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Automatic Adjustable Spraying Device for
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Abstract— This paper presents a device for accurate pesticide
spraying capable of dealing with amorphous shapes and variable-
sized targets. The device includes a single spray nozzle with
an automatically adjustable spraying angle, color camera, and
distance sensors, all mounted on a pan tilt unit. The site-specific
spraying device aims to spray specific targets while reducing the
use of pesticides. The spraying diameter is set as the minimum
closing circle diameter according to the shape and size of the
target. Two preliminary experiments were conducted in order to
evaluate the spray nozzle flow rate in relation to the spray diam-
eter and the spray diameter in relation to the nozzle’s angular
position. A main outdoor experiment was conducted to evaluate
the complete spraying device using artificial targets of varying
sizes. The results indicated that the spraying device is capable of
reducing the amount of pesticides applied. An economic analysis
estimates that up to 45% of pesticide reduction is possible when
using the suggested spraying method. Actual savings depend on
the spraying durations, target size, and distribution.

Note to Practitioners—This paper focuses on the development
of a site-specific sprayer solution. The developed device aims
to reduce pesticide application by spraying individual targets
specifically by setting the diameter of the spraying according to
the shape and size of the target. The core of the paper is a detailed
description of a spraying device able to change its spraying
diameter according to the detected target. A working procedure
to calibrate and validate such a device is included. We believe
that such a device can be used in modern agriculture and can be
combined with a robotic sprayer navigating autonomously along
crop fields. Such a device will contribute to reduced pesticide
application.

Index Terms— Agricultural engineering, agricultural
machinery, machine vision, precision agriculture, spraying.

Manuscript received June 18, 2016; revised October 19, 2016; accepted
January 6, 2017. This paper was recommended for publication by Associate
Editor A. Pashkevich and Editor Y. Sun upon evaluation of the reviewers’
comments. This work was supported by the Helmsley Charitable Trust through
the Agricultural, Biological and Cognitive Robotics Initiative and by the Rabbi
W. Gunther Plaut Chair in Manufacturing Engineering, both at Ben-Gurion
University of the Negev.

The authors are with the Department of Industrial Engineering and Man-
agement, Ben-Gurion University of the Negev, Beer-Sheva 8410501, Israel
(e-mail: berensti@bgu.ac.il; yael@bgu.ac).

This paper has supplementary downloadable multimedia material available
at http://ieeexplore.ieee.org provided by the authors. The Supplementary Mate-
rial contains two videos. Main experiment video: The experiment conducted to
evaluate the ASD performance under real-world conditions. The video shows
how the robotic sprayer is advancing in a step mode along a red line strip fix to
the ground. During each step, the ASD find the targets in the frame, adjust the
ASD spraying diameter, and perform single spray. Target diameter evaluation:
This video presents the process of evaluating the ASD spray diameter. The
ASD diameter is evaluated by applying red spray and crossing the spray
trajectory with a white paper sheet. The ASD spray diameter is later manually
measured using a captured video similar to this. This material is 42.7 MB
(13.9 MB and 28.8 MB) in size.

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TASE.2017.2656143

Fig. 1. Pesticide spraying methods. (a) Backpack sprayer: the human carries
the pesticide and sprays manually. (b) Tractor sprayer: the human drives a
tractor with spraying equipment.

I. INTRODUCTION

THE use of pesticides is an integral part of worldwide
agriculture. Between 30% and 35% of crop losses can be

prevented when harmful insects and diseases are eliminated
by use of pesticides [1]. Although pesticides are necessary
in modern agriculture, they are poisonous and dangerous for
humans [2], [3] and for the environment [4], [5]. Current
methods for pesticide application include a human operator
traveling along the crop rows and selectively spraying the
targets manually using a backpack sprayer [Fig. 1(a)], and
mechanized nonselective spraying in which a human drives a
tractor with a sprayer connected to a trailer behind the tractor
that sprays the crops continuously [Fig. 1(b)]. Despite the
use of pesticide protection equipment (personal head mask
and central filtration system for the manual and mechanized
spraying methods, respectively) the human is still exposed to
hazardous pesticides that can cause negative health issues [6].
Besides health concerns, mechanized and manual spraying
methods have other drawbacks. The mechanized spraying is
not target specific and is designed to spray a crop strip with
preadjusted height (e.g., for spraying just the grape clusters
the farmer will preset the spray nozzles to spray a strip 0.5 m
wide with no consideration of the fruit location). Furthermore,
manual spraying is tedious work, slow, and limited due to the
lack of workers in agriculture.

The use of spraying nozzles in modern industry is
widespread for different applications such as cleaning [7],
coating [8], fire suppression [9], and painting [10]. Manufac-
turers offer a wide range of nozzles with manually adjustable
spraying angles and even automatic spraying systems that can
control the flow rate (e.g., Spraying Systems co, PulsaJet, and
AutoJet).

Due to the nature of the products and applications in the
industrial domain, the nozzle spraying angle is preset manually
according to the designated target, which is well defined. In the
agricultural domain, the targets have inherent high variability
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Fig. 2. Grape clusters captured from a commercial vineyard. (a) Grape
clusters image. (b) Binary image of the same scene.

in size (e.g., watermelon and lettuce) and shape (e.g., grape
clusters, cherry tomatoes, eggplant, kiwi, and strawberry) [11]
that requires adjusting the spraying coverage to the specific
target. This paper is focused on finding a spraying solution
for these amorphous variable-shape and size objects aiming to
spray individual targets specifically by setting the diameter of
the spraying according to the shape and size of the target.

This paper is part of an ongoing research aimed to replace
the traditional spraying methods with an agricultural robotic
sprayer [12]. The robot navigates autonomously along the
vineyard rows, and performs specific spraying toward detected
targets [13]–[17]. For site-specific spraying the target must
first be detected and then sprayed. This research focuses on
the spraying process so as to completely cover the target while
minimizing the amount of material sprayed. Ongoing research
focused on the target detection (both autonomously [17] and
with remote human supervision [14]–[16]) and on the devel-
opment of a fully operational agricultural spraying robot [18].

The targets in this case study are grape clusters in com-
mercial vineyards. The grape cluster’s shape is amorphous
with varying sizes and orientations. Fig. 2 shows the high
variances of the grape clusters. The orientation, size, and shape
are individual to each object in the scene.

Extensive research has been performed over the past
two decades on spraying robots, mainly for the automotive
industry [19], with a focus on path planning of the robotic
arm and achieving uniform paint thickness layers [20]–[25].

Several agricultural spraying robots have been developed
for weed control and plant protection applications [26]–[39]
aiming to reduce the use of pesticides while preventing crop
losses due to pests [40].

The goal of this paper was to develop an accurate, target-
specific, spraying device that can replace the human operator.
The novel spraying system aims to spray targets accurately and
specifically without human intervention. The diameter of the
sprayer is set according to the shape and size of the target simi-
lar to the recently proposed patent [41] that suggests a change-
able nozzle aperture. However, in this paper, the proposed
approach was designed, built, and implemented in real-world
conditions and included experimental procedures and experi-
ments for evaluation and validation of the spraying device for
agricultural amorphous shapes and variable-sized targets.

Preliminary work was performed in order to analytically
evaluate three optional methods for specific target spraying,
focusing on the spraying technique to ensure full coverage of
the detected target with minimum spray [13].

The evaluated spraying methods were as follows [13].

1) Fixed Nozzle Spacing: In this method, we assume that
a set of nozzles are organized vertically on a spraying
column with predetermined spacing. The nozzle position
and the spray diameter are set prior to the spraying
process regardless of the target’s shape and size. While
the sprayer vehicle travels along the crop row, the
nozzles spray synchronously (using an electric valve)
in order to cover the target.

2) Optimal Spray Coverage: In this method, we assume
that the spraying is performed using a single spraying
nozzle attached to a pan tilt unit (PTU) and is capable
of directing the nozzle. The spray diameter of the nozzle
is set prior to the spraying process. Since the spray
diameter is fixed, each target will require several sprays
for full coverage.

3) One Target–One Shoot (OTOS): In this method, we
assume that a spraying nozzle is attached to a PTU and
can change the spraying diameter automatically. Using
this method each target is sprayed once with a diameter
that covers the entire target.

The analytical evaluation of these methods on 129 images
captured from a commercial vineyard showed that the best
method for spraying these targets is the OTOS spraying
method [13]. Preliminary economic analysis indicated that the
OTOS spraying method is advantageous for the farmer as long
as the cost of pesticide waste is lower than $6/m2 [13].

The main contribution of this paper is the design, imple-
mentation, and experimental framework of a novel device that
sprays targets accurately and specifically without the presence
of a human operator. Economic analysis of the savings is
provided.

II. ADJUSTABLE SPRAYING DEVICE

An adjustable spraying device (ASD) was designed and
built as an experimental tool in order to implement the
OTOS spraying method [13]. The device is mounted on a
mobile robotic sprayer and supplies pressurized pesticide. The
operational concept of the ASD is as follows:

1) direct the nozzle to face the crop (perpendicular to the
crop);

2) capture an image using the ASD camera;
3) find the target’s positions and diameters;
4) for each target perform the following routine:

a) direct the ASD toward the target center;
b) adjust the nozzle diameter to equal the closing

circle diameter of the target; and
c) open the sprayer electric valve for a specific pre-

defined duration.
The ASD is presented in Fig. 3(a)–(c). The ASD base is

constructed from three aluminum parts, two pressure plates
that mount the spraying nozzle and the two line beam lasers,
and a shoulder. The shoulder is connected to the pressure plate
with four screws and can be height adjusted.

The ASD was based on a commercial spraying nozzle
(AYHSS 16) using the recommended spraying pressure of 20
bar. The spraying nozzle is constructed from two parts, the
nozzle base and the nozzle cup. The nozzle base is mounted on
the pressure plates. The pressurized pesticide hose is connected
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to the nozzle base and the flow is controlled using an electric
valve (ON/OFF). The spraying diameter can be controlled by
rotating the nozzle cap over the nozzle base. This nozzle was
chosen as it is in common use among farmers who adjust the
spraying diameter prior to the spraying task.

A stepper motor, mounted on the shoulder, is used to control
the spraying diameter. The stepper motor is connected to
the nozzle cap using two tangent gears, one connected to
the stepper motor [Fig. 3(a), black gear and 28 tooth] and
the other connected to the spraying nozzle cap [Fig. 3(a),
white gear and 42 tooth]. The stepper motor is controlled
using a digital stepper motor driver (LEADSHINE DM556).
Rotational feedback of the stepper motor is acquired using a
rotational potentiometer (10 rounds, 1 K�) connected to the
stepper motor gear. An Arduino (uno) board closes the stepper
motor position loop using feedback from the potentiometer and
the desired circular position.

Other peripheral sensors are mounted on the ASD; a laser
distance sensor (SICK DX35) for measuring the distance
between the device and the target, a color camera (Microsoft
studio cam) for capturing images from the field for automatic
target detection, and two-line beam marking lasers (532 nm,
50 mW, 60°) positioned horizontally and vertically for marking
a cross (+) over the target. The entire device is mounted on
a PTU (FLIR D46-17) able to rotate horizontally ±180° and
vertically +31° up to −80°.

A PC computer is connected to an Arduino board, laser
distance sensor, color camera, PTU, and the electric valve
controlling the pesticide flow. The main software for managing
the ASD was based on Microsoft Visual Studio (c#). The
software collects data from the ASD sensors and controls
the ASD orientation by adjusting the PTU, the ASD nozzle
by rotating the stepper motor, and the electric valve
opening/closure, according to the collected data.

III. SPRAYING DEVICE PRELIMINARY EXPERIMENTS

Two preliminary experiments were conducted in order to
evaluate the pesticide flow rate and the spray deposition with
different nozzle apertures.

A. Flow Rate Evaluation

A flow rate experiment was performed to evaluate the
pesticide flow rate for varying spraying nozzle apertures. The
experimental setup included setting up a spraying pressure of
20 bar (the recommended pressure for this type of spraying
nozzle). The spraying duration was controlled by a computer
using the electric valve.

Twenty-one nozzle apertures that cover the full rotation
scale of the nozzle were measured. For each aperture, three
sprays were measured with a 4 s delay between the mea-
surements (the delay was derived empirically to allow the
remaining drops to leave the nozzle orifice). The duration of
each spray was 1 s. The sprayed material was tap water.

The flow rate evaluation results (Fig. 4) show the relation
between the flow rate and the corresponding angular position
of the nozzle cup.

Fig. 3. Spraying device. (a) Isometric view–CAD. (b) Front view.
(c) Side view.

B. Spray Diameter Evaluation

The spray diameter (spray cone) for varying nozzle aper-
tures was evaluated to enable adjustment of the nozzle aperture
to correspond to the target size.
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Fig. 4. Flow rate evaluation results. Angular position of the nozzle cup was
measured using the rotational potentiometer attached to the stepper motor
gear.

Fig. 5. Configuration of an experiment for spray diameter evaluation.
(a) Experimental scheme. (b) Field view of the experiment.

The experimental setup [Fig. 5(a) and (b)] included the ASD
facing the target base with a target attached. The target base
was constructed from steel net and was mounted vertically on
a manually controlled conveyor in front of the ASD [Fig. 5(b)].
The target used was a white paper sheet, 0.5 m wide, which

Fig. 6. Example of a single frame extracted from captured spraying movie.
Using the captured frame, the boundaries (upper and lower) and the spray
diameter of the sprayed target were extracted.

was stretched from top to bottom and fixed to the target
base [Fig. 5(b) shows the target fixed to the target base
after spraying]. In order to view the spray deposition and
postanalyze the position of the spray, a red water-soluble food
dye (Florma red 696) was used as pesticide replacement.

Each spray repetition included the following steps: 1) attach-
ing a new target to the target base; 2) setting the nozzle
aperture to the desired value; 3) opening the spray flow;
4) starting the conveyor movement toward the spray jet; and
5) after the entire target base has crossed the spraying jet,
the spray flow is closed and the conveyor stops. To focus on
the ASD operation only it was important to ensure that the
ASD was operated in static conditions. Hence, it was operated
when the robot was not moving.

Image acquisition software was designed to capture a movie
along the spray process. After each spray repetition, the
captured movie was saved for postanalysis. Each movie was
manually scanned by a human expert to extract a single frame
containing the target in midframe. The extracted frame was
analyzed manually for the spray boundaries (Fig. 6). As the
spray has a cone-base shape, the spray diameter was evaluated
by measuring the distance (in pixel units) between the upper
and lower spray boundaries.

Experiments were performed at three distances between the
ASD and the target (0.5, 1, and 1.5 m). For each distance the
nozzle angular positions were set between 175 and 210 with
increments of 5 (units in potentiometer �). Three measure-
ments were conducted for each distance-aperture combination.

All experiments were performed at dawn ensuring no-wind
conditions (this was confirmed by measuring the wind speed
using Skywatch Xplorer 1).

The experimental results shown in Fig. 7 reveal the relation
between the nozzle aperture and the spray diameter for three
measured distances. The measured spray diameter increases as
the distance increases. In theory, the three curves are supposed
to unite since both the camera field of view and the spraying
cone have a linear trajectory. The spray dispersion is probably
caused by the spray jet turbulence and air drag that affects the
spray dispersion.
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TABLE I

SUMMARY OF EXPERIMENTAL RESULTS

Fig. 7. Experimental results of the spray diameter for three measured
distances.

The spray diameter increases with the increase in distance
between the nozzle and the target (Fig. 7). This is because in
the experiment the spray diameter is measured using the digital
camera, which is located at the same distance as the spraying
nozzle [Fig. 3(b), the spraying nozzle and the camera are
located together], and is expressed using pixels units. Hence, in
reality, the measured spray diameter does not increase with the
increase in the distance, but remains approximately constant
due to the digital camera perspective.

Table I presents the curve fitting parameters for Fig. 7,
where NA is the nozzle aperture and SD is the spray
diameter.

Using the resulting curves for the different distances, the
nozzle aperture can be calculated after extracting the target
diameter. The spraying distance in most commercial vineyards
is between 500 and 1500 mm. In order to correlate between
the spraying distance and the nozzle aperture, an interpolation
of the distance and the nozzle aperture can be applied.

IV. EVALUATING THE ASD PERFORMANCE

An experiment was conducted in order to evaluate the
performance of the ASD while implementing the results of
the previous experiment (Table I). To focus the evaluation on
the spraying device only, the robotic sprayer is designed to
perform the spraying task in step mode (Fig. 8): the robot
travels a single step along the vineyard row, stops, captures
image from the field, sprays the targets, and moves another
step forward. Hence, the spraying operation is performed while
the robot is static (the operation of the ASD occurs only when
the robotic platform is not moving).

One of the secondary goals of this experiment was to pro-
vide insights into the overall work procedure of the complete

Fig. 8. Robotic sprayer work procedure. The following experiment procedure
was based on this figure procedure, including the steps of directing the PTU
toward the target core, adjusting the spraying nozzle, and the actual spraying.

spraying system, which will include the robot equipped with
an ASD.

A. Experimental Setup

During the experiment the ASD was attached to the robotic
sprayer, which as aforementioned, was operated in step mode
while advancing along the vineyard row (Fig. 8). During this
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Fig. 9. Experiment configuration. (a) Experimental scheme. (b) Field view
of the experiment.

experiment, the robotic sprayer was programmed to track a
straight baseline placed at a 1.6 m distance from the target
base (red plastic strip 50 mm width) [Fig. 9(a)]. The robot
was programmed to travel 1.6 m at each step. The ASD is
mounted perpendicular to the robot’s travel direction and faces
the target’s base [Fig. 9(a)]. The target’s base is a polyethylene
net (50 mesh), 11 m long, stretched between two anchoring
poles and positioned parallel to the baseline. The targets are

attached to the target’s base and the center of the target is
positioned 1.55 m high. In order to ensure a single target per
image, the targets were positioned at intervals of 1.6 m, similar
to the robot’s travel distance.

The targets are blue polyethylene round circles with varying
diameters (300, 250, 230, 210, 190, 170, and 150 mm).
To simplify the detection and classification of the targets, a
red circle was attached to the center of the main target. The
diameter of the red circle was one-third of the blue circle
diameter.

Artificial targets were used to enable accurate target detec-
tion. The targets consisted of a round blue, polyethylene
with different diameters (150, 170, 190, 210, 230, 250, and
300 mm). A round red, polyethylene target was mounted at
the center of the blue target. The diameter of the red target
was a third of the blue corresponding target [Figs. 9(b)–11].

The target detection algorithm was based on color threshold-
ing and was implemented using MATLAB software equipped
with the image processing toolbox as follows:

1) capture input RGB image (800 × 600) [Fig. 10(a)];
2) create three ratio images, green/red, blue/red, blue/green

[Fig. 10(b)–(d), respectively];
3) threshold the ratio images. The threshold value was

set as the average image pixel value multiplied by 1.5
[Fig. 10(e)–(g)];

4) merge (logical AND) the resulting binary images
[Fig. 10(h)];

5) fill holes in the image using morphological operations
(using MATLAB command imfill) and apply the removal
of small clusters (<500) that are considered as noise
(using MATLAB command bwareaopen) (Fig. 10(i)];

The next steps were developed to distinguish between true
and false targets and were applied to each of the detected
targets;

6) isolate the bounding box of the target [Fig. 10(j)];
7) convert the RGB image into HSV representation and

isolate the hue and saturation channels;
8) apply thresholds on the hue channel (with a scale of

0 ∼ 1, hue >0.9, and hue <0.1) to extract the red area
[Fig. 10(k)];

9) count the number of red pixels and compare with
the number of blue pixels. In theory, the outcome
ratio value should be 9; however, since the images
are acquired in real-world conditions, the ratio allowed
is according to the following conditional statement:
7 < (blue + red/red) < 11. If the conditional statement
is true then the detected target is defined as a true target,
else, it is noted as a false detected target [Fig. 10(l)].

Following the detection process the program extracts the
coordinates of the detected target’s center and the minimum
closing circle diameter in pixel units. These measures are
used to control the sprayer (i.e., direct the PTU toward the
target center and adjust the spraying diameter according to
the closing circle diameter).

The target detection algorithm, with all of its steps and
unique values, was developed specifically for the artificial
targets that were used in the experiments and it is not the
core of this paper. Needless to say that in order to use the
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Fig. 10. Target detection procedure. Algorithm output image (I) shows the
detected target (red) and the surrounding circle (light blue). Number in
the circle represents the diameter of the surrounding circle needed to cover
the entire target.

suggested ASD, a specific target detection algorithm must be
developed for the specific crop (see [17]).

Similar to the previous experiment, a red water-soluble food
dye (Florma red 696) was used as pesticide replacement to
ease detection of the spray deposition.

The sprayed area was evaluated both manually by measuring
the sprayed area’s diameter immediately after each spray, and

Fig. 11. Image captured immediately after spraying.

Fig. 12. Experimental results. Each column represents the average sprayed
diameters of 12 sprays (robot repetitions). Results are standard deviations
shown in each column. Red line (secondary axis on the right) measures the
ratio between the sprayed diameter and the target size.

by image processing of images captured immediately after
each spray (Fig. 11).

B. Experimental Design

The experiment included 12 repetitions of the robot travel-
ing along the baseline and spraying the seven targets attached
to the target base. Each target was sprayed for 2 s. All the
experiments were conducted early morning. The measured
wind speed was zero in all the experiments (measured using
Skywatch Xplorer 1).

C. Experimental Results

The results described here use the ASD in automatic mode:
the ASD automatically directs the PTU toward the target center
and adjusts the spray diameter according to the closing circle
diameter of the detected artificial target.

A visual inspection revealed that each target was fully
covered by the spray (as noted in Section II and in Fig. 11).
The experimental results are summarized in Fig. 12. The spray
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Fig. 13. Pesticide usage estimation. Graph shows the estimated amount of
pesticide use while using both the ASD and the traditional spraying method
for three spraying durations.

flows under gravitational force (Fig. 11) increasing the spray
spot size, which complicates the spray diameter analysis and
was thus eliminated from the spray diameter evaluation.

The results of the automatically adjustable spray diame-
ter show a constant increase in the sprayed diameter with
increase in target size; however, the ratio between the sprayed
diameter and the target size decreases. This ratio can be
addressed as the false detection ratio, and according to Fig. 12
this ratio decreases with increase in the target size. The
150 mm diameter target was sprayed with a coverage diameter
of ∼250 mm, whereas a 300 mm diameter target was sprayed
with a coverage of ∼425 mm. Hence, the amount of material
saved increases as the size of the target increases.

D. Spraying Reduction Estimation

Potential pesticide reduction was calculated by comparing
the ASD spraying with the traditional continuous spraying
method [Fig. 1(b)]. The analysis was conducted for the
ASD spraying method performed using a robotic sprayer
working in step mode as described above, and the traditional
spraying method applied using a robotic sprayer that travels
along the row at a constant speed with three nozzles constantly
open.

Evaluations were conducted for three spraying durations
(the duration the nozzle is open to spray) and several number
of targets per frame, as shown in Figs. 13 and 14. The
estimation was calculated for spraying on one side of a single
100 m row of a commercial vineyard.

The results (Figs. 13 and 14) reveal that approximately 14
targets per frame is the equilibrium point between the two
spraying methods. For less than 14 targets per frame it is
recommended to use the ASD method and vice versa. The
reduction in spraying material decreases as the number of
target spraying times increase as expected.

Reduction of 45% (39.41 and 72.66 l for the ASD and
traditional spraying, respectively) of spray material is achieved
for the experimental conditions of 7.89 targets per frame

Fig. 14. Pesticide reduction estimation. Graph shows the estimated amount of
pesticide that can be reduced while using the ASD spraying method instead of
the traditional one. It is recommended to use the ASD method for all positive
values. Traditional spraying method is preferable for negative values.

(corresponds to [13] and data evaluated from a commercial
vineyard located in Israel during the growing season of 2009)
and a 0.33 m/s robot traveling speed (corresponds to the
recommended forward speed when using nozzles with a spray
diameter of 0.33 m).

V. DISCUSSION AND CONCLUSION

The suggested device and spraying method enable to per-
form the spraying task efficiently and economically. The main
contribution of this paper is in developing and evaluating a
novel spraying device that ensures full coverage of the detected
target with minimum spray. Pesticide application is reduced by
spraying each target individually. This is achieved by directing
the spraying device toward the center of the target using a
PTU and setting the diameter of the spraying according to
the shape and size of the target (according to the closing
circle diameter of the target). The suggested ASD can be
incorporated for different agricultural crops and for a variety of
commercial applications. However, for each crop/application,
specific target detection algorithms must be developed.

The overall spraying duration for a single target was 11 s.
This duration included general software commands, commu-
nication between main software and peripherals (MATLAB,
Arduino), machine vision, PTU repositioning, spraying nozzle
aperture adjustment, spraying, and capture of image postspray-
ing. It also included some software pauses located at critical
points in the software. These pauses were used to control the
experiment and to verify that the ASD was functioning as
designed. The accumulated time of the pauses was 8 s and
the spray time was 2 s. By eliminating the software pauses,
the spraying time for a single target can be reduced to 3 s
including the 2 s spraying time. Further time reduction can
be achieved by optimizing the machine vision algorithms and
the overall ASD control software. The spraying can also be
achieved while the robot continuously advances along the row.
However, to achieve this, the future work should address the
implementation of the ASD operation while the robot platform
advances along the row (i.e., with no stops).
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While applying the traditional spraying method, the robot
speed can be doubled by adding a parallel spraying nozzle
to each existing one. However, the agronomic effect of this
must be evaluated in the future research in actual growing
conditions before application. Furthermore, the reduction of
pesticides application achieved must be analyzed in real-world
conditions for different speeds along with agronomic tests.

As the results revealed reduction in spraying material
decreases as the number of targets’ spraying times increase
as expected, and there is an equilibrium point between the
two spraying methods. For less than 14 targets per frame,
it is recommended to use the ASD method and vice versa.
The results also indicated that the amount of material saved
increases as the size of the target increases, implying advent
of the technology as the crop grows along the season.

The ASD can be operated independently (for spraying
moving objects using a conveyor) or equipped on a mobile
robotic platform. For full robot operation crop-specific target
detection algorithms must be developed (see [17]). Navigation
algorithms with corresponding sensors must also be imple-
mented (see [42]). Actual pesticides savings depends on the
performance of the detection and navigation algorithms, hence
these must be validated in the future experiments to ensure
economic feasibility. The future work should also deal with
specific crops, pests, and pesticides including evaluation of
the spraying characteristics and their agronomic effect (e.g.,
droplet size, droplet spread, spray surrounding coverage, and
different spraying material) and include both real-time and
economic performance evaluation.
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