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A B S T R A C T   

As the approaching of Agriculture 4.0 era and advancements of new technologies of Unmanned Aerial Vehicles 
(UAVs) and particularly quadcopter UAVs, plant protection quadcopters are becoming increasingly popular and 
practical in pesticide spraying, fertilization, pollination, seeding, and other agricultural activities. One of the 
main problems for plant protection quadcopters is completing planning tasks efficiently and quickly. Therefore, 
this paper proposes an autonomous task assignment and decision-making method for coverage path planning by 
multiple cooperative quadcopters. The Sequential Quadratic Programming (SQP) method is adopted to acquire 
the optimal solution for the proposed problem. Then, a simulation platform by MATLAB Graphical User In-
terfaces (GUIs) is established using the Stateflow technique, and multiple ZY-UAV-680 quadrotor UAVs are 
employed to carry out the actual flight tests. Finally, simulations and actual flight tests are conducted to 
demonstrate the effectiveness of the autonomous optimal task assignment and decision-making method. The final 
results show that: the proposed method can divide multiple UAVs reasonably to several blocks; the time dif-
ferences between the simulation test and real flight test are only 39.8 sec and 20.6 sec, and accounts for 6.6% and 
3.9% of the spraying time spent on real flight test by three cooperative quadrotors, respectively; the optimal 
scheme can save 60.8 sec and 80.0 sec in the simulation tests and the real flight tests, which accounts for 10.8% 
and 13.2% of the time spent on average scheme, respectively. Therefore, it can be concluded that the simulation 
results can match the real flight test results quite well regardless of average scheme or optimal scheme, and the 
optimal scheme is more efficient and timesaving than the average scheme.   

1. Introduction 

Recently, quadcopters have drawn significant attention in both 
military and civilian fields such as reconnaissance and strikes (Hassa-
nalian and Abdelkefi, 2017; Zhou et al., 2020), forest fire monitoring 
(Hossain et al., 2019; Yuan et al., 2015), and precision agriculture 
(Mukherjee et al., 2019; Sinha, 2020), since they can work cooperatively 
in harsh or dangerous environments for human beings (Zuo et al., 2022). 
Agriculture 4.0 promotes conventional production methods and na-
tional agriculture strategies using state-of-the-art techniques, such as 5G 
communication, big data, cloud computing, Internet of Things (IoT), 
virtual reality, and so on. These techniques provide creative approaches 

at every step of the agricultural industry chain (Silveira et al., 2021; 
Yang et al., 2021). Especially in the field of precision agriculture, plant 
protection UAVs are being increasingly utilized in pesticide spraying, 
fertilization, seeding, agricultural insurance surveys, farmland infor-
mation, and disease monitoring (Su et al., 2018; Sinha, 2020; Yang et al., 
2021). The US, European countries and Canada have large farms for 
planting crops. In contrast, Asian countries like China, Japan, and South 
Korea concentrate on the plant protection UAV with a small capacity at a 
low altitude, considering that there are small complex terraces or 
mountains for planting crops (Wang et al., 2021; Xu et al., 2019). By 
2019, the number of plant protection UAVs in China has exceeded 
55,000 while the area planted by UAVs had also surpassed 566,667 km2. 
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The traditional pesticide spraying method in the 1930s demands that 
a farmer should spray pesticides on crops manually with a knapsack 
sprayer. This method is prone to the following disadvantages:  

(1) Through large-dose coarse droplet spraying, the utilization rate of 
pesticides is low with poor control effect;  

(2) The sprayer needs to walk among the crops filled with atomized 
pesticides, and then his/her whole body is quickly soaked with 
pesticides, which always leads to severe poisoning. 

As precision agriculture is developing fast, governments from 
different countries strongly encourage the development of UAVs to 
prevent and control pests or diseases in the local regions. Compared with 
traditional pesticide spraying methods by the knapsack sprayer, plant 
protection UAVs enjoy advantages such as high work efficiency, good 
maneuverability, small and uniform pesticide dosage per unit area, and 
the capability of vertical take-off and landing. Additionally, the 
remotely controlled plant protection UAVs can operate at a certain 
distance from the sprayed crops. This approach fundamentally solves the 
problem of operators being exposed to pesticide and helps avoid 
poisoning. Moreover, the vortex down-pressure atomized airflow pro-
duced by high-speed rotating blades can evenly spray pesticides on both 
the front and back sides of the crops’ blades, which dramatically im-
proves the spraying penetration rate and the effectiveness against pests 
and diseases (Li et al., 2022; Wang et al., 2021). Furthermore, several 
UAVs can implement a cooperative operation, which multiplies the 
spraying efficiency. In many aviation industry applications, the crucial 
issue of how to cover and traverse a specified area of interest has 
received particular attention from scholars and research institutes. This 
problem called Coverage Path Planning (CPP) is to determine an optimal 
flight path covering all points of a mission or Area of Interest (AOI) while 
avoiding obstacles (Macleod et al., 2018). In this paper, determining the 
deployment of multiple UAVs to realize pesticide spraying cooperatively 
is classified as a CPP problem. CPP primarily focuses on a variety of 
areas, such as search and coverage missions (Vinh et al., 2019), 5G 
network (Shi et al., 2020), 3D terrain reconstruction (Torres et al., 
2016), sweep or area coverage (Macleod et al., 2018; Mansouri et al., 
2018a, 2018b; Li et al., 2020; Glorieux et al., 2020), multiobjectives 
(Ellefsen et al., 2017), intracerebral hemorrhage evacuation (Granna 
et al., 2016), and especially modern agriculture (Yao et al., 2016; Du, 
2017; Nilsson and Zhou, 2020; Sandamurthy and Ramanujam, 2020). 
More specifically, the applications in modern agriculture include arable 
farming (Nilsson and Zhou, 2020), harvesting in cashew orchards 
(Sandamurthy and Ramanujam, 2020), and precision spraying (Yao 
et al., 2016; Du, 2017). For different control objects, the CPP method is 
applied to underwater vehicles and gliders (Han et al., 2020; Sun et al., 
2019), single robot (Galceran and Carreras, 2013; Nasr et al., 2019) or 
multi-robots (Galceran and Carreras, 2013; Nasr et al., 2019), and a 
single UAV (Torres et al., 2016; Dai et al., 2018) or multi-UAVs (Guas-
tella et al., 2019). In general, almost all these similar path planning 
problems for multiple agents are regarded as NP-hard problems. In 
addition, the CPP method can be integrated with intelligent approaches 
to address specified problems, such as Mixed Integer Linear Program-
ming (MILP) (Vinh et al., 2019), predator–prey (Hassan and Liu, 2020), 
bio-inspired neural network (Du, 2017), and ant-colony (Han et al., 
2020). 

For instance, Granna et al. (2016) established an optimized path 
from start to end using a map of the environment for the robot with an 
awareness of its location by the map. Sandamurthy and Ramanujam 
(2020) formulated a CPP algorithm for discrete harvest coverage in 
cashew orchards to solve the time-consuming and labor-intensive 
collection for fruits and nuts on the floor. By a novel Mahalanobis dis-
tance partitioning method, the algorithm can obtain an average 
coverage of 52.78% with only a deviation of 18.95%. Du (2017) pro-
posed a hierarchical approach to deal with the allocation and path 
planning problem during a pesticide spraying mission in a hilly area via 

an inner-outer loop structure. The inner loop was modeled as a genetic 
algorithm-based Travelling Salesman Problem (TSP), while the outer 
loop utilized a nonlinear programming approach based on the optimal 
result from the inner loop. Hassan and Liu (2020) put forward an 
adaptive real-time predator–prey-based method to address the CPP 
problem with unexpected changes, which could tune the model pa-
rameters offline to minimize the path length. However, most existing 
papers considered the optimization issue as a continuous parameter 
model instead of a continuous integer planning one. 

The papers above primarily focus on finding the optimal path with 
minimum distance to improve efficiency. Nevertheless, few of them 
have considered the constraints such as the limited power or fuel of 
vehicle. For illustration, in actual practice, quadcopters are only capable 
of working at a specific endurance and need to be charged or refueled 
repeatedly when the energy is running out. Li et al. (2020) identified this 
constraint problem. However, failing to focus on this problem in their 
work, they established a Min-Time Max Coverage (MTMC) sweep 
coverage model for cooperative UAVs to obtain the maximum high- 
quality coverage rate in minimum mission time simultaneously. Sun-
dar and Rathinam (2014) abstracted this power limited CPP problem 
into Fuel Constrained, UAV Routing Problem (FCURP). Khuller et al. 
(2011) proposed an algorithm with an approximation factor for FCURP 
that fulfilled the triangle inequality with symmetric cost. Applying this 
algorithm to asymmetric cost, Sundar and Rathinam developed an 
approximation factor with two dependent constrained parameters, and 
construction/improvement heuristics to solve FCURP. 

In this paper, we consider that the power or fuel is limited directly. 
When the power or fuel of the UAV is exhausted, it should return to the 
base to charge or refuel. Two major contributions can be outlined as 
follows: 

(1) Systematicness: i) This paper proposes a comprehensive autono-
mous method for assigning tasks and decision-making for CPP 
problems using multiple cooperative quadcopters, including task 
assignment, path planning and traffic scheduling; ii) This paper 
develops an Extended Finite State Machine (EFSM) that defines 
seven modes and eight Automatic Trigger Events (ATEs) to 
describe eleven transformations;  

(2) Practicability: i) Unlike previous studies (Lindner et al., 2019; Li 
et al., 2020), this paper considers the issue of limited power or 
fuel as a key constraint in practical applications of cooperative 
quadcopters for pesticide spraying; ii) This paper presents 
comparative flight tests using three ZY-UAV-680 quadcopter 
UAVs equipped with open-source Pixhawk autopilots. 

This paper is organized as follows: in Section 2, the problem of 
pesticide spraying by cooperative quadcopters is formulated; in Section 
3, the optimal location of the take-off point is demonstrated by the Py-
thagorean theorem; in Section 4, the mathematical model of pesticide 
spraying by cooperative quadcopters is established, and the SQP by the 
state machine is adopted to optimize the proposed problem; in Section 5, 
the air traffic scheduling system and the user’s demands including the 
functional demand and safety demand are introduced to define the flight 
modes; and in Section 6 and Section 7, the simulation platform by 
MATLAB GUIs and Stateflow is established, and both the simulation and 
actual flight tests are conducted and testing results are analyzed. 

2. Problem formulation 

This section will formulate the problem of coverage path planning by 
multiple pesticide spraying UAVs. The general procedure of cooperative 
quadcopters’ spraying mission is as follows: the quadcopter takes off 
vertically from the base to a specified altitude, and then flies to the block 
in a straight path and starts spraying. After all the spraying missions are 
finished, it returns to the base directly. The problem can be divided into 
three main points: 
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(1) How should multiple quadcopters be divided reasonably for 
several blocks? The dividing strategy should guarantee that the 
blocks either far away from the take-off point or with more 
spraying tasks should be allocated more quadcopters. Meanwhile, 
blocks either closer to the take-off point or with fewer spraying 
tasks should be assigned with fewer quadcopters. Eventually, 
each block approximately spends the same amount of time in 
completing the spraying task, and the whole time for the spraying 
mission will be minimized;  

(2) Where should the quadcopters take off? The optimal strategy 
must decide the base position where the quadcopters should take 
off so that the charging/refueling time can be minimized in this 
base;  

(3) How should an air traffic scheduling system be designed? The 
logical decision design should ensure that the cooperative 
quadcopters complete the pesticide spraying mission in the 
shortest time without any collision. 

Fig. 1 depicts the assignment performing scheme by cooperative 
quadcopters. Several blocks in different shapes are on both sides of the 
broken line ridge road. The shape of the blocks can be regular or 
irregular. Several quadcopters take off from the take-off points to 
implement the pesticide spraying tasks. The following section will focus 
on the three parts: optimal location of the take-off point, optimal path 
planning, and air traffic scheduling. Fig. 2 depicts the schematic diagram 
of a rectangular task in which four quadcopters are employed to carry 
out the pesticide spraying task, where li and wi denote the length and 
width of the ith block, and w0 denotes the pesticide spraying width of 
quadcopters. When the length and width of the block are inputted into 
the designed MATLAB GUI App, it will calculate the data of the block, 
and generate the spraying path automatically by Boustrophedon method 
(Choset and Pignon, 1998). As shown in Fig. 2, similar as an ox drags a 
plow in a field, the quadrotor moves in a straight line across the full 
length of the block, turns around, and follows a new straight-line path 
parallel to the previous one. By repeating this procedure, the quadrotor 
can cover the entire block. The width of adjacent parallel paths is equal 
to the pesticide spraying width of quadcopters w0. 

The goal of the allocation strategy is to determine the base position 
and the number of quadcopters corresponding to each block based on 
the known starting and ending positions of the road, the total number of 
quadcopters, and the sizes and locations of the blocks. The allocation 
principle is to assign more quadcopters to the block far away from the 
base or the larger block with more spraying tasks. Meanwhile, fewer 

quadcopters should be allocated to the block close to the base or the 
smaller block with fewer spraying tasks. The final goal is to ensure that 
the time spent on the spraying task of each block is roughly the same, so 
the time spent on the whole spraying task will be minimized. To facili-
tate the mathematical modeling process, we make the following as-
sumptions for the allocating and scheduling issues: 

(1) The quadcopters can only take off from the ridge road. If a ver-
tical line is drawn from the center of the block to the centerline of 
the road, the vertical foot will be the take-off point for the 
quadcopter;  

(2) The number of quadcopters used to spray pesticides for one block 
should not be smaller than one, and one quadcopter is only 
responsible for the task of one block;  

(3) The quadcopters which conduct pesticide spraying tasks of the 
same block should take off from the identical take-off point of this 
block. 

3. Optimal location of take-off point 

This section will demonstrate the position rationality of the take-off 
point’s position to ensure the strictness of the mathematical model. 
Fig. 3 depicts the block, road, and base position scheme for the quad-
copters, where point p0 is the central point of the block, and points p1 
and p2 are two different take-off points, respectively. Point p1 should 
meet the condition that straight-line p0p1 is perpendicular to the 
centerline of ridge road p1p2. dk,1 and dk,2 represent the distances be-
tween the central point of the block p0 and take-off point p1 and take-off 
point p2, respectively. It is obvious that the perpendicular distance from 
a point to a line is the shortest by the Pythagorean theorem, so it is 
concluded that dk,1 < dk,2. 

4. Optimal path planning 

This section will introduce the optimal path planning process. Fig. 4. 
depicts the scheme of the different flight paths for cooperative quad-
copters. In Fig. 4, pf ,i is the coordinates of take-off point, i.e., the base, 
and pi is the central point’s coordinates of the ith block. The total flight 
path of the kth quadcopter includes four kinds of lines: the two-dot 
dashed purple line depicts the path pk,1 through which the quadcopter 
begins pesticide spraying and Returns To Base (RTB) after all the tasks 
are finished, the dashed green line depicts the regular pesticide spraying 
path pk,2, the solid black line depicts the switching path pk,3 between 

Fig. 1. The assignment performing scheme by cooperative quadcopters.  
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two-unit spraying tasks, the dot-dashed red line depicts the RTB 
charging or refueling path pk,4, and dk denotes the distance between the 
center of the task assigned to the kth quadcopter and the base. 

The following assumptions are proposed to simplify the problem and 
establish a mathematical model for the task:  

(1) Each quadcopter has the identical charging or refueling distance. 
Taking the kth quadcopter for example, the RTB charging or 
refueling path pk,4 differs each time, and different task allocation 
strategies will lead to varied numbers of spraying paths nk and 
different returning paths pk,1 at the end of the spraying task. 
However, to simplify the problem and establish a reasonable 
mathematical model, the distance between the center of the task 
assigned to the kth quadcopter and the base point dk is supposed 
to be a round-trip constant distance approximately. The distance 

between the center point of the quadcopter’s mission and the 
base is defined as the constant distance for each charging or 
refueling process;  

(2) The location and area of the block are given, but the shape of the 
block can be rectangle, square and trapezoid;  

(3) In general, it is assumed that the speed of the quadcopter is 
identical, and the acceleration and deceleration processes during 
taking-off, cruising, spraying, and landing are neglected;  

(4) All the quadcopters have almost the same maximum power or 
fuel and the same charging or refueling time by ignoring subtle 
differences among individuals. This is because if the maximum 
power or fuel and the charging or refueling time of each quad-
copter are different, the mathematical model will be too 
complicated to establish. Therefore, to facilitate the establish-
ment of the mathematical model, we assume that all the quad-
copters are of the same type. 

A total number of m quadcopters are allocated for the whole pesti-
cide spraying task. The block can be divided into equal intervals, and its 
total number n can be obtained as follows: 

n =
li

w0
(1) 

The sum of tasks nk− 1 assigned to the total previous (k − 1) quad-
copters is given as follows: 

nk− 1 =
∑k− 1

i=1
ni (2) 

where ni is the number of spraying paths by the ith quadcopter. 
Furthermore, the total number of spraying paths by all quadrotors can 
be written as follows: 

n =
∑m

i=1
ni (3) 

The distance between the center of the task assigned to the kth 
quadcopter and the base can be obtained by the following equation: 

dk =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
pi,x − pf ,i,x

)2
+
(
pi,y − pf ,i,y

)2
√

(4)  

where 
(

pi,x, pi,y

)
and 

(
pf ,i,x, pf ,i,y

)
are the coordinates of pi and pf ,i. 

Suppose that kline is the slope of the ridge road straight-line equation as 
follows: 

kline =
ps,y − pe,y

ps,x − pe,x
(5)  

where ps and pe are the starting and ending points of the ridge road, 

respectively. 
(

ps,x, ps,y

)
and 

(
pe,x, pe,y

)
are the coordinates of ps and pe, 

respectively. 
The intercept of the centerline of the ridge road equation can be 

obtained as follows: 

b = pe,y − klinepe,x (6) 

The take-off point of the quadcopter should be on the centerline of 
the ridge road: 

pf ,i,y = kline pf ,i,x + b (7) 

The straight-line pipf ,i is perpendicular to the centerline of the ridge 
road pspe: 
pi,y − pf ,i,y

pi,x − pf ,i,x
⋅
ps,y − pe,y

ps,x − pe,x
= − 1 (8) 

So, the constraints on the take-off point, the central point of the 
block, and the ridge road centerline are provided as follows: 
(
pi,x − pf ,i,x

)(
ps,x − pe,x

)
+
(
pi,y − pf ,i,y

)(
ps,y − pe,y

)
= 0 (9) 

Fig. 3. The block, road, and base position scheme for the quadcopters.  

Fig. 4. The scheme of the different flight paths for cooperative quadcopters.  

Fig. 2. The schematic diagram of a rectangular task.  
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The distance between the center of the task assigned to the kth 
quadcopter and the base can be rewritten as follows: 

dk =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

w2
0

(
n
2
−
∑k− 1

i=1
ni −

nk

2

)2

+
(wr

2

)2

√
√
√
√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

w2
0

(
n /2 − nk− 1 − nk

/2
)2

+
(

wr

/2
)2

√

(10) 

To simplify the modeling process, the starting and ending flight path 
length pk,1 is supposed to be approximately double dk as follows: 

pk,1 ≈ 2dk (11) 

The regular pesticide spraying path pk,2 is given by the following 
expression: 

pk,2 = nkwr (12)  

where nk is the number of spraying paths by the kth quadcopter. The 
switching path pk,3 between two-unit tasks can be calculated by the 
following expression: 

pk,3 = (nk − 1)w0 (13) 

Similarly, the length of RTB charging/refueling flight path is also 
assumed to be approximately equal to dk, so the total RTB charging or 
refueling path can be derived as follows: 

pk,4 ≈ 2nk,cdk (14)  

where nk,c is the charging/refueling times of the kth quadcopter. 
Therefore, the whole pesticide spraying time spent on completing 
spraying tasks includes four parts as follows: 

tk,i =
pk,i

V
, i = 1,⋯, 4 (15)  

where pk,i is the ith flight relevant path of the kth quadcopter, and V is 
the average speed of all the quadcopters, which is assumed to be a 
constant. Then, the total time spent by the kth quadcopter tk is calcu-
lated by the following equation: 

tk =

∑4

i=1
pk,i

V
+ nk,cTc  

≈
nkwr + (nk − 1)w0 + 2

(
nk,c + 1

)
dk

V
+ nk,cTc (16)  

where Tc is the RTB charging/refueling time. 
It is supposed that the kth quadcopter is fully charged/refueled when 

starting the pesticide spraying mission, and it is almost exhausted when 
flying back to the base. To guarantee that the quadcopter still has 
enough power/fuel to fly back to the take-off point after finishing pes-
tiside spraying, it is ensured that the total length of the flight path should 
not only be larger than the charging/refueling flight distance for nk,c 

times, but also be smaller than or equal to the charging/refueling flight 
distance for 

(
nk,c + 1

)
times. The constraints above can be expressed by a 

group of inequalities as below: 
{

pk,1 + pk,2 + pk,3 + pk,4 > Vnk,cTb
pk,1 + pk,2 + pk,3 + pk,4 ≤ V

(
nk,c + 1

)
Tb

(17) 

where Tb is the flight time of each quadcopter after fully charging/ 
refueling. Therefore, the optimized objective function of the quad-
copters’ allocating and scheduling problem in this paper can be given as 
follows: 

min
nk ,nc∈ℤ+

∑m

i=1

⎛

⎜
⎜
⎝ti −

∑m

i=1
ti

m

⎞

⎟
⎟
⎠ (18) 

More specifically, to minimize the maximum working time of the 
multiple quadcopters, all quadcopters should complete the spraying 
mission and return to the base at the same time as possible. The detail of 
the objective function is summarized in Algorithm 1 below.  

Algorithm 1 Objective optimization function 

1: /* Initialization */ 
2: Initialize the number of quadcopters m; 
3: Initialize the time expectation and variance of spraying task by m quadcopters 

[( ∑m
i=1ti

)/
m, σ2 ]; 

4: /* Main function */ 
5: for i = 0 to m do 
6: Sum up the time spent on spraying task by m quadcopters 

∑m
i=1ti; 

7: end 
8: Calculate the expectation of spraying task by m quadcopters 

( ∑m
i=1ti

)/
m; 

9: for j = 1 to m do 
10: Calculate the variance of sprayed task by m quadcopters σ2; 
11: end  

Based on (2), (3), (10), (16), and (17), the optimization objective (18) 
should be subject to a group of constraints as follows: 

tk ≈
nkwr + (nk − 1)w0 + 2

(
nk,c + 1

)
dk

V
+ nk,cTc (19a)  

nkwr + (nk − 1)w0 + 2
(
nk,c + 1

)
dk > Vnk,cTb (19b)  

nkwr + (nk − 1)w0 + 2
(
nk,c + 1

)
dk⩽V

(
nk,c + 1

)
Tb (19c)  

dk =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

w2
0

(
nk0 + nm

/2 − n /2
)2

+
(

wr

/2
)2

√

(19d)  

nk− 1 =
∑k− 1

i=1
ni (19e)  

n =
∑m

i=1
ni (19f) 

The details of nonlinear constraints are summarized in Algorithm 2 
as follows:  

(1) Eq. (19a) represents the time to complete the spraying missions of 
the kth quadcopter, which is equal to the total sum of the flight 
paths divided by the average speed of quadcopter plus the total 
charging/refueling time thereafter;  

(2) Eqs. (19b) and (19c) are the flight distance constraints. More 
specifically, the total flight distance of the kth quadcopter to 
complete the missions should not be smaller than or equal to the 
distance when it can fly 

(
nk,c + 1

)
times. Meanwhile, it should be 

larger than the distance when it can fly nk,c times after fully 
charging/refueling each time. These two proposed inequalities 
ensure that the energy of the quadcopter is almost exhausted 
when it flies back to the base;  

(3) Eq. (19d) represents the evaluated round-trip distance between 
the base and the block. To simplify the model establishment, both 
the starting or ending flight path length pk,1 and the charging/ 
refueling flight path pk,4 are approximately equal to the distance 
between the center of the task of kth quadcopter and the base dk;  

(4) Eq. (19e) defines nk− 1 as the sum of missions allocated to the total 
previous (k − 1) quadcopters, which is utilized to calculate the 
constant distance dk;  

(5) Eq. (19f) defines n as the sum of the number of missions allocated 
to m quadcopters. 
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Algorithm 2 Nonlinear constraints function 

1: /* Initialization */ 
2: Initialize the number, the spraying width, the charging/refueling time, and the 

maximum flight time of quadcopters [m,w0 ,Tc,Tb]; 
3: /* Main function */ 
4: for k = 1 to n do 
5: Set up the starting and ending points of spraying paths on the field; 
6: end 
7: for i = 1 to m do 
8: Sum up the spraying paths number of the front (k − 1) quadcopters by Eq. 

(19e); 
9: Sum up the spraying paths number of all the quadcopters by Eq. (19f); 
10: Sum up the length of front i spraying paths 

∑m
i=1Hi; 

11: End 
12: for i = 1 to m do 
13: Calculate the time spent on spraying mission of each quadcopter by Eq. (19a); 
14: Calculate flight distance constraint by Eqs. (19b) and (19c); 
15: Calculate the round-trip distance by Eq. (19d); 
16: end  

5. Air traffic scheduling 

This section will elucidate the general pesticide spraying process of 
multiple quadcopters on the blocks. First, the quadcopters take off 
vertically from the base to a specified altitude. Then, they fly straight to 
the sprayed block. Afterwards, they reach the corresponding blocks and 
start the spraying missions. Finally, after all the spraying mission is 
completed, they fly back to the base in a straight path. 

5.1. Priority level 

Since the behavior of the controlled object should meet all the user’s 
demands, the design process of an air traffic scheduling system should 
include the following four steps:  

(1) Propose the functional and safety demands on the quadcopter 
based on actual problems;  

(2) Define the modes and events of the quadcopter according to the 
functional and safety demands; 

(3) Use the proposed functional demands and events of the quad-
copter to generate an automaton, and then adopt the automaton 
as the controlling demand;  

(4) Use the controlled object and controlling demands to generate an 
EFSM controller. 

5.2. User demands 

The user’s demands fall into two categories: functional demands and 
safety demands. Both of them will be described in detail. 

5.2.1. Functional demands 
As illustrated below, there are five functional demands during the 

flight of quadcopter.  

(1) It will arm according to the demands, and then take off;  
(2) After it takes off, it can automatically switch between different 

modes according to the demands;  
(3) It can land automatically or return to the take-off point according 

to the demands, and disarm itself;  
(4) The starting and ending of the spraying process can be controlled 

according to the demands;  
(5) It can realize the altitude hold mode and the loiter mode. 

5.2.2. Safety demands 
The collisions of UAVs possibly take place when they take off or land. 

Given that the UAVs are separated in different parts of a block during a 
spraying or non-spraying flight path, there is no risk of collision during 

the spraying operations. Before enumerating the safety demands, it is 
necessary to define the safety distance thresholds and priorities of 
different quadcopters. The safety distance thresholds are determined by 
the size and flight characteristics of the quadcopters. The priorities of 
the quadcopters are directly related to the mode they are in. Once the 
distances of the quadcopters are smaller than the safe distance during 
the flight, the corresponding anti-collision strategies will be adopted 
according to different priorities. The safety demands on the pesticide 
spraying system are given as follows:  

(1) When the quadcopters are landing at the same base point, the 
quadcopters that are preparing to land should hover and wait, 
and the others on the ground should postpone the take-off process 
simultaneously;  

(2) When the quadcopters are taking off at the same take-off point, 
the quadcopters that are preparing to land should hover and wait, 
while the others on the ground should postpone the take-off 
process;  

(3) If quadcopter A with a higher priority is prone to collide with 
quadcopter B, that is, if the distance between each other is within 
the safety threshold, quadcopter A keeps flying straight, while 
quadcopter B should avoid collision. During the avoidance pro-
cess, quadcopter B should always maintain a sufficiently safe 
distance from quadcopter A and try to move along the previous 
straight path to the target point. If quadcopter A with the same 
priority is prone to collide with quadcopter B, quadcopter A and B 
should avoid collision simultaneously. During the avoidance 
process, they always keep a sufficiently safe distance from each 
other, and thereafter they try to move along the previous straight 
path to the target point. If quadcopter A with a lower priority is 
prone to collide with quadcopter B, quadcopter A should avoid 
collision while quadcopter B keeps flying straight. During the 
avoidance process, quadcopter A should always keep a suffi-
ciently safe distance from quadcopter B and thereafter try to 
move along the previous straight path towards the target point;  

(4) When several quadcopters are in danger of collisions at the same 
time, quadcopter A with a higher priority will keep flying in a 
straight line while the others should avoid collision and maintain 
a sufficient safe distance from each other if it has a higher priority 
than the others. After that, the others should try to move along 
the previous straight paths to the target points, respectively. If 
quadcopter A has the same priority as the others, all of them 
should avoid collision and always keep a sufficiently safe distance 
from each other. Afterwards, they should try to follow the pre-
vious straight line to the target points, respectively;  

(5) After the avoidance process is completed, the corresponding 
quadcopter will continue to follow its original flight path or work;  

(6) When a flying quadcopter fails, it will return to the base or land 
automatically and immediately. 

5.2.3. Flight Mode definition 
The whole spraying process of the quadcopter from take-off to 

landing is divided into seven different flight modes as follows:  

(1) Standby Mode: The quadcopter will immediately enter this mode 
when the power module is powered on;  

(2) Take-off Mode: The quadcopter will immediately enter this mode 
when it receives a take-off command in the standby mode, and it 
will take off vertically from the base point until it reaches the 
specified altitude;  

(3) Onway Mode: In this mode, the quadcopter takes a round trip 
between the block and the take-off point, which includes two 
parts: the state when the quadcopter flies from the base point to 
the block after taking off, and the state when it flies back to the 
take-off point overhead before landing; 
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(4) Work Mode: In this mode, the quadcopter sprays pesticides on the 
block after reaching the block;  

(5) Land Mode: The quadcopter will immediately enter this mode 
when it returns to the take-off point and lands vertically;  

(6) Rest Mode: The quadcopter will immediately enter this mode after 
it lands at the take-off point and take a rest;  

(7) Disabled Mode: In this mode, the quadcopter is disabled. 

5.2.4. Extended Finite state Machine 
Eight Automatic Trigger Events (ATEs) and three priorities by 

MATLAB Stateflow are developed for cooperative quadrotors to avoid 
collisions during the flight between the bases and the block. ATEs 
describe the mode transitional conditions. ATEs are independent of the 
remote pilot’s operations and primarily produced by the current status 
of the quadcopter and its components (Quan, 2017; Quan et al., 2020). 
Eight different couples of ATEs are defined in Table 1. Based on the flight 
modes and ATEs of the quadcopters, the flight logic for the quadcopters 
is designed as an EFSM, as shown in Fig. 5, where Ci, i = 1,⋯, 11 rep-
resents the transitional condition. The transitional conditions are illus-
trated as follows: 

C1: (ATE 2 == 0) & (ATE 4 == 0) & (ATE 5 == 0) 

This condition indicates that the quadcopter keeps Work Mode. It 
implies that 1) its spraying task has not been finished (ATE 2 == 0); 2) 
the next waypoint is not the pesticide spraying working waypoint (ATE 4 
== 0); and 3) it has not reached the target point (ATE 5 == 0). 

C2: [(ATE 2 == 1) & (ATE 5 == 1)] | (ATE 4 == 0) 

This condition implies a switch from Work Mode to Onway Mode. 
Such a switch can take place in one of the following two cases: 1) the 
spraying task has been finished (ATE 2 == 1) while the quadcopter has 
reached the target point (ATE 5 == 1); or 2) the next waypoint is not the 
pesticide spraying working waypoint (ATE 4 == 0). 

C3: (ATE 2 == 0) & (ATE 4 == 1) & (ATE 5 == 1) 

This condition implies a switch from Onway Mode to Work Mode. This 
switch requires the three following cases to hold simultaneously: 1) the 
quadcopter has not finished the spraying task (ATE 2 == 0); 2) the next 
waypoint is the spraying working waypoint (ATE 4 == 1); and 3) it has 
reached the target point (ATE 5 == 1). 

C4: [(ATE 2 == 1) & (ATE 5 == 1)] | (ATE 4 == 0) 

This condition indicates that the quadcopter remains in Onway Mode, 
including one of the following two cases: 1) the quadcopter has finished 
the spraying mission (ATE 2 == 1) while it has reached the target point 
(ATE 5 == 1) or 2) the next waypoint is not the pesticide spraying 
working waypoint (ATE 4 == 0). 

C5: (ATE 5 == 1) & (ATE 6 == 1) 

This condition implies a switch from Standby Mode to Onway Mode. 
Such a switch will be triggered when the following conditions hold at the 
same time: 1) the quadcopter has reached the target point (ATE 5 == 1); 
and 2) it has arrived over the take-off point (ATE 6 == 1). 

C6: (ATE 2 == 0) & (ATE 4 == 1) 

This condition implies a switch from Onway Mode to Standby Mode. It 
implies that 1) the quadcopter has not finished the pesticide spraying 
mission (ATE 2 == 0); and 2) the next waypoint is the working waypoint 
for spraying pesticides (ATE 4 == 1). 

C7: (ATE 2 == 1) | (ATE 4 == 0) 

This condition indicates a switch from Standby Mode to Land Mode 
when 1) the quadcopter has finished the pesticide spraying task (ATE 2 
== 1); or 2) the next waypoint is not the working waypoint for spraying 
pesticides (ATE 4 == 0). 

C8: ATE 7 == 1 

This condition indicates a switch from Land Mode to Rest Mode when 
the quadcopter has reached the base point. 

C9: (ATE 1 == 1) & (ATE 2 == 0) 

This condition implies a switch from Rest Mode to Take-off Mode 
when 1) the quadcopter is fully charged/refueled (ATE 1 == 1); and 2) it 
has not finished the spraying mission (ATE 2 == 0). 

C10: (ATE 3 == 1) & (ATE 4 == 1) 

This condition describes a switch from Take-off Mode to Standby 
Mode. It is required that 1) the quadcopter has reached the specified 
altitude (ATE 3 == 1); and 2) the next waypoint is the working waypoint 
for spraying pesticides (ATE 4 == 1). 

C11: ATE 8 == 1 

Table 1 
The description of Automatic Trigger Events.  

Event Description 

ATE 1 Charging or refueling status of the quadcopter (1: fully; 0: not fully). 
ATE 2 Working status to finish the pesticide spraying mission (1: has; 0: has not). 
ATE 3 Taking-off status to reach the specified altitude (1: has; 0: has not). 
ATE 4 Working status of the next waypoint to spray pesticide (1: is; 0: is not). 
ATE 5 Working status to reach the target point (1: has; 0: has not). 
ATE 6 Onway status to arrive over the takeoff point (1: has; 0: has not). 
ATE 7 Landing status to reach the base point (1: has; 0: has not). 
ATE 8 Fault status of the quadcopter (1: fault; 2: faultless).  

Fig. 5. The EFSM of cooperative quadcopters for spraying pesticides.  
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This condition indicates that the flight mode switches to Disabled 
Mode when the quadcopter suffers from a fault in the mode other than 
disabled mode (ATE 8 == 1). 

6. Simulation and real flight tests 

In this section, both the simulation tests and real flight test are car-
ried out to verify the rationality and validity of the proposed optimal 
task allocation scheme. 

6.1. Simulation tests 

A MATLAB GUIs-based simulation platform is established for pesti-
cide spraying by cooperative quadcopters. Then, the comparative 
simulation tests by optimal and average task allocation schemes are 
conducted in the established platform. 

6.1.1. Simulation platform 
Fig. 6. depicts the simulation platform scheme of quadcopters’ 

cooperative spraying pesticides for the field. As shown in Fig. 6, the user 
can input parameters and display simulation results by the designed GUI 
as a human–computer interface. Specifically, the user provides the basic 
parameters, such as the location of the base point and the current point, 
the location and size of the block, the quadcopters states, the maximum 
electric quantity, the charging rate, and the consuming rate for 
initialization. 

The simulation platform primarily includes three modules: a mission 
assignment module in brown, a path generating module in magenta, and 

a status determination module in yellow. More specifically, the mission 
assignment module conducts the optimal mission assignment scheme, 
the waypoints generation, and the path planning scheme based on the 
proposed parameters. The path generating module provides the flight 
path of each quadcopter to complete the pesticide spraying task ac-
cording to the position of its take-off point, the position and size of the 
block, and the task allocation scheme. The status determination module 
displays the process of spraying pesticides on the block in real time 
based on the provided data on the simulation platform, and it de-
termines the current state of the quadcopter according to its real-time 
flight path points. The current state of the quadcopter will be dis-
played in the quadcopter status bar of the simulation platform, including 
status, altitude, speed, and other information. 

As shown in Fig. 6, to control the simulation progress and facilitate 
the display of the simulation results, a simulation control zone is 
designed in the simulation platform, which contains four control but-
tons: “Deploy!”, “Pause/Continue”, “Stop”, and “Close”. The user can 
click on “Deploy!” to start the simulation experiment, “Pause” to sus-
pend the simulation, “Continue” to resume the simulation, “Stop” to end 
the simulation, and “Close” to shut the GUIs interface, respectively. 

6.1.2. Simulation tests 
The simulation experiments are conducted on a computer with an 

Intel Core i7-10510U CPU, 16.0 GB RAM, NVIDIA GeForce MX250 
Display Adapter by Windows 10.  

(1) Task Assignment Test 

Fig. 6. The simulation platform scheme of quadcopters’ cooperative spraying pesticides for the field.  

Table 2 
The block parameters of six blocks with different sizes and positions.  

Test scheme Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

pi (500, 400) (1500, 100) (2500, 200) (1000, − 400) (2000, − 200) (3000, − 100) 
Di 400 100 200 400 200 100 
Ni 80 40 80 40 40 80 
hi 100 100 100 100 100 100  
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When the quadrotors spray pesticides, the width w0, speed V, 
charging time Tc and endurance after each charge Tb are 10 m, 5 m/s, 50 
s and 400 s, respectively. The coordinates of the road starting point ps 
and ending point pe are (0, 0) and (5000, 0) respectively, the number of 
available quadrotors n is 20, and the number of spraying blocks m is 6. 
The information of the fields to be sprayed is shown in Table 2. Judging 
from the center point pi and the approximate round-trip charging dis-
tance Di of ith block, it can be seen that Block 1 and Block 4 are far away 
from the road, Block 2 and Block 6 are closest to the road, and Block 3 
and Block 5 are centered from the road. When considering the number of 
spraying paths Ni and the length hi of each spraying path in the block, it 
is shown that Block 1, Block 3 and Block 6 are larger, while Block 2, 
Block 4 and Block 5 are smaller. Combining all the above information, it 
can be inferred that Block 1 is a larger field in a farther location, Block 2 
is a smaller field in a closer location, Block 3 is a larger field in a center 
location, Block 4 is a smaller field in a farther location, Block 5 is a 
smaller field in a central location, and Block 6 is a larger field in a closer 
location. In this example, it is assumed that all the blocks are regular 
rectangular farmlands, and all the roads are straight roads. However, in 
the actual situation, there may be irregularities in both fields and roads. 
So, if we want to use the above algorithm to find the optimal allocation 
scheme for the quadrotors, firstly, the blocks are approximated as a 
regular polygon, geometric knowledge is utilized to find the center point 
of each block, and then the roads are approximated as broken lines to be 
solved according to the straight road. To visualize the problem, the 
relative positions of the blocks and the roads are shown in Fig. 7. 

The purpose of allocating multiple quadrotors is to assign more 
quadrotors to blocks that are far from the take-off point with more 
spraying tasks, but fewer quadrotors to blocks that are closer to the take- 
off point with fewer spraying tasks. Therefore, each field costs approx-
imately the same amount of time to complete pesticide spraying. Ac-
cording to the allocation algorithm of quadrotors, it is apparent that in 
Fig. 7, Block 1 should be allocated the maximum number of quadrotors, 
while Block 2 should be allocated the minimum number of quadrotors. 
For example, Block 1 and Block 4 have the same distance to the straight 
road, but Block 1 is larger than Block 4, so Block 1 should be allocated 
more quadcopters than Block 4. Similarly, Block 6 should be allocated 
more quadcopters than Block 2, and Block 3 should be allocated more 
quadcopters than Block 5. When blocks are of the same size, a field 
farther from a straight road should be allocated more quadcopters than a 
farmland closer to a straight road. For instance, Block 1, Block 3 and 
Block 6 are of the same size, but Block 1 is farther away from the road, 
Block 3 is moderate away from the road, and Block 6 is closer to the 

road. Accordingly, the number of quadcopters allocated to these three 
Blocks can be arranged in descending order: Block 1, Block 3 and Block 
6. Likewise, the number of quadcopters assigned to other three blocks 
can be arranged in descending order are: Block 4, Block 5 and Block 2. 

As listed in Table 3, for the scenario shown in Fig. 7, the number of 
quadcopters allocated to Block 1 to Block 6 is 5, 2, 4, 3, 2, and 4, 
respectively. It is also found that the numbers of quadcopters assigned to 
the three larger fields are: Block 1, Block 3 and Block 6 in descending 
order, while the numbers of quadcopters assigned to the three smaller 
fields are: Block 4, Block 5 and Block 2 in descending order. Although 
both Block 2 and Block 5 should be allocated two quadrotors after the 
optimization result is rounded, the number of quadrotors allocated to 
Block 2 is indeed smaller than that of Block 5 before it is not rounded. 
Therefore, the above statement is reasonable. In summary, it can be 
concluded that the algorithm proposed in this paper can reasonably 
allocate quadrotors, and its optimization results are reasonable and 

Fig. 7. The relative position scheme of field and road.  

Table 3 
The allocation optimization results of quadrotors allocated to different blocks.  

Allocating 
scheme 

Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

Allocating 
results 

5.4881 1.8812 4.0698 2.8725 2.0707 3.6178 

Rounding 
results 

5 2 4 3 2 4  

Table 4 
The initialization priority parameters of multiple quadcopters.  

Serial number Take-off point location Target point location Priority 

1 (0, 62, 0) (300, 362, 50) 1 
2 (300, 62, 0) (0, 362, 50) 2 
3 (150, 0, 0) (150, 497, 50) 3 
4 (0, 0, 0) (350, 350, 50) 1 
5 (250, 0, 0) (250, 448, 50) 2 
6 (0, 250, 0) (450, 250, 50) 3 
7 (200, 0, 0) (200, 430, 50) 1 
8 (300, 30, 0) (100, 430, 50) 2 
9 (0, 330, 0) (400, 130, 50) 3 
10 (100, 0, 0) (200, 500, 50) 1 
11 (0, 100, 0) (500, 200, 50) 2 
12 (0, 200, 0) (350, 200, 50) 1 
13 (70, 0, 0) (20, 400, 50) 2 
14 (330, 0, 0) (330, 400, 50) 3  
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correct.  

(2) Collision Avoidance Test 

In the collision avoidance test, a total of 14 quadrotors were used, 
and their take-off points, target positions, and priorities listed in Table 4. 
The positions of the take-off and target points are composed of x, y, and z 
coordinates, and the target points are the geometric centers of the block. 
This is because in the collision avoidance test of multiple quadcopters, 
our primary concern is the flight safety of the quadcopters when flying 
back and forth from the take-off point to the block, and the quadcopters 
are less likely to collide with each other when spraying pesticides on the 
block. To achieve the desired results, the priorities of the 14 quadcopters 
were initialized with three different values, ranging from low to high: 1, 
2, and 3. 

Fig. 8 depicts the collision avoidance for multiple quadrotors from 
the take-off point to the blocks, and we can see that the target points are 
the centers of the blocks for the quadrotors. During the quadcopter’s 
flight from the take-off point to the block, if there is no collision risk with 
other quadcopters, it will approach the block along a straight line. If 
there is a collision risk with other quadcopters and the current quad-
copter has a lower priority, it will firstly avoid the quadcopter with 
collision risk, and then fly towards the block along a straight line until it 
reaches the block. Specifically, when the 1st quadrotor with a priority of 
1 encounters the 13th quadrotor with a priority of 2, the 1st quadrotor 
takes avoidance action and returns to the straight-line after the 13th 
quadrotor leaves. The same happened when the 2nd quadrotor met the 
12th quadrotor.  

(3) Comparative Cooperative Test 

Fig. 9 depicts the final simulation result of pesticide spraying oper-
ation with cooperative quadcopters on the block using the average and 
optimal mission assignment. As shown in Fig. 9, the block in the simu-
lation test is not a standard rectangle but a right trapezoid. The vertices 
of the polygon block are inputted as (0, 0), (0, 100), (100, 100) and (120, 
0), respectively. More specifically, the height of the block is 100 m, the 
length of short parallel side is 100 m, and the length of long parallel side 
is 120 m. The number of quadcopters m is 3, the pesticide spraying width 
w0 is 6 m, and the flight altitude h is 3 m as commonly used in the 
pesticide spraying missions. For simplicity, three quadrotors take off and 

land from the same base in the simulation test. So, the number of 
spraying missions n = lr/w0 = 20. The average speed of quadcopters is 
2 m/s. Two different simulations are carried out to verify the reason-
ability and correctness of the optimal mission assignment scheme. The 
first one is to divide all the tasks equally without optimization, whereas 
the second one is to adopt the proposed optimal mission assignment 
scheme to allocate the missions. The total time spent on the two simu-
lations is recorded. 

In order to make the experimental results more convincing, two sets 
of comparative experiments are carried out: one with the same number 
of quadrotors m = 3 and different block sizes, and the other with 
different number of quadrotors m = 3, 4,5, 6 and different block sizes. 
The results of experiments are shown in Tables 5 and 6. 

As listed in Table 5, Save and Sopt are the average scheme and optimal 
scheme, respectively, tave and topt are the spraying time based on the 
average scheme and optimal scheme, respectively, and tsav and psav are 
the saving time and its percentage of the optimal scheme versus average 
scheme, respectively. Here, average scheme means that the paths 
number are divided equally regardless of block shape while the optimal 
scheme means that the paths number are divided by the SQP algorithm 
considering the shape of the block. In Scenario 1: all the number of 
quadrotors is 3 but the block size is different; if the numbers of spraying 
paths are 30, 40 and 50, the optimal scheme saves 112.4 sec, 76.0 sec, 
and 138.8 sec than the average scheme, which account for about 11.4%, 
6.8%, and 12.5% of the spraying time based on the average scheme, 
respectively. As listed in Table 6, in Scenario 2: both the number of 
quadrotors and the field size are different; if the numbers of quadrotors 
are 3, 4, 5 and 6, and the numbers of paths to be sprayed are 30, 40, 50 
and 60, the optimal scheme saves 112.4 sec, 194.1 sec, 260.3 sec, and 
34.3 sec than the average scheme, which account for about 11.4%, 
24.7%, 30.3% and 4.7% of spraying time based on the average scheme, 
respectively. 

In Fig. 9, three quadrotors are allocated into three separate sub- 
blocks for operations during the spraying flight, so there is no risk for 
them to collide with each other during the spraying flight. Three 
quadcopters are assigned with 7, 7, and 6 paths by the average algorithm 
but assigned with 6, 6, and 8 paths by the optimal algorithm, respec-
tively. The third quadcopter is assigned with the maximum number of 
paths since the block is a right trapezoid. The overall time spent on 
spraying pesticides based on average and optimal allocating strategy is 
565.2 sec and 504.4 sec respectively, as listed in Table 7. As shown in 

Fig. 8. The collision avoidance diagram for multiple quadrotors from the take-off point to the blocks.  
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Fig. 9, fewer paths are allocated to the third quadcopter, so the average 
allocation strategy is not reasonable. However, more paths are allocated 
to the third quadcopter by the optimal scheme, so the length of paths 
assigned to the three quadcopters is almost the same. As a result, the 
spraying time of three quadcopters are nearly identical. Therefore, the 
time spent on spraying pesticides via the optimal algorithm is shorter 
than that via the average algorithm. The optimal algorithm is more 
efficient than the average algorithm. 

Therefore, regardless of Scenario 1 or Scenario 2, the optimal scheme 
proposed in this paper can effectively save the time to complete all the 
spraying tasks, which also proves the rationality and correctness of the 
optimal task allocation algorithm proposed in this paper. 

6.2. Real flight tests 

Fig. 10 shows the ZY-UAV-680 quadcopter frame produced by the 
industrial partner China Beijing Droneyee Intelligent Technology Co., 
Ltd. as the test platform, and it supports the MATLAB/Simulink model- 
based design by open-source system Pixhawk 2.4.8. It is easy to down-
load flight data from this open-source system for further analysis and 
comparison. Although the plant protection UAVs are customized to 
pesticide spraying tasks, these industrial UAVs are not open source to 
general users, and the flight data cannot be downloaded for analysis and 
comparison. The dimensions of the quadcopter are 870 mm × 870 mm 
× 420 mm, and the airframe weighs 3,524 g. The frame of whole 

quadcopter is constructed with carbon fiber. The carried Ace High 
Discharge LI-PO battery with a capacity of 16,000 mAh can help it fly for 
more than 15 min. Its hovering accuracy under the positioning system 
can reach ± 0.15 m. The maximum vertical speed of the quadcopter is 2 
m/s, while the maximum horizontal flight speed can reach 15 m/s. 

To compare the two algorithms proposed in this paper, a real 
simulating flight test is conducted by these quadcopters. Since the 
constraints on test ground and communication distance is limited, we 
adopt a scaled method which shrinks the size of block being half of the 
simulation. In this scaled method, the shorter base, longer base, and 
height of the block in the actual flight test are set to be half of those 
involved in the simulated block in Fig. 9, which are 50 m, 60 m, and 50 
m, respectively, as listed in Table 7. The average speed V and the 
pesticide spraying width w0 are also half of the simulated parameters, 
which are 1 m/s and 3 m, respectively. The flight altitude is set to about 
10 m according to the following reasons: first, the quadrotors with 
Pixhawk system must fly with enough altitude to keep safety. If there are 
occurrences of some faults or failures or the quadcopters do not follow 
the planned path, there are enough altitude and time for the remote 
pilots to control the quadcopters and land them manually with safety. In 
Fig. 11, there is a factory about 3 m high in the test ground, so the 
quadrotors must fly higher to avoid collisions. Then, in this paper, we 
focus on the missions scheduling and path planning, and do not consider 
the detailed pesticide spraying process. The spraying flight altitude only 
affects the time spent on vertical taking off and landing, and therefore it 
has very little impact on the final test results. The following Table 8 
shows the comparative parameters of the simulation tests and the actual 
flight tests. The scaled method ensures that the simulation and actual 
tests have the same number of paths and the same spraying time spent 
simultaneously on each path. Therefore, the real flight tests can fit in the 
actual circumstance. 

Fig. 11 shows the comparative real flight test video snapshot of 
pesticide spraying operation of multiple cooperative quadcopters on the 
block. The real flight test video can be watched at the link: https://www. 

Fig. 9. The simulation results of cooperative quadcopters’ spraying pesticides on the block by average and optimal mission assignments.  

Table 5 
Scenario 1: Results of experiments with the same number of quadrotors m = 3 
and different field sizes.  

m n Save Sopt tave topt tsav psav 

3 30 10:10:10 9:12:9 985  872.6  112.4  11.4% 
3 40 14:13:13 11:18:11 1116.9  1040.9  76.0  6.8% 
3 50 17:17:16 15:20:15 1110.7  971.9  138.8  12.5%  

Table 6 
Scenario 2: Results of experiments with the different number of quadrotors m = 3, 4,5, 6 and different field sizes.  

m n Save Sopt tave topt tsav psav 

3 30 10:10:10 9:12:9 985  872.6  112.4  11.4% 
4 40 10:10:10:10 8:12:12:8 786.5  592.4  194.1  24.7% 
5 50 10:10:10:10:10 7:11:14:11:7 858.9  598.6  260.3  30.3% 
6 60 10:10:10:10:10:10 6:11:13:13:11:6 723.5  689.2  34.3  4.7%  

Table 7 
The comparative parameters of simulation and real flight test.  

Test scheme Shorter base, longer base, height (m) Average speed (m) Spraying 
altitude (m) 

Spraying width (m) 

Simulation 100, 120, 100 2 3 6 
Real Flight 50, 60, 50 1 10 3  
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bilibili.com/video/BV1Yh411b7Hf/. One of the six separate videos de-
scribes the real flight situation of a quadcopter, and each one involves 
important information such as attitude, altitude, ground speed, and real- 
time flight path. The orange-yellow line represents the allocated paths, 
while the red line represents the real flight paths. The charging/refuel-
ing time of the two tests is simulated by letting the quadcopter hover at 
the take-off point for 17 sec. The quadcopters in both average and 
optimal mission assignments can follow the paths allocated by the al-
gorithms well. However, judging from the videos proposed, it is evident 
that the real flight situation can fit into the real-time flight quite well. 

By the average mission assignment scheme, the first and second 
quadcopters are both allocated 7 paths, while the third quadcopter is 
allocated 6 paths. In comparison, the first, second, and third quadcopters 

are allocated 6, 6, and 8 paths using the optimal algorithm, respectively. 
The third quadcopter is assigned with the maximum number of paths. 

Fig. 12 depicts the actual flight test results of pesticide spraying 
operation of cooperative quadcopters on the block by average and 
optimal mission assignments. Three quadrotors may collide with each 
other during the take-off process or the landing process if they finish the 
operations almost at the same time. In Fig. 12, the take-off and landing 
spots (bases) of the quadrotors are set a safe distance away from each 
other, so they can take off and land safely without colliding with each 
other. Although the bases of three quadrotors are different in the 
average scheme and optimal scheme, the distances from the bases to the 
block are almost the same. In Table 8, the time spent on the three paths 
by the average scheme are 525 sec, 605 sec, and 405 sec, respectively. 
Therefore, the overall time is 605 sec. In comparison, the time spent on 
the three paths by the optimal scheme are 411 sec, 495 sec, and 525 sec, 
respectively. So, the overall flight time is 525 sec. Since the spraying 
flight altitude of real tests are higher than that of simulations, the real 
tests spend more time than simulation during the taking off and landing 
process, and finally the real tests spend a little more time than simula-
tion during the total tests. The time differences between the simulation 
test and real flight test of average scheme and optimal scheme are 39.8 
sec and 20.6 sec, which account for 6.6% and 3.9% of the time spent on 
the real flight test, respectively. The optimal algorithm can save 60.8 sec 
and 80 sec in the simulation test and the real flight test, which account 
for 10.8% and 13.2% of the time spent on the average scheme, respec-
tively. It can be concluded that the real fight test matches the simulation 
result, and the optimal algorithm is more efficient than the average 
algorithm. 

Fig. 11. The comparative actual flight test video snapshots of pesticide spraying operation of cooperative quadcopters on the block.  

Table 8 
The simulation and real flight test results of three quadrotors by two comparative algorithms.  

Assignment 
scheme 

Allocation 
scheme 

Allocation 
time (sec) 

Simulation 
time (sec) 

Real flight 
Time (sec) 

Time 
difference (sec) 

Time difference (%) 

Average 7:7:6 525:605:405  565.2 605  39.8  6.6% 
Optimal 6:6:8 411:495:525  504.4 525  20.6  3.9%  

Fig. 10. ZY-UAV-680 quadcopter UAV by Droneyee Intelligent Technology 
Co., Ltd. 
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6.3. Discussion and analysis 

Li et al. (2022) compared Order Irrelevant Enumeration Solution 
(OIES), Equal Task Assignment (ETA), Sequential Task Assignment 
(STA), Discrete Particle Swarm Optimization (DPSO), and full permu-
tation algorithm for CPP task of multiple crop protection UAVs. The ETA 
strategy corresponds to the average strategy in this paper. Li et al. 
(2022) aimed to allocate the UAVs of a known number to a block. In our 
research work, we consider in advance that how should multiple 
quadcopters be divided reasonably for several blocks. To guarantee the 
whole minimum spraying time, the dividing strategy should ensure that 
more quadcopters should be allocated to blocks either far away from the 
take-off point or with more spraying tasks, while fewer quadcopters 
should be allocated to blocks either closer to the take-off point or with 
fewer spraying tasks. 

After conducting the task assignment test, we continued to carry out 
the comparative test by cooperative UAVs. To compare the efficiency of 
different allocating strategies, two categories of experiments are 
implemented: one with the same number of quadrotors m = 3 but 
different block sizes, and the other with different numbers of quadrotors 
m = 3, 4, 5, 6 and different block sizes. Both two sets of experiments 
show that the optimal strategy can save spraying time, making it more 
efficient. 

Limited by the experimental conditions, three cooperative quad-
rotors are employed in the actual flight tests to verify the optimal al-
gorithm in this paper. The shorter base, longer base, and height of the 
real blocks are set to be half those involved in the simulated blocks, and 
the average speed and the pesticide spraying width are also half the 
simulated parameters. As a result, this scaled method ensures that the 
simulation and actual tests have the same overall spraying time. The 
comparative results between the simulation test and actual test suggest 
that the real flight test matches the simulation, and the optimal strategy 
is also more efficient than the average strategy. 

7. Conclusions and future works 

This paper has proposed an autonomous task assignment and 
decision-making algorithm for multiple pesticide spraying quadcopters. 
Firstly, the mathematical model of pesticide spraying by multiple 
cooperative quadcopters is established, and SQP by the state machine is 
adopted as the optimization method to solve the proposed problem. 
Then, the air traffic scheduling system and user’s demands, including 
the functional and safety demands are introduced to define the flight 
modes. Finally, the simulation platform by MATLAB GUIs and Stateflow 

is established. The simulation and the actual flight test by Droneyee ZY- 
UAV-680 quadcopters are carried out. Both test cases show that the 
simulation result can match the real flight test well, and the optimal 
algorithm is more efficient than the average algorithm. In future studies, 
the proposed algorithm for coverage path planning will be promoted 
and improved in three-dimensional space by the established simulation 
platform in this work. 
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