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Abstract: With the development of aviation agricultural technology, the number of farmers adopting the use of drones in daily 
agricultural activities is growing rapidly in recent decades.  Among these, a large portion constitutes agricultural drones being 
used in pest control and crop protection practices, e.g. agriculture spraying of pesticides.  Spraying pesticides with drones have 
proven to be faster than other traditional methods.  On the downside, flight time and range of Unmanned Aerial Vehicles 
(UAV) are often limited.  Thus, a proper arrangement of flight height and velocity will greatly improve spraying efficiency.  
A new strategy to optimize the flight parameters, i.e. flight height and flight velocity, for fixed-wing UAV with a 3D 
simulation-based approach together with an automatic optimization algorithm was proposed in this study.  To find the optimal 
parameters for a UAV to fly and spray under certain environmental conditions, a three-dimensional model of the target crop 
was established first, followed by a detailed simulation of droplet spraying.  As a demonstration case, a grass model was 
developed and used as the target plant, and a physics-based method was used to simulate realistically the movement of the 
droplets in the air as well as the interaction between the droplets and the plant to obtain the droplet deposition rate under the 
specified operating parameters.  Furthermore, the standard Particle Swarm Optimization (PSO) algorithm was used to optimize 
the UAV operating parameters to obtain the best operating parameters.  The results indicate that using the standard PSO 
algorithm to optimize the operating parameters of the drone could significantly improve the deposition rate and find the best 
operating parameters. 
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1  Introduction 

The development of agriculture is of great significance to the 
progress of society[1].  Pests and diseases still have a great 
negative impact on crop growth and directly reduce yield and 
quality[2].  Therefore, agricultural development and crop 
protection have always been inseparable.  A major method of crop 
protection is spraying pesticides on crops, with several advantages, 
including high speed, wide range, and low cost.  Pests and 
diseases can be effectively controlled and the negative effect of 
pests and diseases on crop yields be reduced.  

In the process of spraying pesticides, only a small part of the 
liquid solution settles on the crop surface, while most of the liquid 
gets into the surrounding environment causing environmental 
pollution[3].  With the development of air spraying technology, 
more and more agricultural Unmanned Aerial Vehicles (UAVs) 
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have begun to be applied in pest control work[4].  Aerospray has 
the following advantages: 1) The agricultural drone has a larger 
spray volume and can spray a large area quickly; 2) A drone flying 
above the crop will not cause damage to the crop the way a 
wheeled vehicle on the ground does; 3) UAVs can work normally 
in mountainous areas, hills, and other inaccessible environments, 
and the working efficiency is a dozen times that of ground-mounted 
motorized sprayers[5].  

However, aerospray still has a series of problems such as 
uncertain operating parameters (velocity and height of UAV), low 
spraying efficiency, and the need for optimization of UAV routes.  
The setting of drone operation parameters can directly affect 
droplet deposition distribution[6].  Franz et al.[7] sprayed 
fluorescent tracers instead of pesticides on fixed-wing aircraft.  
The effects of crop canopy characteristics and environmental 
factors on the deposition of droplets on leafy plants such as cotton 
and Hami melon were studied.  Under the spraying operation of a 
fixed-wing aircraft, Lan et al.[8] studied the effects of different 
working heights and additive concentrations on droplet deposition 
and drift.  Kirk et al.[9] studied the relationship between flight 
speed, nozzle flow rate, spray pressure, droplet size, and other 
factors, and established a mathematical model capable of predicting 
droplet deposition and drift.  Fritz et al.[10,11] evaluated the effects 
of wind fields and nozzles on aerospace spray deposition and drift 
distribution.  Huang et al.[12] tested how different factors such as 
wind speed, release height, and droplet size affected droplet 
deposition distribution and selected the maximum influence factor 
to control and reduce the drift of the droplets.  Faical et al.[13,14] 
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considered the effect of weather conditions on the distribution of 
droplet deposition.  The weather conditions were obtained by 
using a Wireless Sensor Network (WSN).  A parameter called 
‘routeChangingFactor’ was proposed to correct the flight route of 
UAV.  Particle Swarm Optimization and Genetic Algorithm were 
used in those studies to obtain the optimal parameterization during 
the spraying operation of the UAV, While a multiple regression 
model was used to predict the optimal spraying height and flight 
speed in citrus trees using a quadrotor UAV[15]. 

Particle Swarm Optimization (PSO)[16] is a bionic intelligence 
optimization algorithm.  PSO simulates the foraging process of 
birds in nature.  Individuals in the flock are looking for food in 
different directions.  When the food location is found, the 
information of food location will be shared in the flock.  Then the 
flock will move toward the food location.  In the particle swarm 
optimization algorithm, each particle in the population represents a 
feasible solution to the optimization problem, and the food position 
represents the optimal solution of the optimization problem.  In 
order to find the food location, the entire population continuously 
explores the solution space.  In the process of exploration, all 
individuals move continuously through their own search experience 
and the search experience of other individuals in the population.  
In the algorithm optimization process, a single particle adjusts the 
position and velocity of the particle through its own historical 
optimal value and the historical optimal value of the population 
determines the fitness function according to the actual optimization 
problem and determines the optimal value through the fitness 
function.  

All the above studies were conducted in a real-world 
drone-spraying test, which allowed this study to obtain the best 
operating parameters for a particular type of crop under specified 
external environmental conditions.  However, conditions 
encountered when practicing spraying in the field might 
considerably deviate from the experimental environmental 
conditions.  Therefore, the results of the test for the actual 
spraying operations are relatively weak.  For this reason, the 
present study proposes a 3D simulation based optimization method 
for drone operation parameters used in a plant protection context, 
which can provide theoretical guidance for dredging operations 
under different types of crops and under different environmental 
conditions.  First, a three-dimensional model of a given crop 
based on user needs was established and external environmental 
conditions were initialized.  Then a physics-based method was 
used to provide a realistic simulation of the movement of the 
droplets in the air and the interaction between the droplets and the 
crop to obtain the droplet deposition rate under the specified 
operating parameters.  Finally, the standard particle-swarm 
optimization algorithm[16] was used to optimize automatically the 
UAV operating parameters.  

2  Method 

2.1  3D plant and spray model  
A Gramineae model, Fat hen to be specific, was established to 

demonstrate the implementation results for the optimization 
workflow.  Plants of the grass family are during their vegetative 
state composed of a rosette of leaves inserted on a very short stem.  
Each leaf is composed of a sheath and a blade, the latter being the 
exposed part that will normally also receive the bulk of the sprayed 
pesticide.  For our purposes, the leaf was simplified to the visual 
representation of a blade, as an ensemble of four quadrangles.  
The number of leaves per individual grass was set to a random 

value between 8 and 12.  The range for the length of the leaves 
was 20-30 cm and the width was 1-2 cm.  Grass blades in the real 
world are usually flat and curved.  The geometry of the grass 
blade can be approximated using a quadrilateral strip.  A single 
grass blade can be divided into multiple segments.  Each segment 
is represented by a quadrilateral (as shown in Figure 1).  The 
cubic Bezier curve could be used to describe the bending and 
smoothing properties of grass blade (Figure 2).  The control 
vertices of cubic Bezier curve were used to control the degree of 
grass blade.  The cubic Bezier curve[17] B(n) was defined as 
follows:  
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where, 0
vP , 1

vP , 2
vP , and 3

vP  represent the control vertices of 

cubic Bezier curve (v as vertex), and n indicates the interpolation 
parameter from the top of grass blade to the bottom.  

 

 
Figure 1  Segmentation of grass blade 

 
Figure 2  Representation of grass model 

 

In the real spray scene, new droplets are continuously 
generated and the droplets disappear after falling into the ground. 
Particle system was used to simulate spray scene.  A large number 
of simple-shaped particles were built into the particle system.  
Each particle was always in motion before the end of its life cycle.  
Particle systems can be used to simulate objects that are irregularly 
shaped and constantly changing, such as flames, water, and 
fireworks.  In a particle system, the object to be simulated consists 
of a large number of particles, each with its own life cycle, and the 
particles move during the life cycle.  The object is simulated by 
updating the properties of the particle during its movement.  In 
this paper, a single droplet was used as a particle in the particle 
system.  Droplet particles have properties such as position, 
velocity, acceleration, and diameter.  Droplets stopped moving 
after falling into the ground and were then removed from the 
particles list.  Specific steps are as follows:  

1) Initialization.  At the beginning of the algorithm, the 
position of the nozzle and the flow rate of the nozzle was initialized, 
and the initial velocity and diameter of the droplet particles were 
set according to the type of the nozzle.  

2) Updating.  The position and velocity of the droplets were 
updated in each time step.  Droplets and blades collided in 
real-time.  If no collision occurred, the droplet continued to move 
in the air; in the event of a collision, the state of the droplet after 
the collision was determined according to the determination 
conditions in the droplet collision process.   

3) Disappearing.  There were two conditions for determining 
the demise of particles in this study.  Droplet particles were 
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destroyed if droplet particles stopped moving or fell into the ground.  
The volume Vd of all the droplet particles deposited on the grass 
blade.  

4) Rendering.  All the droplet particles were rendered 
according to the updated particle properties and then returned to 
step 2.  The algorithm was terminated after all droplet particles 
were destroyed.  

Furthermore, the Oriented Bounding Box algorithm[18] was 
used to detect the collision between the droplet and the blade.  
2.2  Droplet motion  

The following rules were applied in this study: 1) droplets 
were formed at the nozzle orifices; 2) droplets were considered as 
spheres[19], and the deformation of droplets was neglected during 
movement in the air; 3) evaporation of the droplet was not taken 
into account.  The spray nozzle was installed under the drone, and 
the nozzle would spray droplets when staying in working mode in 
the air (Figure 3).  The initial position P0 for the droplet provides 
the coordinates of the spray nozzle, and the initial velocity V0 (m/s) 
of the droplet can be calculated using Equation (2).  

0 s mV V V 
  

                   (2) 

where, Vs is the spray velocity of the droplet relative to the nozzle, 
and Vm is the moving velocity of the drone, m/s.  According to the 
specified nozzle model, the diameter of droplets D and Vs can be 
obtained[20].  

 
Note: Motion curve of droplets designated by orange lines.  h indicates the 
height of the nozzle from the ground, and d is the diameter of the sprinkled area. 

Figure 3  Motion trail of droplets 
 

When the droplets move in the air, they are affected by gravity 
G, air resistance Fd, and natural wind force Fw (as shown in Figure 
4).  According to Newton’s law of motion, the displacement A of 
the droplet with time t is expressed as:  
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where, m, D, and ρd are the mass (kg), the diameter (m), and the 
density of the droplet (kg/m3), respectively.  According to the 
initial conditions (Equations (5) and (6)), the relationship between 
the displacement A (m) of the droplet and the time t (s) can be 
calculated by the following:  
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Figure 4  Force analysis of the droplets in the air 

 

2.3  Interaction  
During the collision of the droplet with the foliage, the energy 

changes in a complicated way.  The droplets, which possess 

kinetic energy and surface energy before the collision, are 
subjected to impact pressure, making them spread on the leaf 
surface, and eventually becoming disk shaped.  During this 
process, the kinetic energy of the droplet is converted into surface 
energy.  After the diameter of the droplet spread reaches its 
maximum, according to the surface energy of the droplet at this 
time, it can be estimated whether the droplet is broken or not.  If 
the droplet does not break, it then begins to shrink under the effect 
of surface tension, and the surface energy gradually transforms into 
kinetic energy, which means that the droplet may eventually be 
deposited on the foliage or else bounce.  

Mao et al.[21] proposed an algorithm to calculate the probability 
of the droplets rebounding considering the energy changes during 
the processes of droplets and foliar impact.  However, their study 
only considered the situation where the drop hits the plane 
perpendicularly from above, and calculates the effect when the leaf 
is tilted.  Dorr et al.[22] extended the method showing how it can 
be determined whether droplets rebound or not, by taking into 
account the remaining energy Er.  For the fragmentation of 
droplets, they proposed a fragmentation factor e (0<e≤1) and a 
fixed parameter p (0≤p<1) to denote the period and degree of 
fragmentation of the droplet, respectively.  When f equals one, the 
droplet is broken at the maximum expanded diameter, whereas 
when p equals 0, the droplet is completely crushed.  On the other 
hand, p>0 means the droplet is partially broken with some portion 
of the droplet remaining on the leaf.  However, there is no reliable 
way to determine the optimal values of e and p.  In this study, the 
Weber number (We) was used as the conditions for rebound, 
settlement, and fragmentation of the droplet[23-25].  A rebound 
occurs when We<30, and droplets deposit on the target when 
(30≤We<80); lastly, sputtering occurs when We ≥80.  We was 
calculated by the equation as follows: 
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where, ρ is the fluid density, kg/m3; V is the characteristic flow rate, 
m/s; l is the characteristic length, m; σ is the surface tension 
coefficient of the fluid, N/m.  

According to Mao et al.[21], the velocity after the droplet 
bounces Vexit (m/s) is  
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where, Er is the residual energy of the droplet, J.   
Because there may be some fine fluff on the surface of the 

blade, the fluff will produce a drag force on the droplet when the 
latter bounces.  Therefore, the residual energy of the droplet 
bounce Er needs to be reduced by the energy ED required for 
overcoming the drag force.  A coefficient k (0<k<1) was defined 
to calculate the remaining energy of the droplet after removing the 
energy ED required by the tractable drag force.  With introducing 
the coefficient k into Equation (8), the modified rebound speed of 
the droplet Vʹexit can be expressed as, 
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2.4  Optimization  
Based on the previous analysis process, two main factors 

affecting the spraying efficiency are the flight speed and the 
altitude of the drone.  The experimental results are also different 
under various parameter settings.  The standard Particle Swarm 
Optimization (PSO) algorithm[16] was used in this study to optimize 
these two parameters.  The Particle Swarm Optimization[26] 
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algorithm, which is inspired by the regularity of the activities of 
bird flocking, is a simplified model based on swarm intelligence.  
The particle swarm algorithm is a global random search algorithm 
based on swarm intelligence, which is inspired by the results of 
artificial life research and simulates migration and clustering 
behavior of foraging birds.  Figure 5 shows the basic frame of the 
algorithm.  

 
Figure 5  Basic decision tree of the Particle Swarm Optimization 

algorithm 
 

The droplet deposition rate and the uniformity of droplet 
deposition distribution are the main criteria for evaluating spray 
effect. The final droplet deposition rate was chosen to be the fitness 
value f of the optimization procedure:  

 100%d

a

V
f

V
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where, Vd is the volume of all droplets that deposit on the leaf 
surface after the UAV stops working (m3), and Va is the total 
volume of all droplets (m3).  After each iteration, the individual 
previous optimal value and population optimal value are updated.  
The particle update equation[16] is as follows:  
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where, vi(T) is the velocity of the i-th particle at iteration step T; 
xi(T) represents the position of the i-th particle at iteration step T; ω 
is the inertia weight factor; c1 is the local weight factor (c1=2); c2 is 
the global weight factor (c2=2); r1 and r2 are random values in the 
range [0, 1]; pi(T) is the historically best solution of the i-th particle; 
p(T) is the historically optimal solution at the population level; 
ωmax is the maximum inertia weight; ωmin is the minimum inertia 
weight; T is the current number of iterations; Tmax is the maximum 
number of iterations.  

Several different flight altitude values were used in the usual 
range of UAV flight altitudes. PSO was used to obtain the optimal 
flight speed based on each flight altitude value.  Finally, the 
experimental results were compared to obtain a set of optimal 
parameters.  The optimization workflow consisted of the 
following steps:  

Step 1: The population is initialized to generate at random the 
position and velocity of all particles in the population within a 
given range.  The drone’s flight speed range is set to 4-8 m/s, and 
the flight altitude is selected from 1 m, 2 m, 3 m, and 4 m above the 
ground.  

Step 2: Drone flight route setting.  The target area is a 
rectangular area without obstacles.  Calculate the sprinkling width 
d as a function of flight altitude and speed, and set the drone flight 

route according to d and crop size (as shown in Figure 6).  The 
drone takes off from the lower boundary, with the distance between 
the takeoff point and the left boundary being d/2, flies towards the 
upper boundary along the dotted line, and then turns right and flight 
with a distance of d.  This route planning method is applicable to 
the work area without obstacles[27].  

Step 3: Start iterating.  The position and velocity of the 
particle are updated according to the updated formulas (Equations 
(11) and (12)).  After each iteration is completed, the fitness value 
f is calculated.  The optimal value of the population and the 
individual optimal values of the particles are updated.  

Step 4: The algorithm stops after the maximum number of 
iterations (set to 200) is attained.  

 
Figure 6  Schematic diagram of the flight path of the drone.   

The dashed line indicates the flight route of the drone  
(Ground size is set to 50 m×100 m) 

3  Results 

3.1  Verification of the particle deposition model  
Comparative experiments were conducted to prove the 

accuracy of the particle deposition model used in the study.  
Simulation experiments were carried out with our model and 
comparison model[22].  The simulation results were compared with 
measured data[22].  Five different nozzles were used in the 
experiment.  The detailed parameters of nozzles are listed in Table 
1.  The nozzle is 50 cm high from the plant, and the velocity of 
the nozzle is 1.1 m/s.  The fat hen was used as the target crop, and 
a spray test was carried out with different nozzles.  As shown in 
Figure 7, the results obtained with the model proposed within this 
study are closer to the measured value compared with the 
comparison model. 

 
Figure 7  Comparison of the Retention Percentage from measured 
data, comparison model, and our model with five different nozzles 

 

3.2  Parameters optimization 
In this study, the standard PSO algorithm was used to optimize 

the drone spray parameters for a population size of 50.  The 
inertia-weighting factor adopts the linearly decreasing weighting 
strategy[16], which ensures that at the beginning of the algorithm, 
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the particles can explore a wider region in a global range at a 
higher speed.  

 

Table 1  Detailed parameters of different nozzles 

Nozzle 
Spray 

formulation 
Droplet 

spectra/μm 
Relative 

span 
Initial 

velocity/m·s-1 

XR11003VP Water 202 1.28 20.1 

TT11003VP Water 412 1.48 17.1 

AIXR11003VP Water 436 1.12 15.5 

AI11003VP Water 599 1.09 13.3 

TTI11003VP Water 833 1.18 9.1 
 

In the later stage of the search, the smaller weights can ensure 
that the particles do a fine search around the extreme points so that 
the algorithm has a larger probability to converge toward the 
position of the global optimal solution.  In all experiments, the 
model of the nozzle is XR11001VS[28] and the liquid flow rate is 
0.379 L/min.  

Figure 8 shows that as the number of iterations increases, the 
fitness of individuals in the population tends to stabilize.  After 
the number of iterations reaches 50, the fitness value of individuals 
changes only a little.  The final deposition rate can reach up to 
60%.  The deposition rate of the droplets is used as a criterion for 
evaluating the parameters of the drone operating parameters.  It 
can be observed that as the number of iterations increases, the 
droplet deposition rate gradually increases, indicating that our 
algorithm is effective.  Figures 8a-8d show the results of four 
experiments with different values of flight altitude.  From the 
similarity of the results, it can be observed that our algorithm is 
stable.  

 
a. Flight altitude at 1 m  b. Flight altitude at 2 m 

 
c. Flight altitude at 3 m  d. Flight altitude at 4 m 

 

Note: The number of curves in each subfigure is 50.  A single curve represents 
the relationship between the deposition rate of an individual in PSO and the 
number of iterations.  

Figure 8  Relationship between the deposition rate of particles and 
the number of iterations 

 

Figure 9a shows the relationship between flight height and 
droplet deposition rate when the flight velocity is set to 4 m/s.  It 

can be observed that the droplet deposition rate changes little when 

the flying height is in the range of 1-3 m.  The droplet deposition 

rate increases from 16.08% to 20.03%, and the rate of increase is 
24.56%.  When the flying height range is 3-5 m, the droplet 

deposition rate increases with the increase in flying height.  The 
droplet deposition rate increases from 16.08% to 52.19%, and the 

rate of increase is 224.56%.  When the flying height is 4.8 m, the 
droplet deposition rate reaches a maximum of 53.06%.   

Figure 9b shows the relationship between flight velocity and 
droplet deposition rate when the flight altitude is 5 m.  It can be 

observed that the droplet deposition rate shows an upward trend 
when the flight velocity is in the range of 1-2 m/s.  The droplet 

deposition rate increases from 16.65% to 20.14%, and the rate of 
increase is 20.96%.  When the flying speed is in the range of 2-3 m/s, 

the droplet deposition rate changes little.  When the flying 
velocity is in the range of 3-6 m/s, the droplet deposition rate 

increases sharply with the increase in flight velocity.  The droplet 
deposition rate increases from 20.02% to 53.41%, and the rate of 

increase is 166.78%.  The droplet deposition rate reached a 
maximum of 54.23% at a flight velocity of 5.8 m/s.  Figure 9 

shows the deposition rate for different values of flight altitude and 
flight velocity.  Since the interaction between droplets and the leaf 

surface is stochastic, for the same values of flight altitude (5 m) and 
flight velocity (4 m/s), Figures 9a and 9b show a different 

deposition rate.  

 
a. Flight altitude  b. Flight velocity 

 

Figure 9  Influence of flight altitude and velocity on the droplets 
deposition rate 

 

As shown in Figure 10, the wind was added to the experiment.  
The wind velocity was set to 3 m/s in Figure 10a and 6 m/s in 
Figure 10b.  The flight altitude is uniformly designated as 2 m.  
After the number of iterations reaches 70, the algorithm begins to 
converge.  The convergence rate of the algorithm is slower.  
Compared with the original results, the droplet deposition rate has 
also changed.  

 

 
a. Wind velocity was 3 m/s  b. Wind velocity was 6 m/s 

 

Figure 10  Schematic diagram of droplets deposition rate affected 
by wind 
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4  Discussion 

Faical et al.[14] investigated a methodology based on PSO for 
fine-tuning the control rule of the UAV. The use of this 
methodology increases the precision of spraying pesticides. 
However, the deposition characteristics of droplets have not been 
taken into account.  Although the product is within a target crop 
field, there are still droplets wasted.  In this study, a physics-based 
method was used to simulate the interaction between droplets and 
plants.  Indeed, there will be a gap between the field performance 
and the simulation results, since there are a few assumptions made 
within the algorithm implementation, among which the simplified 
plant organs may take the major role.  Take fluff on the leaf blade 
surface as an example: there is currently no precise method to 
calculate the energy required for the droplet to overcome the drag 
generated by the fluff.  The value of the coefficient k set in the 
experiment is not very accurate.  In this paper, the Weber number 
was used to describe the conditions for rebound, settlement, and 
crushing of droplets.  In a number of studies[20,21,27,28], various 
crushing conditions of the droplets were proposed, and one of the 
conditions specifically considered needs to be decided based on the 
actual situation.  

In this study, the flight altitude and flight speed of the UAV 
are selected as the parameters to be optimized.  In the experiment, 
several specific flying altitude values were selected to optimize the 
flight speed.  In actual operations, one flight mode is that the 
UAV flies at a fixed altitude.  The other is that the flight altitude 
of the UAV can change along with the terrain.  The flight altitude 
refers to the altitude of UAV relative to the horizontal plane.  If 
the terrain is undulated and sloped, accidents may occur when the 
altitude changes during the flight of the UAV.  If the flight 
altitude and flight speed are optimized at the same time, the terrain 
needs to be considered at the same time.  And in the optimization 
result, the flight altitude is not a fixed value.  The flight altitude 
can be changed many times during one operation, which increases 
the potential safety hazards.  

The final deposition rate of the droplets was used as a fitness 
function during the optimization process, while the flight time of 
the drone was not considered.  The purpose of optimizing drone 
flight parameters is to obtain the lowest spray cost.  To achieve 
this goal, the efficiency of the pesticide needs to be increased, 
while the operating time of the drone is reduced.  In other words, 
the best spray effect with the least amount of liquid in the shortest 
time means the lowest spray cost.  However, there is no good way 
to quantify the time factor.  In addition, the uniformity of the 
droplet deposition distribution is also a criterion for evaluating the 
spray effect.  Increasing the uniformity of the droplet distribution 
means reducing the spray repetition rate.  

5  Conclusions 

In this study, a 3D-simulation-based optimization method for 
plant-maintenance UAV flight parameters was proposed.  This 
method can optimize the UAV operating parameters to obtain the 
best flight parameters with different environmental conditions such 
as wind velocity, variety of crops, and size of spray area.  As there 
still are some errors in simulating the interaction process between 
the droplet and the leaf blade, the interaction algorithm between the 
droplet and the plant can be modified in the future to fit in more 
reality.  It is also conceivable to find a way to quantify the time 
cost and to add the UAV operating time factor to the design of the 
fitness function of the optimization algorithm.  
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