actual distributions in terms of
the physical characteristics of the granular material [17],
a performance evaluation is needed to provide a comprehen-
sive understanding of the effects of parameter settings on
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discharge performance and deposition distribution. In order to
improve accuracy of variable-rate technology in fertilization
application, Fulton, J.P. et al. developed a spatial data model
to evaluate the performance of two ground spreaders [18].
A specialized mathematical model and analysis tool were
proposed by Grift to study the distribution patterns and fac-
tors influencing the deposition distribution [19]. In order to
analyze the usage limitation of sowing by agricultural UAV
in complex field, Wang, et al. developed a virtual simula-
tion system for simulating agricultural material sowing. This
portable and interactive system, equipped with 3D virtual
scene construction, would give the user a perfect experi-
ence [20]. This analysis tool theoretically investigates the
overall quality of spreading pattern shapes, which are associ-
ated with the swath width and uniformity. The overall results
can be applied in field application and have a great influence
on achieving effective spreading while minimizing applica-
tion error. The objective of fertilization using UAV-based
GFS is to spread fertilizer at a preset rate and an acceptable
uniformity while minimizing the total flight route and oper-
ation time. Hence, an application performance evaluation is
necessary to provide a detailed understanding of UAV-based
GFS before their field application.

However, the relevant performance parameters of the exist-
ing commercially produced UAV-based spreaders have not
been analyzed in terms of fertilizer discharge properties and
spreading patterns. The goals of this study were to (a) com-
pare the spreading performance and distribution patterns of
four existing UAV-based GFSs to provide valuable tech-
nical reference and guidance for proper field application,
and (b) explore the proper spreading method for achieving
automatic variable-rate control of fertilizer application rate.
Furthermore, these results could be an important basis for
the further development of variable-rate fertilization using
UAV-based GFS.

Il. MATERIALS AND METHODS

A. UAV-BASED GRANULAR FERTILIZER SPREADERS

1) GRANULAR FERTILIZER SPREADERS

The four representative UAV-based GFSs used in the test
(Fig. 5) are referred to as GFS-A, GFS-B, GFS-C and
GFS-D. GFS-A and GFS-B are disc-type spreaders, which
depend on a disc with paddles at the bottom of the hopper to
disperse the particles falling from the hopper. The diameter
and rotation speed of the disc are the main factors influencing
the deposition distribution. GFS-A was mounted on a four-
rotor UAV with a pair of propellers on each of rotor, while
GFS-B was mounted on an eight-rotor UAV. GFS-C is a
pneumatic-type spreader featuring a Y-shaped divider that
forces the fertilizer flow to fall from the open valve into
two main tube branches. The head of each tube branch is
also divided into several outlets with the goal of increasing
the dispersion width and spreading uniformity in terms of
the structural design. GFS-D is a pneumatic-type spreader
equipped with a pneumatic conveying system. Inside of the
pneumatic conveying system, the divider could divide the
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FIGURE 1. Four types of the UAV-GFSs used in the test. (a) GFS-A
(b) GFS-B (c) GFS-C (d) GFS-D.

airflow from the fan into all ducts, and then the gas-solid
two-phase flow moved through the pneumatic ducts at a
high speed, ensuring a simple and controllable trajectory in
the air. Table 1 shows the main characteristics of these four
UAV-based GFSs.

TABLE 1. Specification of test UAV-based GFS.

Property GFS-A GFS-B GFS-C GFS-D
Propeller ] 3 6 6
number
Maximum
Joad (kg) 20 8 16 20
Height (m) 4-7 4-7 4-7 4-7
Speed(m/s) 5-7 5-7 5-7 5-7
Power lithium lithium lithium lithium
battery battery battery battery
resouree 52V 44.4v 50.4V 50.4V
centrifugal  centrifugal pneumatic neumatic
Spreader type dise dise double- T
duct
_ Particle 0.5-5 0.5-5 0.5-5 0.5-5
diameter(mm)

2) FERTILIZER DISCHARGE APPARATUS

The discharge mechanisms of the UAV-GFSs follow the
different principles, as do their metering devices. As is
shown in Fig.2(a), the plastic annulus mounted on the bottom
of GFS-A is used to adjust the discharge rate by manually
replacing the annulus with different diameter. Fig.2(b) shows
metering device in GFS-B. A flabellate outlet gate is mounted
at the bottom of material hopper, and a straight board, moving
forward and back in the horizontal plane, is set under the
flabellate gate for achieving variable discharge rates. A but-
terfly valve shown in the Fig.2(c) is set at the bottom of the
material hopper mounted on the GFS-C. Consisted of two
semicircular blades, the butterfly valve rotates around the
central axis at the desired angle for outlets of different sizes.
As shown in Fig.2(d), the fertilizer discharge apparatus of
GFS-D is a fluted roller, optimized in effective work length,
flute diameter and number of flutes to meet the requirement
of fertilizer discharge rate [21]. The rotational fluted roller
forces the particle out at different rotational speeds, achieving
stepless variable-rate application.
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FIGURE 2. Schematic diagram of discharge constructions of the
UAV-GFSs. (a) Annulus for GFS-A. (b) Straight board for GFS-B.
(c) Butterfly valve for GFS-C. (d) Fluted roller for GFS-D.

The discharge properties of these four kinds of discharge
structures are listed in table 2.

TABLE 2. Specifications of the idscharge structures.

Property GFS-A GFS-B GFS-C GFS-D
Discharge annulus butterfly fluted
- sector outlet
construction outlet valve roller
Variate diameter O.Uﬂet . angle rotational
opening ratio speed
. 20 mm- 0-90
Variable range 37 mm 0-100 percent degree 0-100 rpm
Stepless no es es es
adjustment Y Y Y

B. PHYSICAL PROPERTIES OF GRANULAR FERTILIZER

The fertilizer used in this study was granular urea, and its
nitrogen content was more than 46.4%. The diameter of
the urea particles was 1.18-3.35 mm, the bulk density was
0.72 g/ml, and one thousand particles weighed 4.65 g.

C. TEST OF FERTILIZER DISCHARGE APPARATUSES

A set of experiments on discharge performance was carried
out under static laboratory condition, eliminating the influ-
ence of the external vibrations caused by the UAVs. The
amount of urea in the hopper (8 kg) remained unchanged in
all tests, and the time required to discharge all the urea was
measured. These measurements were used to calculate the
mass flow rate (in kg/min). Available parameter settings were
taken to change the gate openings of the discharge structures.
The tested variable values for various gate openings were
as follows: the annulus diameters of GFS-A were 20 mm,
28 mm, 30 mm, 33 mm and 37 mm; the opening ratio of
GFS-B was from 40% to 100% with an interval of 10%; the
opening angle of GFS-C was from 45° to 75° with an interval
of 5°; and the rotation speed of GFS-D was 5-60 r/min with
an interval of 10 r/min starting at the speed of 10 r/min. All
measurements occurred with three replicates.

D. TEST OF DEPOSITION DISTRIBUTION

The dynamic test was carried out in wind tunnel experi-
ment base of South China Agricultural University located
in Guangzhou city, China. The meteorological condition of
field temperature was 26°C-35°C, northwest wind speed was
1.61m/s-2.03m/s and relative humidity was about 65%. All
tests were run at constant altitude and urea weight in the hop-
per. The within-swath deposition of UAV-based GFSs over
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a range of material application rates commonly associated
with precision agriculture schemes was analyzed.

1) TEST CONDITION

Table 3 shows the work parameters and test conditions for
all four UAV-based GFSs for the distribution pattern exper-
iment. To acquire a valid deposition result along collection
lines, the moderate discharge rates and travel speed of the
UAV-based GFSs were adjusted. Namely, the flight speed of
GFS-A was set at 1.5m/s to prevent urea particle from being
blow away by the strong wind field generated by coupled
propellers. Considering the small discharge rate of GFS-B,
the flight speed of was set at 1.2m/s with the goal of obtain-
ing effective deposition amount in sampling area. The flight
speed of the rest of UAV-based GFSs was 2.0 m/s. The
rotational speeds of the discs for GFS-A and B and the
air velocity of the air-assisted tubes for GFS-C and GFS-D
were set appropriately according to the results of preliminary
experiment.

TABLE 3. Test parameters and conditions.

Property GFS-A GFS-B GFS-C GFS-D
Urea (kg) 8 8 8 8
Altitude (m) 3 3 3 3
Flight speed (m/s) 1.5 1.2 2.0 2.0
Outlet size 20 mm 70% 50° 30 r/min
?ﬁ;ﬁ%’s rate 495 294 4.52 54
Disc speed (r/min) 700 700
Tube branch angle (°) - - 68 130
Air veloc(irtny/:; the tube B ) 20 32

2) SAMPLING METHOD

A large rectangular collection carpet was placed on the
ground for urea sample collection. The soft carpet was long
enough to prevent the particles from bouncing around. The
carpet was divided into 39 collection points with several fixed
straight lines. Every collection point was divided into three
small square grids (0.3 x 0.3 m) parallel to the forward direc-
tion, forming three sample lines perpendicular to the overall
forward direction. The collection carpet was oriented so that
the UAV-based GFS will be flying directly into the wind to
minimize the effects of crosswind in the distribution pattern.
A colored belt used to guide the proposed flight line was set
along the collection carpet centerline. A remote controller
with a screen recorded the flight deviation, travel speed and
altitude of each flight by using ground station equipment.
After taking photographs of the urea samples on the collec-
tion carpet in individually identified grids, the images were
uploaded into a computer system to determine the number of
particles in each grid with MATLAB software (version 2016).
In the case of the urea particle, the quantity was converted
to grams per square meter using the weight of one thousand
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particles. The deposition distribution of all grids was plotted
in a bar graph. The mean values (g/m?) of the three grids at
one collection point versus the collection points were plotted
in the form of distribution curves. Three repetitions were per-
formed in every test. Fig. 3 shows the collection conditions for
the distribution patterns. All tests were performed according
to the method described in ASAE Standard [22].

test terminated line |
2
Collection points ‘ test start line
I start

FIGURE 3. Distribution of collection points in the test field.

E. EVALUATION INDICES

The evaluation indices were not only used for recommenda-
tion in field application, but also as the reference for selecting
a suitable UAV-based GFS for the development of a variable-
rate fertilization control system.

When applying UAV-based GFSs, the controllable range
and the variable-rate control mode are the basic performance
references for selecting a certain discharge apparatus to
improve work efficiency. A larger controllable range makes it
easier to meet the requirements of discharging a large quan-
tity of granular fertilizer. It is noteworthy that the accurate
and stepless control mode of the discharge apparatus have
great significance in variable-rate application by UAV-based
GFS [23]. The relationship between the values of openings of
metering devices and the discharge rates will be studied for
automatic adjusting.

To visually illustrate the deposition distribution patterns,
the collected urea samples were analyzed in terms of the
particle quantities in different collecting lines and the depo-
sition area along the direction perpendicular to the forward
direction. The overall trend in the deposition distribution rep-
resents the actual spreading performance of UAV-based GFS,
and a better deposition pattern for spreading is determined
based on the space between routes where overlaps and mis-
seeding easily occur. It is widely accepted that a good distri-
bution pattern should be symmetric with the target discharge
rate near the centerline and should decrease monotonically at
both ends of the collection line.

The effective swath width and the uniformity of distribu-
tion were the two main indices for evaluating the spread-
ing performance of UAV-based GFS [24]. These indices
directly influence the work efficiency and spreading quality
of UAV-based GFS. The coefficient of variation (CV) was
used to illustrate the uniformity of the deposition distribution.
The method is to analyze the relationship of the CV to the
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swath width by overlapping the swaths of the single-pass
distribution pattern in the same direction [22]. The CV of the
deposition distribution from the centerline of the first swath
to the centerline of the third swath is calculated by using
equations (1)-(3). In general, the simulated curve should
reach a minimum, and the best swath width is associated with
the minimum CV (Fig.4); in practice, the maximum swath
width with arelated CV under the given standard line (usually
decided by the field application) is widely acceptable.

> M;

M= = (1)
/ —2
" (M; — M)
SD = Zlfl @
oV — fW:D 3)

Single-pass distribution pattern Simulated swath width

Application rates (kg/m?)

Width (m)

Effective swath width with minimum CV

FIGURE 4. Graphical presentation of deposition pattern in simulated
method.

where n = the number of collection points, n = 39; M; = the
mean of three deposition quantities at a collection point (g);
M = the mean of all collection points (g); and SD = the
standard error (g).

F. COMPREHENSIVE EVALUATION MODEL

As it was difficult to make a quantitative decision with these
evaluation indices, an analytic hierarchy process (AHP)—
based method [25] was proposed to rank the prioritized
options for implementing a variable-rate fertilization control
system with the UAV-based GFS.

The AHP method consisted of three basic steps: first,
the problem was broken down and structured into a hier-
archy of subproblems, and a hierarchical model was built;
second, the data were collected and measured through pair-
wise comparisons of the attributes, and a comparison matrix
was constructed; finally, the priority weights of the factors
in each level were calculated, and a consistency check was
performed [26].

A hierarchy model includes a target layer, a criterion layer
and a scheme layer. In this study, the target layer was explor-
ing the importance of the evaluation indices. The criterion
layer consisted of automatic controllability, the range of the
discharge rate, the swath width and the uniformity of the
distribution. The scheme layer included the four types of
UAV-based GFSs. The hierarchy model for all categories and
indices was classified into three levels, as shown in Fig. 5.
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FIGURE 5. The hierarchy model of the critical indices.

The set of all relative comparisons in the hierarchy model
was reported in a square matrix, in which the elements were
compared with each other. As shown in Table 4, the compar-
isons, on a scale ranging from 1 to 9, corresponded to the level
of dominance or of contribution to the target. The values in the
diagonal of the matrix were always 1 (when compared with
itself, each alternative had equal importance), and the values
in the lower triangle of the matrices are the reciprocal values
of the upper triangle. Therefore, pairwise comparisons were
required for only half of the matrix, excluding the diagonal.
The pairwise comparison matrices for the criterion layer and
the scheme layer were constructed in a similar way.

TABLE 4. Rules of pairwise comparison scale.

Rating Description
1 Both alternatives have equal importance.
3 One of the alternatives is slightly more
important than the other.
5 One of the alternatives is more important
than the other.
7 One of the alternatives is much more
important than the other.
One of the alternatives is strictly superior to
9
the other.
The ratio of the two alternatives is between
2,4,6,8 . .
the adjacent ratings.
12 L, The importance of both alternatives is the
’1 /9 B inverse of the latter to the former.

A consistency check was performed by calculating the
consistency index (CI) and the consistency ratio (CR). When
CR<0.1, the consistency of the comparison matrix was con-
sidered acceptable; otherwise, the comparison matrix should
be appropriately modified. Equations (4) and (5) were used
to calculate the value of the CR.

M —n

Ccl = 4
n—1
CI

CR = — 5
Rl )

where M is the maximum eigenvalue of the target matrix;
n is the target matrix order; and Rl is the random consistency
index acquired by consulting a table.
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An AHP web-based calculation and Excel software were
used to calculate the normalized eigenvectors (namely, pri-
ority weights) of the pairwise comparison matrices of the
criterion layer and the scheme layer. The priority weights had
two types: local priority weights and global priority weights.
The local priority weights represented the relative weights of
the schemes within a group of indices with respect to their
evaluation indices. The local priority weights were derived
from each set of pairwise comparisons in each level of the
scheme matrix. The global priority weights were obtained by
multiplying the local priorities of the schemes by the priority
weights of the indices in the criterion layer. A high priority
weight value indicated the priority of the numerical model
that it represented. In this process, the importance of each
local scheme was balanced by the importance of the index
to which it belonged. Then, the acceptability of the result
was verified by a hierarchical total sort consistency check.
The following equations can be used to calculate the priority
weights:

Wo = {Wa, W, We, Wp} (6)
W =Wy x Q" @)

where Wy is the group of the normalized eigenvectors of the
scheme matrices; Wy ¢ p are the normalized eigenvectors
of each scheme, which are the local priority weights; Q is
the normalized eigenvector of the criterion matrix, which is
the priority weight of each index; and Q7 is the transposed
version of matrix Q.

IIl. RESULTS AND DISCUSSIONS

A. CONTROLLABLE DISCHARGE PROPERTIES

Of the four UAV-based GFSs, GFS-A had the maximum con-
trollable discharge range at 4.95-27.16 kg/min, while GFS-B
had the minimum at 0-3 kg/min, and GFS-C and GFS-D
had 2.21-19.36 kg/min and 1.16-10.27 kg/min, respectively.
In addition, different discharge rates could be acquired for
GFS-B, C and D by remote control, while that of GFS-A
was adjusted by manually replacing the annulus with different
diameters. The relationships between the variable opening
gate and the actual discharge rate are shown in Fig. 6. The
three regression curves for GFS-B, C and D, which have step-
less discharge adjustment, were plotted, and the regression
equations are given in equations (8)-(10).

y1 = —0.0004x;° + 0.0665x] + 0.5184

x (R = 0.8812) (8)
y2 = 0.0089x,2 — 0.5013x, + 7.0885
x (R = 0.9947) )

y3 = 0.1677x3 + 0.3788 (R> =0.9991)  (10)

where yj23 = the discharge rate of GFS-B, C or
D, kg/min; x; = the straight board opening percentage, %;
x» = the butterfly damper angle, °; and x3 = the rotational
speed, r/min.

For the discharge rate, the range in Fig. 6(b) is suitable for
the small quantity requirements of precision field application,
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FIGURE 6. Discharge properties of four metering devices.
(a) GFS-A-annulus (b) GFS-B-straight board (c) GFS-C-butterfly valve
(d) GFS-D-fluted roller.

and the results in Fig. 6(a), (c¢) and (d), corresponding to
GFS-A, C and D, respectively, indicate that they can be used
in large-scale field applications with large discharge quan-
tity requirements. Fig.6(d) shows the simplest relationship
between discharge rate and rotational speed, making it easy
to realize variable-rate adjusting fertilizer discharge rate.

B. DISTRIBUTION PATTERN OF UAV-BASED GFS

1) DEPOSITION IN THE COLLECTION AREA

The collection results are shown in Fig. 7. At the end of each
collection line, there was almost no urea deposition, and this
level of deposition was considered as zero. The deposition in
all three collection lines for each UAV-based GFS revealed
the same change trend on the whole, proving the validity of
this method for presenting the distribution pattern. As shown
in Fig. 7(a), the deposition at most collection points on the
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FIGURE 7. Deposition distributions of the four UAV-based GFSs.

(a) GFS-A-centrifugal disc spreader. (b) GFS-B-centrifugal disc spreader.
(c) GFS-C-pneumatic double-duct spreader. (d) GFS-D-pneumatic
multi-duct spreader.

third line is obviously higher than that on the other two lines.
This may have been due to the wind field generated from
the double propellers on each arm of GFS-A, which was
stronger than the other UAV-based GFSs in the test when
working at the same height. In such a wind field, when the
UAV-based GFS flies above the collection carpet, some urea
particles that fell on the two previous collection lines were
blown to the last line and accumulated. As shown in Fig. 7(b),
the deposition on the left side of the flight centerline was
lower than that on the other side, showing an asymmetrical
deposition distribution. Meanwhile, there are two obvious
peaks of deposition at symmetrical collection points across
the flight centerline in Fig. 7(c). The deposition pattern shown
in Fig. 7(d) fluctuates slightly across all the collection points,
except that at the right end of the second collection line, there
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is no deposition, and at the left end of all collection lines,
there is slightly higher deposition.

The total deposition of the four UAV-based GFSs for all
three collection lines was calculated. As shown in Fig. 8§,
except for the specific distribution of GFS-A, the maximal
deviation among the three lines is less than 12 g/m? for
GFS-B, C and D, presenting good uniformity in the forward
direction. The mean line shows that the overall deposition
of GFS-B is higher than the others, resulting from its slower
travel speed used in the test to obtain an obvious deposition
pattern in the collection lines.

- irst line
. second line
. third line

=+mean

Total deposition in line (g/m?)

GFS A GFS B GFS.C GFS- D

The four granular fertilizer spreaders in the test

FIGURE 8. Total deposition in all collection areas for four
UAV-based GFSs.

2) ANALYSIS OF DISTRIBUTION PATTERN

Variability of deposition distribution across the swath for dif-
ferent spreaders can be significantly influenced by movement
properties of the urea being spread out. Fig. 9 illustrates the
distribution patterns of the four UAV-based GFSs in the test.
The distribution pattern of GFS-A is a trapezoid. The horizon-
tal leg of the trapezoid covers 75 % of the swath width, and the
deposition frequently covers in a larger range of 1-2.5 g/m?,
indicating the substantial changes in deposition from collec-
tion points 7 to 34. The two shoulders of trapezoid show a
monotonic change trend, with one increasing and the other
decreasing. In addition, the deposition at some collection
points on the right side is more than that at collection points
near the centerline. This difference in deposition weakens the
distribution uniformity when considering the two sides of a
single swath. This is difficult to optimize by just changing
the flight mode, and improvement of the structure and control
method may be useful.

The distribution pattern of GFS-B is a wide triangle with
obviously asymmetrical sides. It is obvious that the left side
of the triangle, which shows a gentle change trend, occupies
more than half of the swath width, and the right side shows a
sharp decrease in deposition. This phenomenon, called skew-
ness, has a pronounced effect on the deposition distribution
across the swath width. Therefore, for GFS-B, it is important
to control the position of the particle flow on the disc board,
which is the main factor generating a deposition distribution
that is perpendicular to the flight centerline, as the disc rotates
in a single direction.

The distribution pattern of GFS-C is a typical M-shape
with two peaks. The deposition at the peak points is three
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FIGURE 9. Distribution patterns of the four UAV-based GFSs.

times as high as the deposition at other points. These two
peaks correspond to the two independent tube branches of
the double-duct structure in GFS-C. Two concentrated dis-
tribution areas that correspond to the two main outlets are
generated, with similar distribution pattern of a high deposi-
tion in the center and a decrease at both ends. Once these two
distribution areas overlap improperly, the M-shaped pattern
is generated. Changing the angle of the double-duct branches
to adjust this overlap is suggested for field application.

The distribution pattern of GFS-D is similar to the pre-
viously described wide trapezoidal shape, but it has nar-
row shoulders at both ends, where the horizontal leg of the
trapezoid covers more than 90 % of the total swath width.
Furthermore, except for the high deposition at the left end,
which was probably caused by fight instability, the deposition
deviation of the horizontal leg of the trapezoid is approxi-
mately 0.6 g/m?, indicating a slight change in the deposition
distribution.

C. SWATH WIDTH AND DISTRIBUTION UNIFORMITY
In general, a coefficient of variation lower than 15% will
result in an acceptable uniform application of the applied
mean dosage [27]. However, even with an acceptable distri-
bution uniformity, a large spread width is also necessary to
improve work efficiency in field applications. Studies have
illustrated that a CV of 20-30% was a reasonable unifor-
mity for granular fertilizer spreaders under some farm condi-
tions [28], [29]. Additionally, previous studies have suggested
that uniformity can be as low as 5-10% and as high as 30%
under actual field terrain conditions[30]. Grift showed that
the CV value fluctuated below the acceptable uniformity
standard line (generally CV = 15%) at a smaller swath width,
yet the CV value increased quickly as the simulated swath
width increased when testing the larger swath width for a
high-quality distribution pattern [31]. Particularly, for wide
trapezoidal shapes with narrow shoulders, more incremental
swath width simulations should be performed to reveal the
integrated change tendency. Therefore, a conservative swath
width (where CV = 20% is set as the standard) may be
considered the optimal swath interval for UAV-based GFS
under the same conditions as the test.

Fig. 10 shows the simulated relationship between the CV
and the swath width of the distribution pattern. Except for
that of GFS-C, which had an inferior distribution pattern,
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FIGURE 10. The CV-swath width curves of the distribution patterns of four
UAV-based GFSs.

all the other curves changed in the same way along the
given swath width on the whole, indicating the rationality
and validity of this simulated relationship. For GFS-A, both
CVs at the bottom of the curve are under 20%; generally, it is
reasonable that a larger swath width (5.1 m) would be used
as the effective flight interval. Similarly, the other trapezoidal
shape, the distribution pattern of GFS-D, shows an acceptable
fluctuation with a hump before a monotonical increase; in
this case, a swath width of 5.7 m (CV = 18.36%) is the
recommended value. For GFS-B and GFS-C, there is only
one minimum in each of the CV-swath width curves where
the CV is under 20%. In particular, for GFS-B, almost half of
the curve is under the uniformity standard line (CV < 20%),
and the second reflection point is slightly above the standard
line, which was caused by the asymmetrical triangle shape
of the distribution pattern. In this case, a swath width related
to the minimum CV (4.28%) may not be the optimal choice
when taking the environmental conditions into account. Over-
all, flight intervals of 4.8 m (CV = 17.55%) and 3.9 m
(CV = 13.02%) may be preferred for the use of GFS-B and
GFS-C in the field application of urea.

In short, GFS-D showed better spreading performance in
terms of swath width and distribution uniformity than the
others in this study. Although the actual deposition distribu-
tion of UAV-based GFSs is observably affected by complex
factors [32], the uniformity of the single-pass distribution
pattern may have a great influence on the overall uniformity
of the overlapping deposition area. The swath width and dis-
tribution uniformity of the four kinds of distribution pattern
also demonstrate the reasonability of this method and pro-
vide a reference for the further improvement of distribution
uniformity in field applications.

D. RESULTS OF THE COMPREHENSIVE EVALUATION

1) PAIRWISE COMPARISONS AND CONSISTENCY CHECK
The priority of each factor was captured by determining the
importance of each factor with respect to the others in the
same category using a pairwise comparison scale as described
in Table 4. The indices were also compared with each other.
The data were entered into pairwise comparison matrices as
scores on the pairwise comparison scale. A sample pairwise
comparison matrix for the four evaluation indices is depicted
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in Table 5. The values in the cells of the matrix representing
the results of the weighting (each cell shows the relationship
between the alternative in the row and the alternative in the
column) were collected by questionnaires within the agricul-
tural machine and fertilization industry. The results of the
consistency check (CR < 0.1) showed that the consistency
of the comparison matrix was considered acceptable.

TABLE 5. Pairwise comparison matrix of criterion layer.

Swath

Automatic Range of width of Uniformity
Index o1 discharge of the
controllability the o
rate RN distribution
distribution
Automatic 10000 4.0000 15000 3.0000
controllability
Range of 0.2500 1.0000 0.2500 0.5000
discharge rate
Swath width
of the 0.6667 4.0000 1.0000 2.0000
distribution
Uniformity of
the 0.3333 2.0000 0.5000 1.0000
distribution

In this matrix, the element in row 1, column 4 is 3, which indicates that
automatic controllability was slightly more important than uniformity of
distribution. The element in row 4, column 1 is 0.3333, which indicates that
uniformity of distribution was judged to be slightly more important than
automatic controllability.

The pairwise comparison matrix of scheme layer was con-
structed similarly and is shown in Table 6. The results of the
consistency check (CR < 0.1 for each of the pairwise com-
parison matrices) show that all of the pairwise comparison
matrices were acceptable for use in the analysis of the priority
of these schemes for each evaluation index.

2) COMPUTION OF THE PRIORITY WEIGHTS

The priority order of the evaluation indices was determined
according to the importance of these four evaluation indices
in the comprehensive evaluation, and the normalized eigen-
vector (11) showed their priority weights, namely, the impor-
tance order of the four evaluation indices were automatic
controllability, range of discharge rate, swath width and uni-
formity of the distribution. Automatic controllability was the
most important index among them due to the necessity of
remote control of UAV-based GFSs.

The local priority weights of each scheme are shown in the
normalized eigenvector (12), meaning that the matrix Wy con-
sisted of the priority order of all schemes in each evaluation
index taking performance into consideration. For example,
the first column of matrix Wy shows that in regard to auto-
matic controllability, the maximum value in row 4 indicates
that GFS-D performed better than the rest of the schemes,
and the minimum value in row 1 has the opposite meaning;
this value is consistent with the reality that GFS-A cannot be
controlled automatically. In the same way, the second column
of matrix Wy indicates the priority order of these schemes in
the range of discharge rates, and GFS-C performed better than
the others. The rest of matrix Wy provides the same informa-
tion for the other two evaluation indices and highlights the
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TABLE 6. Pairwise comparison matrix for scheme layer.

GFS-A GFS-B GFS-C GFS-D
Automatic controllability
GFS-A 1.0000 0.2500 0.5000 0.2000
GFS-B 4.0000 1.0000 2.0000 0.6667
GFES-C 2.0000 0.5000 1.0000 0.3333
GFS-D 5.0000 1.5000 3.0000 1.0000
M CI RI CR
4.0042 0.0014 0.9 0.0016
Range of discharge rate
GFS-A 1.0000 2.0000 0.3333 0.4000
GFS-B 0.5000 1.0000 0.2000 0.2500
GFS-C 3.0000 5.0000 1.0000 1.2000
GFS-D 2.5000 4.0000 0.8333 1.0000
M CI RI CR
4.0053 0.0018 0.9 0.0020
Swath width of the distribution
GFS-A 1.0000 1.5000 3.0000 0.7500
GFS-B 0.6667 1.0000 2.0000 0.5000
GFS-C 0.3333 0.5000 1.0000 0.3333
GFS-D 1.3333 2.0000 3.0000 1.0000
M CI RI CR
4.0103 0.0034 0.9 0.0038
Uniformity of the distribution
GFS-A 1.0000 0.5000 1.0000 0.5000
GFS-B 2.0000 1.0000 0.5000 1.0000
GFS-C 1.0000 2.0000 1.0000 0.5000
GFS-D 2.0000 1.0000 2.0000 1.0000
M CI RI CR
4.2492 0.0831 0.9 0.0923

good performance of GFS-D in terms of swath width and
uniformity.

o7 = {0.9924, 9.0152E~'2, 0.0077, 1.1671E’7} (11)
1.5194E712, 4.6055E~%,0.0307, 1.5140E
wo — ] 00031, 3.5577E712,4.6742E73,0.0039
0= 4.8019E8,0.9561, 2.2532E2, 0.0039
0.9969, 0.0439, 0.9693, 0.9922
(12)
wT = {0.0002, 0.0031,4.813015—8,0.9966} (13)

The normalized eigenvector (13) was obtained to represent
the global priority of the hierarchical total sort by compre-
hensively considering the priorities of the criterion layer and
scheme layer. The result of the consistency check for the
hierarchical total sort was a CR of 0.0016 (CR < 0.1),
indicating the validity and acceptability of the normalized
eigenvector W for explaining the combined priority weights
of the factors. This result shows that the comprehensive per-
formance of GFS-D is better than that of the others in terms
of automatic fertilization, which is beneficial for variable-rate
control of fertilizer application rate.
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IV. CONCLUSION

In this study, four UAV-based GFSs with different discharge
structures and control mechanisms were compared in terms
of their controllable range of discharge rate and variable-rate
control mode, deposition and distribution pattern, swath
width and distribution uniformity to evaluate their compre-
hensive performance. The features and shortcomings of these
four UAV-based GFSs were analyzed according to these eval-
uation indices. Among them, the metering device of GFS-A
was suitable for uniform discharge rate; the controllable dis-
charge range of GFS-B could be sufficient for the application
of small range of discharge rate; and the granular deposition
distribution pattern of GFS-C was M-shaped, resulting in
obvious fluctuation along the transverse direction, which was
related to the distribution uniformity. Proper adjustment in the
angle of outlets is needed to improve the uniform distribution
as well as the effective swath width. The simulated swath
width and distribution uniformity indicated better spreading
performance by GFS-D, which had a larger effective swath
width with an acceptable uniformity. In fact, the score for
GFS-D based on the combined priorities of the evaluation
indices calculated using AHP method was higher than those
for the three other UAV-based GFSs, demonstrating its supe-
rior performance as a UAV-based GFS prototype for preci-
sion variable-rate fertilization at a large range of application
rate. Further work is planned to design an automatic
variable-rate control system for precise site-specific fertilizer
management.
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