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Abstract: The wind field produced by the rotor-wing UAV has a significant impact on the distribution of rice pollen, which 
directly influences hybrid rice breeding.  This research aimed to explore the distribution law of rice pollen in the wind field of 
small UAV.  Aviation Beidou Positioning System UB351 positions all sampling nodes for precise corresponding coordinates 
and spacing information, and draws UVA’s flying trajectories, thus providing accurate data for tests.  Wireless sensor network 
measurement system was used to study the three-direction wind field produced by the rotor-wing UAV under various 
experimental factors and acquires wind field width and wind speed, and the data were compared with the area ratio and width of 
pollen distribution.  Test of univariate normality was conducted through Shapiro-Wilk test and Kolmogorov-Smimov test. In 
order to figure out the appropriate flight speed for UAV’s pollination under pollen distribution law, it is also necessary to perform 
analysis of variances on regression model.  The comparison of wind speed in longitudinal (X) and lateral (Y) direction show that 
as the major force of the horizontal wind field produced by the rotor-wing UAV, the wind from Y-direction forms the widest 
wind field.  Moreover, flight speed mainly influences wind field width.  To be specific, the width of horizontal wind field 
decreases as flight speed increases.  Meanwhile, UAV flight speed also exerts significant impact on vertical wind field.  Both 
the pollen distribution width of more than 5 pollen grains and the area ratio reached the maximum when the UAV flight was at 
4.53 m/s, which was the most favorable speed to pollination.  In addition, pollen quantity is closely associated with both 
horizontal and vertical wind field.  With comparison of the pollen quantity of sampling nodes, it was found that the wind field 
produced by the rotor-wing UAV exerted asymmetrical impact on pollen distribution.  Q-Q plot of SPSS verifies that pollen 
distribution is against normal distribution.  The establishment of a multiple linear regression model of pollen distribution and 
wind speed in three directions indicates that pollen distribution quantity only shares positive linear relation with the wind field 
in X-direction.  These findings provide a theoretical guidance for rice pollination by using agricultural UAVs. 
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1  Introduction  

As a technology to increase grain production, the 
promotion and application of hybrid rice will be the most 
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effective way to address world food crisis[1].    Breeding, 
seed production, raising seedlings and transplanting are 
the major processes of hybrid rice production.  Seed 
production is the essential part of hybrid rice production, 
which is then determined by pollination[2].  Because of 
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not being a strict self-pollination crop, rice has a slim 
chance of natural pollination, ranging from 0.2% to 4% 
with a maximum of 5%[3].  Rice flowers for about 
1.5-2.0 h, from 10:00 a.m. to 12:00 a.m.  Furthermore, it 
pollinates 3-4 times a day, each within 30 min, and lasts 
for 10-12 d[4].  Since hybrid rice pollination is 
demanding in technology, accuracy and time, high-yield 
and high quality hybrid rice seeds must be produced by 
cross-pollination.  Cross-pollination should be assisted 
by artificial supplementary pollination to ensure 
well-balanced seed setting.  Hand pollination and 
mechanical pollination are two popular artificial 
supplementary pollination methods.  Hand pollination is 
widely applied in areas with abundant labor force but low 
mechanization level.  Though it is simple to operate with 
promising outcomes[5], this method is characterized by 
great labor intensity, low efficiency and not applicable to 
large-scale seed production.  Mechanical pollination can 
be further divided into collision pollination and 
pneumatic pollination.  The former one is about shaking 
off the pollen from the male plant to the female one 
through direct collision[6].  It tends to hurt the plant and 
performs poorly in realizing uniform pollination[7].  
Owing to its merits of long-distance spraying of male 
parent pollen without hurting the plant, pneumatic 
pollination enjoys rapid development and extensive use.  
Li et al.[8-10] select the operation parameters for 
supplementary pollination of hybrid rice by using a small 
rotor-wing unmanned helicopter, and explore the 
distribution law of canopy wind field during rotor-wing 
UAV’s pollination.  Hu et al.[11] designed a wireless 
wind speed sensor network measurement system for 
unmanned helicopter.  Wang et al.[12] studied the impact 
of airflow speed on pollen distribution in the process of 
hybrid rice seed production while Fang et al.[13] 
investigated the impact of bottom blowing airflow speed 

on the distribution of hybrid rice pollen.  Wu et al.[14] 
evaluated the performance of unmanned helicopter for 
agricultural plant protection in supplementing hybrid rice 
pollination and attempted to figure out the optimum 
planting row ratio of male and female parent rice. 

Small UAVs are enjoying increasing popularity in 
agriculture, especially in supplementary pollination for 
hybrid rice seed production.  However, concrete 
progress in how UAV’s wind field parameters affect rice 
pollen distribution is still unavailable.  To this end, this 
study explores the impact of various UAV’s wind field 
parameters on rice pollen distribution in natural 
environment and figures out the width of pollen 
distribution and valid interval value at varying wind 
speeds in the hope of providing theoretical guidance and 
data support to improve hybrid rice pollination and 
operating efficiency.  

2  Materials and methods 

2.1  Materials and devices 
2.1.1  Materials and devices for outdoor UAV’s 
pollination tests 

The 80-2 gasoline-driven single-rotor UAV (Hunan 
Dafang Plant Protection Co., Ltd) serves these tests as 
shown in Figure 1, its main performance indexes are 
shown in Table 1. 

 

 
Figure 1  Test field for UAV’s pollination 

 

Table 1  Main performance indexes of UAV 

Main Parameters Type Size 
(length×width×height) Diameter of main rotor/tail Flight speed 

/m·s-1 
Flight altitude 

/m 

Specifications and Figures 80-2 single-rotor 
gasoline-driven UAV 1760 mm×580 mm×750 mm 2080 mm/350 mm 0-8 0.5-3 

 

Beidou Positioning System UB351 used in these tests 
is characterized by RTK differential positioning with a 
plane accuracy of 1 cm + 0.5 ppm and an elevation 

accuracy of 2 cm + 1 ppm.  The authors hold the mobile 
station to position every sampling node and accurately 
record their corresponding coordinates and spacing 
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information.  Beidou system on-board the UAV draws 
operating trajectory, against which the relation between 
actual operating trajectory and sampling node is 
observed. 

Wireless wind speed sensor network measurement 
system for unmanned helicopter[11] was used, consisting 
of paddlewheel wind speed sensor and wireless wind 
speed sensor.  The former one measured the 
three-direction wind speed at every sampling node during 
pollination, detecting speed from 0 to 45 m/s with an 
accuracy of ±3% and a resolution of 0.1 m/s.  Made up 
of a 490 MHz-wireless data transmission module, 
microcontroller and power back, the wireless wind speed 
sensor sent wind speed data to the intelligent control 
focus node. 

Portable anemoclinograph and digital 
hygrothermograph make up the environmental 
monitoring system.  The former one was used to monitor 
and record wind speed and wind direction, while the latter 
one was to measure temperature and humidity. 

Pollen collection slides, coated with vaseline, were 
fixed at the top of the tripod with a universal clamp as 
shown in Figure 2. 

 

 
Figure 2  Pollen collection slides 

2.2  Test methods 
2.2.1  Design of outdoor UAV’s pollination tests 

According to the flowering period of rice, three tests 

were conducted from 11:00 a.m. to 12:00 a.m. at the 
hybrid rice seed production basis of Hunan Longping 
Seed Industry Co., Ltd. in Wugang County, Hunan 
Province.  Following a row ratio of 6:60, the rice was 
transplanted by machines with plant spacing of       
17 cm×14.5 cm and shares consistency in variety and 
growth condition.  The rice to be tested was at its most 
luxuriant flowering period.  

These outdoor tests were aimed to explore the 
distribution law of rice pollen under various influence 
factors at varying flight speeds.  In reference to previous 
performance of UAV’s pollination, agricultural UAV 
normally operates at 3-10 m above the canopy[15] with an 
optimum flight speed of about 4 m/s.  Another two 
speeds around the optimum speed were set.  In other 
words, 3.5 m/s, 4 m/s and 4.5 m/s were set as default 
speeds, at which the UAV flies across three separate 
sampling areas in sequence.  Six rows of male parent 
rice in the middle serve as pollen supplier.  Ten 
sampling nodes were regularly placed in a straight line on 
each side, vertical to the rows of male parent rice.  The 
interval between every sampling node is 1 m.  From left 
to right, nodes are marked as 1# to 20# in order.  Node 
10# stands on the left side while node 11# on the right 
side of the male parent rice.  Two neighboring sampling 
areas were separated by 6 rows of male parent rice that 
were not involved in pollination but to prevent the male 
parent rice in the middle of one test field from pollinating 
the adjoining female parent rice in the other area.  Slides 
coated with vaseline were fixed above the rice canopy to 
collect male parent rice pollen at every sampling node.  
During the tests, the UVA flew across the 6 rows of male 
parent rice in the middle as Figure 3 presented. 

 
Figure 3  Schematic diagram of test 
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2.3  Data processing 
2.3.1  Acquisition of UAV’s flight attitude parameters 
and meteorological parameters 

Beidou Positioning System UB351 on-board the UAV 
acquires parameters like average flight altitude and 
average flight speed at three default speeds.  Table 2 
shows that meteorological parameters obtained from the 
environmental monitoring system. 
2.3.2  Coordinates of sampling nodes and UAV’s route 

Beidou Positioning System UB351 positions sampling 
nodes and obtains their corresponding coordinates which 
are then used to map the position of collection points and 
the desired routes as Figure 3a describes. 

 

Table 2  Flight attitude parameters of UAV 

Tests 
Main Parameters 

1 2 3 

Average flight speed/m·s-1 3.46 3.96 4.53 

Average flight altitude/m 1.23 1.33 1.15 

Average temperature/ºC 33 

Average humidity/% 64 

Air speed/m·s-1 0 0.3 0 
 

The mobile station of Beidou Positioning System 
UB351 on-board the UAV draws the trajectories of three 
tests.  As shown in Table 2, the air speed in Test 1 and 
Test 3 is recorded 0 m/s while that in Test 3 is 0.3 m/s.  
Figures 4b-4d respectively depict the final trajectory of 
every test. 

 
a. Position of collection points  b. Trajectory of Test 1 

 
c.  Trajectory of Test 2  d. Trajectory of Test 3 

 

Figure 4  Position of collection points and trajectory of test 
 

2.3.3  Acquisition and processing of wind field data 
On the basis of measurement of wind field of 

unmanned gasoline-driven helicopter[16], three 
paddlewheel wind speed sensors are placed at every 
sampling node in the direction of X, Y and Z (longitudinal, 

lateral and vertical directions along with the flight route).  
Sampling nodes are marked from 1# to 20# in proper 
order.  Consistent with the position and serial number of 
every sampling node, paddlewheel wind speed sensor 
measures three-direction speed at every point during 



36   July, 2017               Int J Agric & Biol Eng      Open Access at https://www.ijabe.org                 Vol. 10 No.4 

UAV’s pollination[17,18].  Column chart is produced out 
of Excel as Figure 5 illustrates, where the abscissa 
represents the sampling nodes from 1# to 20# while the 
ordinate indicates the wind speed in the direction of X, Y 
and Z.  The appropriate wind speed to study the wind 
field width is defined as the referential speed (1 m/s) of 

pollen suspension[19,20].  Wind field width is the width 
covering all sampling nodes where the peak wind speeds 
respectively surpass 1 m/s, 2 m/s and 3 m/s.  Table 3 
shows three-direction peak wind speed, its corresponding 
sampling position and the wind field width corresponding 
to the referential speed interval in three tests. 

 
Figure 5  Wind speed produced by UAV 

 

Table 3  Wind field test parameters of UAV 

X Y Z 
Main Parameters 

1 2 3 1 2 3 1 2 3 

Peak wind speed/m·s-1 2.7 2.9 1.0 8.6 6.4 4.1 6.1 0.6 1.5 

Sampling node corresponding to the peak/# 10 10 11 9 10 10 10 11 10 

>1 m/s 1.26 0.67 0 5.81 4.16 3.73 3.17 0 0.67 

>2 m/s 0.52 0.67 0 4.39 3.17 2.81 1.65 0 0 Wind field width/m 

>3 m/s 0 0 0 4.09 2.76 1.75 1.25 0 0 
 

2.3.4  Pollen data acquisition and processing 
At the end of the tests, slides at 20 sampling nodes are 

collected.  Five well-distributed club-like observation 
points on every slide are selected, dyed with iodine 
Potassium iodide and then placed under a 10×10 
microscope.  The eye lens is adjusted to fully examine 
every observation point and the pollen grains of three 
effective fields of view are counted.  There are 15 
effective fields on every slide in total, whose average 
pollen grains represents the overall pollen quantity of 
each slide. 

3  Results and analyses 

3.1  Wind field distribution 
3.1.1  Distribution of horizontal wind field 

The horizontal wind field formed by the wind from 
X-direction and Y-direction is at the same level of the rice 
canopy layer.  The wind from these two directions is the 
main force for pneumatic conveying of pollen, and the 

stronger the wind is, the better it is[21].  As Table 3 
shows, in terms of Y-direction wind speed among the 
three tests, the maximum wind field width of over 1 m/s 
reaches 5.81 m, while that of over 3 m/s marks 4.09 m.  
As for X-direction, the maximum width of over 1 m/s is 
1.26 m; in the meanwhile, the X-direction speed of every 
sampling node is smaller than 3 m/s.  This supports that 
the wind from Y-direction dominates the horizontal wind 
field and produces the widest wind field.  Comparing the 
width of horizontal wind field of three tests reveals that 
the wind fields in Test 3 are the widest while those in 
Test 1 are the smallest.  This is consistent with the 
conclusion from Li et al.[9] that during multi-rotor electric 
UAV’s pollination, wind field width is mainly influenced 
by UAV’s flight speed and increases with the decrease of 
flight speed. 
3.1.2  Distribution of vertical wind field 

The vertical wind field formed by the wind from 
Z-direction is vertical to the rice canopy, where the 
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wind’s damage on the rice is studied and the weaker the 
wind is, the better it is[8].  It is learned from Table 4 that, 
of the three tests, node 10# and 11# boast peak wind 
speed in Z-direction.  With a flight speed of 3.46 m/s, 
the peak wind speed in Z-direction reaches 6.1 m/s, 
contributing to the 3.1 m wide wind field of over 1 m/s.  
At the flight speed of 3.96 m/s, the peak wind speed in 
Z-direction drops to 0.6 m/s when the wind speed of 
every sampling node is smaller than 1 m/s.  With a flight 
speed of 4.53 m/s, the peak wind speed in Z-direction is 
1.5 m/s when no other nodes record a wind speed greater 
than 1 m/s but 10#.  This indicates that flight speed 
obviously affects Z-direction wind speed, and that the 
flight speed of 3.96 m/s produces the smallest vertical 
wind field.  To sum up, when the UAV flies at 3.96 m/s, 
Z-direction wind field is favorable to pollination.  To 
further investigate pollen distribution by taking both 
horizontal and vertical wind field into consideration, the 
pollen quantity at the sampling nodes undergoes 
statistical analysis. 
3.2  Pollen distribution 

Figure 6 depicts the pollen distribution of every 
sampling node, where the abscissa represents the 
sampling nodes from 1# to 20# with equal interval while 
the ordinate stands for their corresponding pollen quantity.  
As Figure 6 shows, node 10# marks the peak value in 
three tests, and the pollen quantity decreases as the 
distance between node 7# to 12# and the row of male 
parent rice increases.  The pollen quantity from node 1# 
to 7# and node 12# to 17# is small, fluctuating around 5.  
Table 4 records the peak pollen quantity, corresponding 
sampling node, density of pollen, non-uniformity of 
pollen distribution[6], distribution area ratio and 
distribution width.  Pollen area ratio is the proportion of 
sampling nodes, whose pollen quantity exceeds a given 
quota, to the total number of sampling nodes.  The 
analysis of pollen distribution width and area ratio in 

Table 4 implies that, throughout three tests, the 
distribution width of more than 1 pollen grain basically 
agrees with the area ratio of more than 10 pollen grains.  
Varying flight speeds are proved to have little impact on 
the width of more than 1 and 10 pollen grains.  Test 3 
outweighs the other two with respect to distribution width 
and area ratio of over 5 pollen grains, while Test 1 
basically agrees with Test 2 in these regards.  The flight 
speed of 4.53 m/s is believed to be influential to pollen 
distribution and the most favorable speed to pollen 
transmission.  As Table 4 shows, pollen quantity of node 
1# to 10# obviously outnumbers that of node 11# to 20#, 
implying that UAV’s wind filed exerts asymmetrical 
impact on pollen distribution. 

In order to analyze the data model of pollen 
distribution, Q-Q plot of SPSS is employed for 
verification[22].  In Figure 7, the abscissa represents the 
observed value, the ordinate the expected normal value 
and the slope the standard deviation.  The Figure reveals 
that the samples are not in straight-line distribution.  
Test of univariate normality is then conducted through 
Shapiro-Wilk test and Kolmogorov-Smimov test as 
shown in Table 5 with all Sig values smaller than 0.05.  
This indicates significant difference between pollen 
distribution and normal distribution, and supports that 
pollen distribution is against normal distribution[23]. 

 
Figure 6  Pollen distribution of UAV’s pollination 

 

Table 4  Pollen distribution of UAV 

Pollen quantity/grain Distribution area ratio/% Distribution width/m 
Tests 

Peak Pollen 
quantity 
/grain 

Sampling node 
corresponding to  
the peak value/# 

Average 
pollen 
density 

Non-uniformity 
of pollen 

distribution 1#-10# 11#-20# >1 grain >5 grains >10 grains >1 grain >5 grains >10 grains

1 38.3 10 7.9 7.9 90.3 67.9 100 65 15 18.13 8.46 1.07 

2 27.3 10 7.3 5.7 86.5 58.6 100 60 15 18.76 8.44 1.04 

3 54.1 10 10.6 11.3 121.4 90.5 100 85 20 18.36 14.57 1.83 
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Figure 7  Q-Q plot test for UAV’s pollination 

 

Table 5  Test of normality for pollen quantity 
Kolmogorov-Smirnova test Shapiro-Wilk test 

Pollen quantity 
Statistic df Sig. Statistic df Sig. 

m1 0.362 20 0 0.526 20 0 

m2 0.331 20 0 0.538 20 0 

m3 0.268 20 0.001 0.671 20 0 
 

3.3   Impact of wind field on pollen distribution  

The wind produced by the UAV acts on pollen in two 

forms, one on the stalk and the other on the pollens.  The 

former one shakes the pollens off while the latter one 

blows the pollens off.  Under the forces of 

three-direction wind, there are a series of complicated 

factors influencing pollen distribution.  Therefore, wind 

speed in three directions and pollen quantity are 

categorized into five grades to reveal the relationship of 

wind field and pollen distribution, as shown in Table 6. 

According to the grades of wind speed and pollen 

quantity, a multiple linear regression model of pollen 
distribution and wind speed from three directions is 
established through SPSS, contributing to the ANOVA in 
Table 7.  

 

Table 6  Interval of wind speed and pollen quantity 

Grade 
X-direction 
wind speed 

/m·s-1 

Y-direction  
wind speed 

/m·s-1 

Z-direction 
wind speed 

/m·s-1 

Pollen quantity
/grain 

1 0-0.5 0-1.5 0-0.5 0-10 

2 0.5-1 1.5-3 0.5-1 10-20 

3 1-1.5 3-4.5 1-1.5 20-30 

4 1.5-2 4.5-6 1.5-2 30-40 

5 >2 >6 >2 >40 

 

Table 7  Multivariate linear regression analysis of UAV’s pollination tests 
Coefficients ANOVA 

Unstandardized  Coefficients Standardized Coefficients 
Model 

B value Std. Error Beta (β) 
t Sig. F value Sig. 

Constant 0.340 0.146  2.676 0.033 

x1 0.379 0.141 0.488 0.644 0.017 

y1 –0.064 0.100 0.122 1.602 0.529 
Test 1 

z1 0.219 0.137 0.351 2.359 0.129 

19.139 0 

Constant 0.806 0.342  2.618 0.031 

x2 0.824 0.315 0.819 2.008 0.019 

y2 0.582 0.290 0.582 –2.111 0.062 
Test 2 

z2 –1.067 0.505 –0.685 6.149 0.051 

9.256 0.001 

Constant 2.138 0.348  6.149 0 

x3 –2.032 0.364 –0.869 –5.587 0 

y3 0.985 0.136 1.202 7.261 0.056 
Test 3 

z3 –0.028 0.104 –0.034 –0.269 0.792 

24.245 0 

 

Table 7 includes constants, influence factors (xn, yn, 
zn), standard error, Beta coefficient and F value.  F value 
marks 19.139, 9.256 and 24.245 while the Sig values of 

regression equation are smaller than 0.05, standing at 
0.000, 0.001 and 0.000, respectively.  When the 
coefficients are not equal to 0 simultaneously, the 
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explained variables share significant linear relation with 
the explanatory variables and a linear equation can be 
established.  However, Table 7 shows that the 
significance levels in the directions of X, Y and Z are 
more than 0.05 throughout three tests, which means the 
equation of regression model is inapplicable to the study 
of wind speed grades in Y and Z.  As a result, a new 
model should be built. Backward screening is adopted to 
rebuild a model by successively skimming the wind 
grades in Y and Z.  Table 8 presents the linear regression 
analysis of X-direction in three tests. 

 

Table 8  Linear regression analysis of UAV’s pollination tests 
in X-direction 

Coefficient 

Unstandardized 
Coefficients 

Standardized 
Coefficients Model 

B value Std. Error Beta 

t value Sig. 

Constant 0.407 0.159  2.564 0.020
Test 1 

x1 0.648 0.100 0.835 6.450 0 

Constant 0.439 0.278  1.578 0.132
Test 2 

x2 0.712 0.168 0.707 4.239 0.000

Constant 0.231 0.181  1.274 0.219
Test 3 

x3 0.808 0.139 0.808 5.812 0 
 

In Table 8, the average significant levels in 
X-direction of the three tests are equal to 0, smaller than 
the standard value of 0.05.  So the wind speed grades in 
X-direction can be applied to the equation of regression 
model.  Equations of linear regression model for three 
designated flight speeds are produced out of the constant 
coefficients and influence factors in Table 5.  Here are 
the Equations: m1=0.407+0.648x1, m2=0.439+0.712x2 and 
m3=0.231+0.808x3.  m1, m2 and m3 represent, respectively, 
the pollen grade of Tests 1, 2 and 3 while x1, x2 and x3 
stand for the wind speed grade in X-direction of three 
tests.  It can be concluded that pollen distribution is 
merely in positive linear relation with X-direction wind 
field, and that the coefficient scale of pollen grades and 
X-direction wind field varies as the flight speed differs. 

4  Conclusions 

The comparison and analysis of the wind field 
distribution, pollen distribution and pollen quantity under 
varying flight speeds contributes to the following 
conclusions: 

After comparing the wind speed in X and Y direction,  

it is found that the wind from Y-direction dominates the 
horizontal wind field produced by rotor-wing UAV with 
the widest wind field.  The contrast of the 
three-direction wind field width supports that flight speed 
mainly influences the wind field width.  To be specific, 
horizontal wind field width decreases as the flight speed 
increases.  The flight speed of 4.53 m/s contributes to 
the maximum pollen distribution width and area ratio of 
more than 5 pollen grains, which is the most favorable 
speed to pollination.  This also proves that pollen 
distribution is closely associated with both horizontal and 
vertical wind fields. 

It is proved, through the comparison of pollen 
quantity from node 1# to 10# and 11# to 20#, that the 
wind field produced by the rotor-wing UAV exerts 
asymmetrical impact on pollen distribution.  Q-Q plot of 
SPSS verifies that pollen distribution is against normal 
distribution. 

Three equations are figured out by building a multiple 
linear regression model of pollen distribution and wind 
speed scale from three directions.   This demonstrates 
that pollen distribution is merely in positive linear 
relation with X-direction wind field, and that the 
coefficient scale of pollen grades and X-direction wind 
field varies as the flight speed differs. 
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