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Abstract—This paper proposes a hierarchal approach to
solving a spraying mission assignment and path planning
problem by using multi-quadcopters in an upland area. A
mathematical model of the mission assignment and path-planning
problem has been established. An inner-and-outer loop structure
is employed in the hierarchal approach, in which the inner loop
utilizes a genetic algorithm-based Travelling Salesman Problem
(TSP) method while the outer loop uses a nonlinear programming
method based on the optimal results given by the inner loop. In
the end, simulation comparisons to a multi-TSP-based
conventional approach have been carried out to illustrate the
performance of the proposed approach.
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L INTRODUCTION

Compared with the fixed-wing aircraft and helicopters,
quadcopters are easier to utilize in the case of some specific
tasks with excellent performance and a high level of autonomy
[1][2]. As the level of autonomy in the agricultural industry
improved with technical innovations, the usage of plant-
protection quadcopters has become more common nowadays.
The Chinese government takes great effort to accelerate
agricultural modernization; one of the important concepts is
precision agriculture, as in [3]. Precision agriculture, also called
site-specific crop management, aims at optimizing returns on
inputs while doing no harm the environment [4]. The precision
agriculture is usually based on a geographic information system
where all environmental data have been gathered. One of the
critical components of the precision agriculture is the precision
spraying. As many pesticides have more or less deleterious
effects on the environment, precision spraying can not only
optimize the pesticide usage but also reduce the damage to
wildlife. The rise of precision agriculture coincides with the
development of quadcopters [5]. Quadcopter is a powerful tool
for the implementation of precision spraying mission,
especially under complex geographic conditions that are
extremely dangerous for human beings.

In the interdisciplinary field of precision protection and
civil aviation, one important related problem is the multi-robots
path-planning problem [6]. Currently, there are many types of
research on the cooperative work and coordination of multiple
robots. Reference [7] proposes an analytical path planning
method for a system composed of multiple robots. The method
takes into consideration the dynamic environment by utilizing
local information. In [8], a cooperative coverage algorithm of

multiple robots for the searching mission in an unknown grid
environment is developed. This kind of research is mostly
applied in reality, such as the floor cleaning, the mine detection,
etc. There are also various studies concerning the path-planning
problem of multi-UAVs. When this problem comes to multi-
UAVs, it becomes more complicated because UAVs move in
three-dimensional space while mobile robots move only in
two-dimensional space. Reference [9] establishes an A*
optimization-based path-planning scheme for multi-UAVs.
And reference [10] focuses on a specific mission to protect a
group of ground vehicles followed by multi-UAVs. An optimal
approach has been developed to solve the path planning and
coordination of drones.

As the precision spraying places great emphasis on the
specific target points rather than a simple coverage of the target
area, it is instrumental to study point-by-point traversal
problems. mTSP (multiple Travelling Salesmen Problem) is a
chemetypical model for this kind of problem, as in [11].
Reference [12] defines mTSP as follows: given M nodes and a
cost metric associated, 7 salesmen begin to take a tour from
one depot and return to the depot in the end. Each node should
be visited exactly once by one salesman. The goal is to
determine the path for each salesman to minimize the total tour
cost. Various research has been carried out on the modeling
and the resolution of the mTSP model. As the mTSP belongs to
NP-hard problems [13], it is efficient to employ a heuristic
algorithm to obtain a near optimal result, as in [14]-[17].
Another approach is to decouple the mTSP problem into a set
of TSP problems to improve computational accuracy. In this
approach, it is flexible to build mathematical model according
to the mission’s specifications.

This paper mainly focuses on a practical engineering
problem — a precision spraying mission under complex
geographic regions performed by multi-quadcopters. The
principal objective is to reduce working time on the premise of
satisfying all the specifications of the spraying mission. A
hierarchal approach is established to solve the mission
assignment and path-planning problem. Then, the resolution is
executed in this approach with a TSP-based inner loop and a
nonlinear optimization-based outer loop. To illustrate the
efficiency of this approach, simulation comparisons to a
conventional approach have been conducted.

The remainder of this paper is organized as follows: Section
I introduces the problem formulation. In section III, a
conventional approach is firstly presented, then, a new
hierarchal approach is developed. Section IV focuses on the
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simulation and comparison. A summary of the current study
and future work is given in the end.

II.  MISSION DESCRIPTION

This paper focuses on the precision spraying mission by
using multiple plant-protection quadcopters. Figure 1 presents
the topography and the target trees to be sprayed with
pesticides as well as a schematic diagram of the mission.

FIGURE I. A SCHEMATIC DIAGRAM OF THE MISSION

The black dot named Base is the base station where all the
quadcopters take off and return back after mission completed.
The target area is on a mountain so that its form is irregular. All
the target trees are represented by blue points in the figure at
the right. Both the location and the altitude of the target points
are known. Quadcopters should spray pesticides above the tree,
that is, each quadcopter begins to spray pesticides when it
arrives at a target point and stops spraying when it flies to the
next point. To satisfy the specifications of the mission, the
following working principles for quadcopters are made:

1) Quadcopters move in three-dimensional space;

2) The total number of quadcopters is more than one and
defined according to the situation;

3) Quadcopters are allowed to fail during the working
process, such as crash because of sensor fault. In such failure,
both mission assignment and path planning can be re-
conducted;

4) Once the battery capacity is low, the quadcopter should
stop mission and return to the base. Mission assignment and
path planning should be re-conducted;

5) All quadcopters take off from the base and return to the
base after mission completed;

6) A quadcopter hover when it arrives at one target point
and begin to spray pesticides, spraying time is predefined as T;

7) A quadcopter stops praying between two target points;

8) All the target points should be covered exactly once
without missing.

Based on the principles above, given m quadcopters and n
target trees to be covered, the study focuses on developing an
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automatic approach to divide a spraying mission into m tasks
and determine an optimal path for each quadcopter.

In this research, the primary measuring criterion is the
working time to complete the mission. Let T,(1 < p < m) be
the total working time of the pthquadcopter. The objective is to
minimize the maximum working time among m tasks. The
problem can be formulated as follows:

min (7, T
It is evident that both the mission assignment scenarios and the
path planning methods for each quadcopter may result in
different working time. Thus, the core problem is transformed
into an optimization problem:

III. MATHEMATICAL APPROACHES AND OPTIMIZATION
METHODS

A. A Conventional Approach

As explained in Section II, the mission is that m
quadcopters should cover n target points, and the optimization
objective is to minimize the maximum working time max T,

1spsm

A conventional approach is to formulate the optimization
problem as a single-depot single-end mTSP model with time
windows and additional constraints. The depot and the end
locations in this mission refer to the base of quadcopters. The
time window refers to the time associated with each target
point during which the quadcopter sprays the pesticides,
namely the spraying time 7. The additional constraint is
defined by the battery capacity of quadcopters, which is
assumed to be identical for all quadcopters.

Let V be the set of all target points, and 4 be the set of
edges. C is a cost matrix associated with A. In our case, Cis a
time matrix composed by two parts:

— tw
Cij = cij + ¢ (1)

where ¢;; is a conventional cost representing the flying time
from the target point i to the target point j, and ijis a time-
dependent cost representing the spraying time 7 of each
quadcopter.

Let T};,, be the longest working time of a quadcopter,
which guarantees the quadcopter return to the base before the
battery draining. In addition, define

j— 1'
Xijp = o

Then, the mathematical model can be written as:

the p*"quadcopter passed the edge(i, j)
the p"quadcopter didn't pass the edge(i, j)

min ( max Tp,)

1spsm (2)
where T, = Z?:oZ?:o Cij  Xijp, sit.
Z?:ozglo Xijp =M 3)
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i=0 Xp=0Xij1p =M 4)

o XpeoXijp=1,1=2,...,n )
?zozglzoxijp =1,j=2,..,n (©6)
i=0 Xj=0 Cij " Xijp < Tygmy p = 1,..,m (7)

where V(i,j) €A,p=1,..,mx;, € {0,1}.

In this model, (3) and (4) guarantee that all the target points
can be visited, while (5) and (6) guarantee that each point is
visited no more than once. (7) is the additional constraint
representing the battery capacity limitation.

This modeling approach is, in fact, a mixture design of
mission assignment and path planning. The advantage of this
model is that all the specifications of the mission have been
respected without any simplification. Equations (2) to (7)
matches fully interpreted every aspect of the mission.

The completeness of the modeling, however, may result in
low accuracy or reduced precision in the solution. mTSP is a
typical NP-hard problem. Genetic Algorithm (GA) can be used
to find a near optimal solution for this kind of problem.
However, the GA-based optimization method often falls into a
local optimum, especially in the case of considerable target
points. Moreover, we have added time windows as well as an
additional constraint in the model, which largely increase the
computational complexity for the optimization. This is the
original inspiration for developing an advanced approach to the
mission.

In this paper, the resolution of the mTSP optimization
employs an advanced GA proposed by Andras Kiraly and
Janos Abonyi, see [18]. This algorithm has been proved to have
a faster convergence rate and a more performant optimal
solution compared with other algorithms.

B. A hierarchical Approach and Corresponding
Optimization Methods

The conventional approach is less accurate especially in the
case of a considerable number of target points because the
mission assignment and the path planning problems are mixed
in one optimization problem. To improve the performance of
the optimization, it is intuitive that the mission assignment
problem and the path-planning problem should be decoupled to
reduce the computational complexity of the optimization
process.

An advanced approach aims at pre-dividing target areas for
each quadcopter and then planning a smooth path for the
quadcopter. The basic idea is to develop a hierarchal design:
the outer loop optimizes mission assignment schemes based on
the calculation result of the inner loop, while the inner loop
optimizes the working time of each quadcopter. In the end, the
best solution will be saved.
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Figure 2 presents the whole approach design in detail. First,
to divide the target areas into m circular sectors with center
point located at the base. Then to use TSP modeling to
determine an optimal path for each quadcopter and calculate
the working time in each subarea, which is the inner loop. The
optimization objective of the outer loop is to minimize the
maximum working time among the m quadcopters. The best
solution will be obtained once the closed loop iterations finish.

One of the specialties of this approach is about the circular-
sector division. It is more common to use rectangular segment
in this kind of mission, such as a pesticide-spraying mission in
farmland, as in [19]. In our case, considering the fact that all
the quadcopters take off from the same place as well as
irregular paths in 3D space, the circular-sector division method
can help strategically improve the optimization, as illustrated in

figure 3.

Initialization
(Base position, the number of quadcopters)

!

Target aneas pre-divided aceonding to the number of

quadeoplers

GiA-based TSP model to determine an optimal path

T (0 =min(y. 3 ¢, x )

)
| |
| [
for each quadeopter

i |

| |
| |
|

Change division angles

Select the masamum working time among all the K
quadcopters

F(8) = max([ 1, (8)....T, (8. T (B

FIGURE II. FLOW CHART OF THE ADVANCED APPROACH

FIGURE III. CIRCULAR-SECTOR DIVISION METHOD

Let the angle of each sector be 6,,p € [1,m], and the
corresponding sector be Sgp. The optimization variable
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=[04,...,6,,...,0,] . The objective of the outer loop
optlmlzatlon is a function of 6:

mein f(® ®)

f(6) = max ([Tsp(61) - Tesp(Bm)]) st

where

[1,.. 1]1><m 0=n1 9)

0< Hp <rn (10)

Hereafter a TSP-based path-planning method is given for
the p* quadcopter Let n,, be the number of target points in the
sector Sgp Let I, be the set of all target points in this sector,
and A4, be the set of edges. ¢, is a cost matrix assomated with
A, Where Cp,; represent the flying time of the pt quadcopter
from the target point i to the target point j.

Similarly, define
v = 1, the p™quadcopter passed the edge(i, j)
Pii |0, the pquadcopter didn't pass the edge(i, )

Then, the inner loop optimization objective Ttsn(é’n} can be
written as:

Ttsp(gp) mln(z 1:#11 Ocpuxpu)

(11
with
0=<xp,=1 ij=0, v by (12)
by _
Zi=0,i$jxpij =1 )= 0,. 'lp (13)
lp — -
Yicojei¥py =L 1=0,..0 (14)
Z ZI$1I =0 pll pll —Tle (15)
where V(i, /) € 4y, xp,, € {o,13.

The whole optimization problem is formulated as a
hierarchal optimization approach where the inner loop
optimization employs TSP model, and the outer loop
optimization is a nonlinear minimization model with

constraints. Both of the optimization methods are common
enough to be easily implemented in applications.

The goal of this approach is to separate the path planning
from the mission assignment and to improve performance and
accuracy of the solution further. Simulation results and
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comparison with the conventional approach have been given in
the next section.

Iv.

Comprehensive simulations have been carried out to
illustrate the performance of the proposed approach. Also, a
comparison between the conventional approach and the
hierarchal approach has been given in this section. All the
MATLAB simulations are conducted on a computer running
Windows7, with an 17 3.60GHz processor and 10GB RAM.

SIMULATION AND COMPARISON

The target area is in an irregular form of 800 m?. The
number of target points is n = 163. The location and the
altitude of the target points are supposed to be known. The
number of quadcopters m can be defined by the user. To begin
with, consider a simple case where the spraying time 7 is zero,
the number of quadcopters m = 3 and the flying velocity is a
constant with Vg, = 1 m/s.

Figure 4 is the mission assignment and path-planning result
by the conventional approach. Figure 5 is the result by the
hierarchal approach. The task assignment results are different
by different approaches. The cumulative mission time of the
first approach is 303.7 s, and that of the second approach is
2744 s . It is clear that result of the hierarchal approach is
more performant in the sense of mission time reduction and the
smoothness of planned path.

FIGURE V. SOLUTION OF THE HIERARCHAL APPROACH

It should be noted that the two approaches give only near
optimal solution of the mission, which means that optimization
results vary each time. The obtained mission time may have a
slight difference. But the order of magnitude remains invariant.
To make the results more persuasive, a comparison between
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the two approaches has been carried out, including 1) different
numbers of quadcopters without accounting the spraying time T,
and 2) fixed number of quadcopters with different spraying
time t. Comparison results are given in TABLE I and II. Ty,
is the cumulative time of m quadcopters, and AT is the time gap
between the maximum working time and minimum working
time among the quadcopters.

TABLE I. COMPARISON RESULT BETWEEN THE TWO APPROACH WITH
DIFFERENT NUMBERS OF QUADCOPTER

Configurations | The conventional approach | The hierarchal approach
m n 1 Tiotar AT Tiotal AT
3 163 | 0 | 303.7130 1.3842 274.4433 16.4203
4 163 0 | 340.2202 0.1536 289.9594 25.8544
5 163 0 | 368.5407 2.2836 309.1263 23.5434

TABLE II. COMPARISON RESULT BETWEEN THE TWO APPROACH WITH
DIFFERENT SPRAYING TIME

Configurations | The conventional approach | The hierarchal approach
m n 1 Tiotar AT Tiotar AT

4 163 1 | 510.7437 0.6482 451.4718 23.3322
4 163 3 | 842.2575 3.0639 789.0572 57.8797
4 163 5 1183.0214 0.1895 1124.7000 72.7022

As shown in TABLE I, the total mission time is much
reduced by the hierarchal approach. The working time gap of
this approach is larger than that of the conventional approach.
It can be ameliorated by modifying the optimization objective
in (8) to

£(8) = max(|Tisy (8, .. Ty (8,)]) - min(|Tysp (6,) .. Tooy (6)])

The spraying time T will decrease the accuracy of the
optimization resolution. As shown in table 2, optimization
differences by two approaches diminish as values of T augment.
As the optimization objective is composed of two parts: the
flying time and the spraying time. The spraying time is a
constant value, while the optimization only reduces the flying
time. And when the spraying time is dominant, the
optimization effect will be diminished.

V. CONCLUSION

This paper proposes a hierarchal approach to solve the
mission assignment and the path-planning problem of upland
precision spraying mission. Both theoretical and computational
comparisons have been conducted with the mTSP-based
conventional approach. In the end, a serial of simulations has
illustrated the performance and efficiency of this approach.
This approach mainly solves the automatic decision problem
when we use quadcopters to spray pesticides on specific targets
in a complex geographic condition, and the objective is to
reduce the mission time.

For the future studies, an interactive platform will be
established based on our current research. Given the number of
quadcopters and data map of target areas, the mission
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assignment and the path planning result can be determined
automatically. Moreover, the optimization may further extend
to a dynamic approach which enables real-time decision-
making.
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