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ABSTRACT Nowadays, multi-robot systems are being utilized to perform agricultural tasks. It is particularly
essential to robotize pesticide spraying because of the risk of poisoning workers. However, the problem is
that the human-driven sprayers are big size, and difficult to maneuver in many orchards. Therefore, heavy
spraying robots must be replaced with lighter robots. Also, it takes a lot of times to perform spraying using
only one sprayer in a large orchard. To achieve this goal, the multi-robot system (MRS) can be applied to the
spraying by robot cooperation to improve performance. In this study, we developed a task allocation system
based on a Voronoi diagram for a multi-robot spraying system in an orchard. The seed point for area partition
using the Voronoi diagram was obtained through node clustering using a k-means clustering algorithm. In the
experiment, workspaces were partitioned according to the number of robots, from 2 to 10. A total of four
metrics were used to evaluate the performance of the system. The results confirmed that our task allocation
system is applicable to real orchards.

INDEX TERMS Agricultural robot, multi-robot system, task allocation, area partition, unmanned ground

vehicle (UGV).

I. INTRODUCTION

Pesticide spraying significantly improves crop productivity,
and must be performed in orchards, especially because pears
and apples are susceptible to infection. In orchards, pes-
ticide spraying is performed by a worker driving a speed
sprayer (SS) or spraying the fruit with a crop sprayer. This
method of spraying exposes the worker directly to pesticides
and could result in fatal pesticide poisoning. Considering
the health risks faced by workers when spraying pesticides,
the crop protection could be a significant application for
robotics. Several studies have been conducted on the use of
robots for spraying to reduce the risk of pesticide poison-
ing for workers [1]-[5]. However, the problem is that the
human-driven sprayers are huge, with an elevated center of
mass that is instability-prone, and difficult to maneuver in
many orchards. Therefore, the heavy spraying robots must
be replaced with more intelligent and lighter robots. Also,
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it takes a lot of costs and times to perform spraying using only
one sprayer in a large orchard. To achieve this goal, the multi-
robot system (MRS) can be applied to the spraying by robot
cooperation to improve performance.

As the number of agricultural workers continues to
decrease around the world, the use of MRSs for performing
agricultural tasks is becoming more prevalent on large-scale
farms with fewer people [6]-[16]. Division of work through
cooperation among MRSs is increasing the productivity of
farming households and the yield per unit area. As the work
can be carried out more efficiently, potential for utilization
is increasing through many related studies [17]. In agri-
culture, multi-robots are currently being utilized in vari-
ous applications such as mapping [18], [19], seeding [20],
sensing [21], [22], and pesticide spraying [23], [24].

To apply the MRS to agricultural tasks, multi-robot task
allocation (MRTA) should be performed to distribute each
task to the robots. MRTA is one of the most challenging prob-
lems of MRS, i.e., how to optimally assign a set of tasks to a
team of robots in a manner that optimizes the overall system
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performance subject to a set of constraints [25]-[29]. The
problem varies in time with events, including environmental
changes, so the problem of task allocation is a dynamic
decision that should be solved iteratively over time [30].
Therefore, the problem of MRTA should be approached more
cautiously.

MRTA problems can be taxonomized along three axes [31],
and this taxonomy help organizes MRTA problems and iden-
tify the theoretical foundations [32]. The first axis, single-task
(ST) robots versus multi-task (MT) robots, distinguishes
between problems in which each robot is capable of perform-
ing only one task at once and problems in which some robots
can perform multiple tasks at the same time. The second
axis, single-robot (SR) tasks versus multi-robot (MR) tasks.
The SR can be expressed as weak cooperation [33], and it
means that each task requires exactly one robot to complete
it. In this case, the robots do not know each other’s states
and only perform their own tasks as assigned by the central
control system. The MR can be expressed as strong coopera-
tion [16], [34], [35], and it means that some tasks can require
multiple robots. In this case, the robots communicate with
each other and know their location and status. The third axis,
instantaneous assignment (IA) versus time extended assign-
ment (TA). The IA means that the instantaneous allocation
of the tasks to the robots without planning future allocation.
The TA means that each robot is allocated several tasks that
must be executed according to a given plan.

In this study, a MRTA system was designated ST-SR-IA.
In the case of spraying, it is not necessary for several
robots to collaborate to spray one tree; instead, only one
robot sprays one tree. Therefore, there is no need for com-
munication between robots, and each robot only needs to
receive commands from the central control system about
its own driving path to do the spraying. Our approach
for MRTA is partitioning the workspaces according to the
number of robots, assign each sub-area to the robot, and
then control the robot to perform spraying in its zone. The
sub-area assigned to each robot does not change over time.
The workspace partition is performed by using the Voronoi
diagram [36], [37].

This paper is organized as follows: Section II intro-
duces related work of task allocation for multi-robots and
multi spraying robots. Section III describes the our MRTA
system for the spraying task. Section IV and V provide
experimental results to demonstrate the feasibility of our
approach. Section VI describes a brief discussion of future
work. Finally, Section VII concludes with a summary of our
contributions.

Il. RELATED WORKS

A. RELATED WORKS IN MRS FOR SPRAYING

Applying an MRS to a wide orchard can effectively spray
the orchard in a short amount of time and with less
labor [38]. In [39], a multi-robot cooperative approach have
been proposed a strategy by which a team of robots could
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cooperatively perform area coverage related tasks in a known
environment. The focus of this approach is to perform task
allocation and coordination using only the robots’ local posi-
tion information. Therefore, since local perceptions of the
robots are limited, the distance between two consecutive loca-
tions cannot exceed beyond the robots’ range of detection.

In [24], project RHEA designed and developed a new gen-
eration of automatic robots for effective weed management
in agriculture in both the chemical and physical domains.
The UGV, which equipped with sensors, onboard perception
systems, controllers and communication systems, were con-
figured autonomous robots capable of carrying agricultural
implements. The hex-rotor drone were designed to carry a
two-camera perception system to perform remote detection
of weed spots on narrow-row crops. Both types of vehicles
were demonstrated with complementary features to work
collectively.

In addition, [40] have been proposed the formation control
of a mobile robot following a leader based on Ultra Wide
Band (UWB) technology, allowing the relative localization
of two mobiles avoiding the limitations of GPS when moving
close to high vegetation. However, this approach is the way
follower robots follow the leader, so there is a problem that if
a leader becomes non-workable status, followers also cannot
task either. And also, it is difficult to apply if there are more
than three robots.

B. RELATED WORKS IN THE VORONOI DIAGRAMS

BASED MRTA

A Voronoi diagram divides the areas according to which
points are closest to the seed points. Voronoi diagrams are
commonly used to allocate multi-robot paths or workspaces,
and a variety of current studies have been conducted on this
topic [41]-[43].

In [44], a constrained centroidal Voronoi tessellation on
a coarse approximation of the surface to cover has been
proposed. This approach significantly reduces the probability
of being trapped in local optima far from the globally optimal
solution. At the same time, the number of repetitions of
measurements and calculations required for the algorithm to
converge is also lower. This advantage can be significant for
the success of missions in complicated environments where
unmanned aerial vehicles (UAVs) with limited energy are
employed.

The coverage control algorithms for a group of networked
robots have been presented that achieve discrete Voronoi cov-
erage on a surface mesh [45]. The algorithm approximates the
Voronoi regions by mesh cells and locally reassigns cells to
neighboring areas to minimize the cost of the overall Voronoi
configuration. The analysis of experimental results has been
shown as a measure such as the convergence rate, suboptimal
local minimum, the cost of the final configuration, and the
initial configuration.

In [46], an approach has been proposed to solving the
Multi-robot Informative Path Planning (MIPP) problem
under communication limitations in unknown environments
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FIGURE 1. The global system flowchart of MRTA for spraying task.

using a Voronoi-based method. This approach aims to sep-
arate the area among the robots for better load-balancing
and minimized unnecessary information acquisition. When-
ever a set of robots reach into each other’s communica-
tion range, they repartition their Voronoi regions for better
load-balancing.

In MRS, many issues can arise, such as robots directing
towards the same unexplored workspaces and the possibility
of robots crossing each other paths which may result in a col-
lision. By using Voronoi diagrams in task allocation, we can
overcome the issues mentioned above. This approach leads
to efficient workspaces allocation for the exploration task and
eliminates the possibility of cross paths since each workspace
will not enter into another robots’ Voronoi diagrams area.
Each robot sprays a pesticide as it moves in its assigned
workspace.

Ill. TASK ALLOCATION FOR MULTI-ROBOT

In this section, we describe in detail of our MRTA sys-
tems. The goal of the MRTA system is efficiently allocating
the whole orchard area to robots. Our MRTA systems for
autonomous multi-robot spraying consisted of six steps.

Step 1 Acquiring an aerial image
Step 2 Creating node

Step 3 Node clustering

Step 4 Area partitioning

Step 5 Path planning

Step 6 Spraying

Figure 1 shows the global system flowchart. Initially, pic-
tures are taken of target orchards using UAVs; these orchards
are designated as "workspaces." Then, positions of nodes
are designated from the obtained aerial images. The Voronoi
diagram clusters the nodes to determine the center point as
a seed point for partitioning the workspace to sub-areas.
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Path planning for spraying is then executed for each sub-area.
Finally, each path plan is sent to the robots to be performed.
In this research, we studied step 1 to step 4.

A. CREATING NODE
Node creation is pre-work to be done before finding the seed
point for Voronoi-based area partitioning. A single fruit tree
is designated as a node in an orchard. The robot must pass
by the node corresponding to the assigned area and perform
spraying on the tree. So, the node forms the base for the path
that the robot drives during path planning. Therefore, it is
essential to specify the position of coordinates of the node.
To create a node, aerial images of the orchards are obtained
using UAVs. Then, the fruit tree is designated as a node
in the obtained aerial image and it is assigned coordinates
(x,y) from the nodes. After the aerial images are obtained,
the position of the node is determining from the specific
interval (density and pattern) of each tree of the orchard. Also,
the altitude of the UAV should be known to determine the
position of the node in the aerial images by using information
about the specific interval of each tree.

B. NODE CLUSTERING

To partition an area through a Voronoi diagram, a seed point
in the center of the area is required. Node clustering by
the k-means clustering algorithm must be performed first
to designate seed points. The k-means clustering algorithm
is one of the well-known clustering methods which have
been studied in the last decades due to its simplicity [47].
k-means clustering involves partitioning the gathered data
into k groups of data. The k-means clustering algorithm
looks for partitions to minimize the square error between the
cluster’s empirical mean and the cluster’s point. The k-means
algorithm is described in Algorithm 1.
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FIGURE 3. The second orchards was partitioned into 2 to 9 sub-areas. (a) 2 sub-areas (b) 3 sub-areas (c) 4 sub-areas (d) 5 sub-areas (e) 6 sub-areas

(f) 7 sub-areas (g) 8 sub-areas (h) 9 sub-areas (i) 10 sub-areas.

TABLE 1. Results of experiments on the first orchard.

short 77 is, if Rc is low, the efficiency and accuracy of the
spraying will be low too. In the experiment, the robot was
not assigned to areas that overlap with other robots areas to
prevent robot collisions. The experimental results on all three
orchards showed that as k increases, R¢ decreases except
when k is 10 in Table 1, and 6 in Table 3. This low R¢
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figure is fatal to the efficiency of the task, thus it is essential to
address it.

D. COMPUTATION TIME
Tc refers to the time it takes for the system to parti-
tion the area according to the number of robots, and this
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TABLE 2. Results of experiments on the second orchard.

TABLE 3. Results of experiments on the third orchard.

metric represents the basic performance of the system. the computation time increases as the number of robots
The experiment results on all three orchards showed that increases. However, the difference between these figures has
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FIGURE 5. Results of experiments on the second orchard. (a) Tasking time (s) (b) Coverage ratio (%) (c) Segmented ratio (%) (d) Computation time (s).

FIGURE 6. Results of experiments on the third orchard. (a) Tasking time (s) (b) Coverage ratio (%) (c) Segmented ratio (%) (d) Computation time (s).

actual potential by load balancing. To optimize and balance considered, including the state of the robot. To reduce the
the area partitioning of a multi-robot, many things need to be overall working time, the work area must be distributed
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