
Abstract
Labour shortages and fatal accidents in agricultural work have

recently emerged as critical problems in Japan, necessitating pro-
ductivity enhancement, workload reduction, and safety assurance.
Therefore, in Japan and countries with similar agricultural envi-
ronments, the use of small and inexpensive agricultural robots that
can be employed in mountain farms and orchards is desirable. In
this study, a dynamic positioning test was performed in orchards
in a mountainous region to verify the positioning accuracy and
stability of the global navigation satellite system (GNSS) and real-
time kinematic (RTK)-GNSS. In addition, a simulator for an agri-
cultural robot that could consider the environmental information
of orchards was developed, and driving tests were conducted
using the GNSS data acquired in the simulation. The error of the
GNSS module was set to be higher than that for the measured
value, and the robot travelling in the orchard was simulated. The

results of GNSS positioning tests in an orchard near a mountain-
ous area indicate that in the specific environmental conditions, the
RTK-GNSS and stand-alone (SA)-GNSS can attain a positioning
accuracy with an order of tens of centimetres and few metres,
respectively. Moreover, the simulation results based on the GNSS
positioning results indicate that a vehicle implementing RTK-
GNSS and a simple obstacle detection sensor can travel
autonomously in a farmyard without colliding with the tree rows.
In contrast, a vehicle implementing SA-GNSS and a simple obsta-
cle detection sensor cannot drive autonomously in an orchard and
must realise self-positioning using a more accurate sensor.
Therefore, the proposed approach of realising simulations of
autonomous agricultural robots based on GNSS data from a real
orchard can facilitate the evaluation of practical agricultural
robots and confirm safe travelling roots. Furthermore, the results
demonstrate the possibility of developing small agricultural robots
for orchards. We conducted the GNSS positioning test in an
orchard at an altitude of approximately 830 m. A similar perfor-
mance can be expected under alike agricultural situations because
the error of the GNSS module was set to be higher than the mea-
sured value in the driving simulation test.

Introduction
Recently, the declining and ageing population of agricultural

workers in Japan has emerged as a critical problem. The agricul-
tural working population (the number of people engaged in self-
employed farming as a profession) has decreased from approxi-
mately 1.757 million (2015) to approximately 1.363 million
(2020) in the last five years. Moreover, the proportion of individ-
uals aged 65 y or more in the agricultural working population has
increased from approximately 64.9% (2015) to approximately
69.6% (2020) (Japan Ministry of Agriculture, Forestry and
Fisheries, 2021). The agricultural industry generally involves a
considerable workload with high accident risks. Notably, the fatal
injury rate per 100,000 farmers was evaluated to be as high as
16.7% (2019), higher than that in other industries (National
Agriculture and Food Research Organization, 2019).

Consequently, enhancing productivity, reducing the labour
load, and ensuring safety is necessary. The Japan Ministry of
Agriculture, Forestry and Fisheries (2020) recommends using
smart agricultural technology in various areas, such as mountain-
ous regions, for entities such as vegetables and fruit trees. In other
words, automated machine work is significant to enhance safety
and efficiency to overcome the abovementioned problems.

To ensure efficient robotic operations in the agricultural
domain, locating the work area and ensuring the robot self-posi-

Correspondence: Yuya Aoyagi, Faculty of Agriculture, University of the
Ryukyus, 1, Nishihara Town, Nakagami-gun, Okinawa Pref. 903-0213,
Japan. E-mail: y_aoyagi@agr.u-ryukyu.ac.jp 

Key words: agricultural robot; automatic travelling; real-time kinemat-
ic-GNSS; travelling simulation.

Funding: this work was supported by MAEDA SEISAKUSHO CO.,
LTD. 

See the online Appendix for additional Figures.

Received for publication: 19 January 2022.
Revision received: 22 June 2022.
Accepted for publication: 27 July 2022.

©Copyright: the Author(s), 2023
Licensee PAGEPress, Italy
Journal of Agricultural Engineering 2023; LIV:1355
doi:10.4081/jae.2023.1355

This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License (by-nc 4.0) which permits any non-
commercial use, distribution, and reproduction in any medium, provid-
ed the original author(s) and source are credited.

Publisher's note: all claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article or claim that may be made by its man-
ufacturer is not guaranteed or endorsed by the publisher.

Automatic travelling of agricultural support robot for a fruit farm -
Verification of effectiveness of real-time kinematic-global navigation 
satellite system and developed a simulator for specification design
Ren Hiraoka,1 Yuya Aoyagi,2,3 Kazuki Kobayashi4

1Faculty of Engineering, Shinshu University, Nagano city, Nagano Pref.; 2Research Centre for Social Systems,
Shinshu University, Nagano city, Nagano Pref.; 3Faculty of Agriculture, University of the Ryukyus, Nakagami-gun,
Okinawa Pref.; 4Academic Assembly, Shinshu University, Nagano city, Nagano Pref., Japan

[page 10]                                             [Journal of Agricultural Engineering 2023; LIV:1355]                                  

                             Journal of Agricultural Engineering 2023; volume LIV:1355

Non
-co

mmerc
ial

 us
e o

nly



tioning is necessary. In this context, the global navigation satellite
system (GNSS) technology has been widely implemented (Weise
et al., 2000; Keicher and Seufert, 2000; Nørremark et al., 2008;
Kayacan et al., 2014; Allred et al., 2018; Freeland et al., 2019) to
enable the development of cost-effective agricultural robots
(Søgaard and Lund, 2007; Hossein, 2013; Rovira-Más et al.,
2015). Moreover, expensive and highly accurate systems such as
real-time kinematic (RTK)-GNSS have been implemented to auto-
mate large agricultural machines. For example, in Japan, research
and development of robotic farm machinery based on high-preci-
sion GNSS have been conducted for paddy rice production
machinery such as tractors, rice transplanters, and combine har-
vesters (Nagasaka et al., 2000; Kise et al., 2002; Matsuo et al.,
2009; Iida et al., 2013; Zhang et al., 2015; Ogura, 2017; Miyamoto
et al., 2017), and large machinery has been distributed commer-
cially. However, it is economically infeasible to incorporate expen-
sive positioning systems in small-scale agricultural machinery in
relatively small fields. Consequently, researchers actively seek
techniques to attain high accuracy at a low cost (Chosa et al., 2007;
Barawid and Noguchi, 2008; Barawid and Noguchi, 2010).
Recently, low-cost RTK-GNSS systems were introduced in agri-
cultural machinery (Kaizu et al., 2018; Han et al., 2019).

Notably, not all precision agriculture operations require the
same level of location accuracy (Pérez-Ruiz et al., 2021).
Nevertheless, the accuracy should be satisfactory in the operational
environment. Even in highly accurate systems such as RTK-
GNSS, the accuracy decreases as the distance from the base station
increases (Alkan et al., 2020), and it is necessary to verify the
accuracy in different countries and regions in terms of the number
of satellite signals available. Some researchers attempted to vali-
date the GNSS accuracy in agricultural areas in different areas
worldwide (Pérez-Ruiz et al., 2011; Guo et al., 2018; Catania et
al., 2020). In an open-sky environment such as a paddy rice field,
the GNSS can help realise highly accurate positioning (Santos et
al., 2019).

In contrast, in an orchard or mountainous areas, the presence
of trees affects the GNSS positioning accuracy. In particular, Li et
al. (2009) stated that robot localisation based on GNSS receivers is
susceptible to operation failure when trees or leaves block the
GNSS signals. Furthermore, Kabir et al. (2016) indicated that the
root mean square error (RMSE) values pertaining to the use of a
multi-GNSS receiver in an open field, an orchard, and a mountain-
ous area in Korea were 0.152 m, 0.182 m, and 1.13 m, respectively.
Pini et al. (2020) indicated that the RTK-GNSS positioning errors
(approximately 2.5-10 cm) under foliage in an orchard or vineyard
were higher than those in the open-sky condition. Thus, a GNSS
system cannot yield sufficient accuracy for robotic work in
orchards and mountainous agricultural areas.

The feasibility of combinations of different methods has been
examined to achieve robust and accurate positioning in orchards or
mountain areas. In addition to GNSS systems, vision cameras, and
light detection and ranging (LiDAR) frameworks can be used as
local sensors to sense environmental information, and filter pro-
cessing and simultaneous localisation and mapping (SLAM) can
be conducted to estimate the self-position with high accuracy
(Cheein et al., 2011; Blok et al., 2019; Guevara et al., 2020).
However, applying methods such as LiDAR and SLAM requires
high-precision sensors and powerful computing resources, which
renders the implementation expensive. In addition, the latter con-
sumes much power, which reduces the battery life. Although the
benefits of such implementations may offset the installation cost in
the case of large-scale and highly efficient machines, the economic
feasibility is questionable in the case of small farm machines.

In Japan, mountainous areas account for approximately 40% of
the total arable land, and the average area per farm entity is 2.2 ha
in prefectures excluding Hokkaido (Japan Ministry of Agriculture,
Forestry and Fisheries, 2021). These small-scale farmers usually
use small and medium-sized machines to achieve reasonable safety
and workability under environmental conditions specific to moun-
tainous areas and Japanese orchards. In this context, the use of
small and inexpensive agricultural robots that can be used in
mountain farms and orchards is desirable. Therefore, in this study,
we focused on small robots for transporting harvested production
(heavy goods) in mountain orchards. It is necessary to measure the
accuracy of GNSS in Japanese mountain orchards and evaluate the
applicability of using GNSS for robotic work in such environ-
ments. In addition, combinations of various sensors must be tested
to develop a low-cost and practical robot while minimising the
number of necessary sensors. Simulations based on real GNSS
data and environmental information can help validate practical
robotic tasks and determine the appropriate robot specifications.

Research on small robots in orchards in mountainous areas is
insufficient to develop practical robots. In this study, a dynamic
positioning test was conducted in orchards in a mountainous
region to verify the positioning accuracy and robustness of SA-
GNSS and low-cost RTK-GNSS. In addition, a simulator for an
agricultural robot was developed considering the environmental
information of orchards, and driving tests were conducted using
GNSS data acquired in the simulation. Finally, the results were
analysed to clarify the effectiveness of GNSS for robotic opera-
tions in Japanese fruit orchards and the importance of evaluating
practical robot travelling via simulations.

The remaining paper is organised as follows. The next section
describes the conditions associated with the dynamic GNSS posi-
tioning experiments. Moreover, details of the developed simulator
for an autonomous agricultural robot are presented, and the driving
tests performed considering the acquired GNSS data and environ-
mental information are described. The following one presents the
results of GNSS positioning in orchards and simulated driving
tests. The effectiveness of GNSS in Japanese orchards and simula-
tion methods to determine the practical specifications of the
autonomous agricultural robot are discussed. Finally, the last sec-
tion presents the concluding remarks.

Materials and Methods

Survey of real-time kinematic-global navigation 
satellite system receiving status in fruit farms

The experiment of this study was conducted on 18th September
2020 at a fruit orchard in Minowa-machi, Kamiina-gun, Nagano
Prefecture, Japan, which is located near the foothill of the eastern
side of Kurosawayama Mountain (2126 m above sea level) and the
north-eastern side of Mt. Kyoga (2296 m above sea level). The alti-
tude of the orchard is approximately 830 m. The prefectural gov-
ernor designates the area in which the orchard is located as being
unfavourable owing to its natural, economic, and social conditions
and being covered by the direct payment scheme for mountainous
areas in April 2020 (Nagano Prefecture, 2020). 

A dual-frequency RTK-GNSS receiver and a single-frequency
SA-GNSS receiver were used in the experiment of this study. The
former cost was approximately 450 US dollars, and the correction
signal was provided by a commercial service (SoftBank Corp.,
Ichimill). The RTK correction signal was transmitted from more
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than 3300 base stations nationwide and was valid within the soft-
bank long term evolution (LTE) area. The position output rate of the
RTK-GNSS receiver was 1 Hz. Table 1 lists the specifications of the
RTK-GNSS receiver and SA-GNSS receiver. The accuracy of the
GNSS receivers in the field was verified from the position informa-
tion acquired by carrying the receiver on a cart along the same
route. Based on a previous report, the location information was cal-
culated from the acquired latitude and longitude (Kawase, 2011). 

To perform a comparative analysis, the results of three types of
fields were considered: a short-tree apple field, a new type of apple
field (high-density planting and short tree), and a pear field. Figure
1 shows the images of the harvesting route in each field. The centre
of a harvest aisle was used as the experimental route. A starting
point, intermediate points, and an endpoint were set on each route,
and the distance between each pair of points was measured using a
measuring tape (UniGrip Flix 50 m). The operator pushed the cart
at a normal walking speed (approximately 0.5-1.0 ms–1) and
stopped it at each point of the route for approximately 30-60 s. 

In the verification process, we compared the measured dis-
tance with the calculated distance based on the information from
both receivers. Table 2 lists the experimental conditions in each
orchard. In addition, we examined the positioning status of all the
roads in the field (to examine if any difficulties were encountered
in positioning) and compared the accuracy of both receivers.
Finally, the results were analysed to clarify the effectiveness of
GNSS in the fruit orchard in Japan in a mountainous area.

Travelling simulation based on global navigation 
satellite system accuracy in the orchard

The robot operating system (ROS) was used as the software
platform, and Gazebo, an open-source 3D robot simulator with a
physics engine, as the simulator. The ROS library, hector_gaze-
bo_plugins, and gazebo_plugins were employed as the virtual
module on the simulator. In this simulation, a crawler vehicle was
selected as the vehicle model, capable of running on various road

surface conditions. Figure 2 shows the crawler vehicle model.
Table 3 lists the specifications, control parameters, simulating
environment, and sensor modules of the vehicle. The number of
sensor modules was set to be as small as possible without compro-
mising the practicality of the farm work. Driving along the target
route and detecting workers and obstacles were assumed to be nec-
essary for practical use.

Figure 3 shows the process flow of the control algorithm that
adopted the information from the virtual sensor modules. The con-
trol algorithm estimated the heading of the vehicle in the direction
of travel, and if the vehicle deviated significantly from the target
path, it implemented a stop-and-turn manoeuvre on the spot; in
other situations, the algorithm implemented feedback control by
considering the deviation between the target path and GNSS data.
Sonar sensors for the detection of obstacles were mounted in front
of each side of the vehicle. If an obstacle was detected on the target
path, the vehicle avoided it, and feedback control was resumed
when it returned to the path. In the obstacle avoidance mode, the
robot moved along the perimeter of the obstacle and aimed to
return to the target path. To estimate the vehicle’s direction of trav-
el, we applied the Madgwick filter (Madgwick, 2010) to the infor-
mation obtained from the onboard inertial measurement unit
(IMU) and magnetometer to estimate the vehicle’s attitude. The
point on the target path closest to the GNSS positioning was set as
the current point, and that on the target path, 1.5 m from the current
point, was set as the reference point. The angle between the line
connecting the reference point and GNSS positioning and the vehi-
cle’s direction of travel was set as the difference of the yawing
angle. If this difference exceeded a threshold, the vehicle was
judged to deviate significantly from the route, and the vehicle per-
formed stop-and-turn manoeuvres until the difference was reduced
to less than the threshold. The vehicle followed the target path by
proportional, integrated, and derivative (PID) control if the differ-
ence did not exceed the threshold. Equations 1 and 2 denote the
operation value of the right and left crawlers, respectively, and

                             Article

Table 1. Specifications of the real-time kinematic-global navigation satellite system receiver and stand-alone--global navigation satellite
system receiver.

GNSS type                                      Category                                                                              Specifications

RTK-GNSS                                                    Chipset                                                                                                          UBLOX ZWD-F9P
                                                                                                                                                                                               Dual frequency support
                                                                       Supported satellites system                                                                    QZSS (L1, L2)
                                                                                                                                                                                               GPS (L1, L2)
                                                                                                                                                                                               GLONASS (G1, G2)
                                                                                                                                                                                               Galileo (E1, E5)
                                                                                                                                                                                               BeiDou (B1, B2)
SA-GNSS                                                       Chipset                                                                                                          MEDIA TEK MT3339
                                                                                                                                                                                               Single frequency support
                                                                       Supported satellites system                                                                    QZSS (L1)
                                                                                                                                                                                               GPS (L1)
GNSS, global navigation satellite system; RTK, real-time kinematic; SA, stand-alone.

Table 2. Experimental conditions in each orchard.

Number of tests [times]                                                                                          6                                       5                                        4

Distance between start and end points [m]                                                                                     109.66                                         100.30                                           45.59
Distance between the start point and first intermediate point [m]                                            20.57                                           50.37                                             26.95
Distance between first and second intermediate points [m]                                                       18.77                                               0                                                    0
Distance between second intermediate point and end point [m]                                               70.32                                           49.93                                             18.64
This table is written on the north side of the aisle as the starting point
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Equation 3 indicates the system deviation.

   
(1)

   
(2)

                                                           (3)

                                                                                                      
The operating values of the left and right crawlers shown in

Equations 1 and 2 are switched by the value of the system devia-

tions shown in Equation 3, respectively. The vehicle can travel fol-
lowing the target path by controlling the operating value according
to Equations 1 to 3. In Equations 1-3, Kp, Ki, Kd and vcs denote the
proportional control coefficient [–], integral control coefficient 
[–], derivative control coefficient [–], and value required for con-
stant speed travelling [–], respectively. Furthermore, e(t), eR(t) and
eL(t) denote the deviations of the control system [–], the difference
in the reference point and calculated right crawler position based
on GNSS positioning [–], and the difference in the reference point
and calculated left crawler position based on GNSS positioning [–
], respectively.

The driving environment in the simulation was set to include
50-m-long rows of trees spaced 3.8 m apart. The area of each tree
(including the trunk, branches, and leaves) corresponded to a
diameter of 0.8 m, based on a simple survey of the actual apple
orchard (Figure 4). The road surface conditions in the driving envi-
ronment in the simulation were assumed to be flat, as the effects of

                             Article

Table 3. Specifications, control parameters, and sensor modules of the vehicle.

Category                                            Item                                                                                                         Value or name

Specifications of vehicle                               Mass of body [kg]                                                                                                                22
                                                                            Mass of right crawler [kg]                                                                                                 19
                                                                            Mass of left crawler [kg]                                                                                                    19
                                                                            Full length [m]                                                                                                                      0.55
                                                                            Full width [m]                                                                                                                       0.6
                                                                            Full height [m]                                                                                                                      0.45
                                                                            Width of crawler [m]                                                                                                           0.26
                                                                            Length of crawler [m]                                                                                                         0.55
Specifications of Sonar-sensor                   Distances of detection possible [m]                                                                              0.02-4.00
                                                                            Detectable range of vehicle pitching direction [°]                                                      15
                                                                            Detectable range of vehicle yawing direction [°]                                                        15
Control parameters                                        Kp [-]                                                                                                                                       18
                                                                            Ki [-]                                                                                                                                        5
                                                                            Kd [-]                                                                                                                                       3
                                                                            Threshold of yawing angle control [°]                                                                            10
Simulating environment                                Operating system                                                                                                                 Ubuntu 16.04
                                                                            Software platform                                                                                                                ROS Kinetic
                                                                            Simulator                                                                                                                                Gazebo 7.16.0
                                                                            Central processing unit (CPU)                                                                                         Intel Core i7-8700
                                                                            Graphics processing unit (GPU)                                                                                      GeForce GTX1660
Sensor modules                                              GNSS module (hector-gazebo-plugins)                                                                          GazeboRosGps
                                                                            Six-axis IMU module (gazebo_ros_pkgs / gazebo_plugins)                                     gazebo_ros_imu_sensor
                                                                            Earth magnetic field sensor module (hector-gazebo-plugins)                                 GazeboRosMagnetic
                                                                            Sonar sensor module (gazebo_ros_pkgs / gazebo_plugins)                                    gazebo_ros_range
GNSS, global navigation satellite system; IMU, inertial measurement unit.                                                                                                                                                                  
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slippage and other factors are small when only crawler vehicles
drive on the road. A position error was added to the GNSS position
information in the simulation based on the standard deviation of
the actual GNSS measurements in the orchard. The virtual module
was mounted on a crawler vehicle, which was assumed to be the
actual vehicle, and an orchard driving simulation was conducted.
The simulation results were considered to examine the practicality
of an orchard robot using GNSS.

Results

Accuracy of real-time kinematic-global navigation
satellite system in fruit farms

Figure 5 shows the position information obtained from the
RTK-GNSS and SA-GNSS receiver while travelling the same
route in the new type of apple field (magnified view of 10 m and
10 m sections in thenorth–south and east–west directions). As
shown in Figure 5, the same route can be measured with relatively
high accuracy in all the fields when using the RTK-GNSS; howev-
er, the SA-GNSS corresponds to a relatively low accuracy in all the
fields (Appendix Figures 1-4 show the position information
obtained from both receivers while travelling the same route in
apple and pear field). 

Table 4 lists the mean, maximum, and standard deviation of the
misalignment in the lateral direction (perpendicular to the direction
of travel) between the approximate lines of each GNSS positioning
value in each field. An average discrepancy of approximately 0.15-
0.36 m exists between the measurements of the RTK-GNSS in
each field. This discrepancy can be attributed to the different posi-
tions of the satellites at each measurement instance, the mutual
influence of the reception environment, such as foliage and trees
blocking the signals, and human error associated with the cart
operator. The corresponding discrepancy associated with the
GNSS measurements is 1.48-9.43 m, and the misalignment is rel-
atively large in all the fields. The misalignment can likely cause
undesirable robot operations, for example, collisions with tree
rows while travelling in the orchards.  

Figure 6 shows sample positioning plots for the RTK-GNSS
receiver during a halt (in the same period) at the midpoint of the
new type of apple field. Figure 6 shows that the standard devia-
tions in the north-south and east-west directions for RTK-GNSS
are 2.18×10–3 m and 3.29×10–3 m, respectively. At the same
point and time, the standard deviations in the north-south and
east-west directions for SA-GNSS are 2.49×10–1 m and
1.73×10–1 m, respectively (Appendix Figure 5 shows the posi-
tioning plots for the SA-GNSS receiver). The positioning data
for the distance determination were calculated from the average

values for the GNSS receiver position plots during the halt.
Figure 7 shows the mean and standard deviation of the abso-

lute value of error between the values derived from both GNSS
receivers and the actual value in each field. Figure 7 shows that the
average error of RTK-GNSS is less than 0.2 m in the short-tree
apple field and approximately 0.4 m in the pear and new type of
apple field. In addition, the average error of SA-GNSS is 1.8-2.9
m in each field. These results show that the distance travelled by
the receiver in the orchard can be estimated with an accuracy of
0.30-0.70 m for RTK-GNSS and 3.0-7.0 m for SA-GNSS. Stable
positioning can be realised in each aisle of fields when using RTK-
GNSS, and no missing positioning data or erroneous positions that
were far from the actual position were observed. 

Verification of the effectiveness of real-time kinematic-
global navigation satellite system

In the simulation, the vehicle was driven around a row of trees
to emulate harvesting operations in the apple field in which this
test was conducted. The error of the GNSS module was set to be
higher than that for the measured value to ensure a reliable evalu-
ation of the practicality of the robot. In the simulation involving
RTK-GNSS, the error deviation from the row central line for each
direction (north-south and east-west) was set to have a standard
deviation of 1.0 m in amplitude and a mean period of 10 s. The cor-
responding values for the SA-GNSS were 5.0 m and 10 s. Ten tri-
als were conducted for each type of GNSS to account for the ran-
domness of the error.

                             Article

Table 4. The mean, maximum, and standard deviation of the misalignment in the lateral direction between the approximate lines 
of each stand-alone-global navigation satellite system positioning value in each field.

GNSS type                   Target field                           Average [m]                            Maximum value [m]             Standard deviation [m]

RTK-GNSS                               Apple field                                               0.356                                                               0.435                                                        0.127
                                         New type apple field                                      0.146                                                               0.215                                                        0.050
                                                   Pear field                                                0.308                                                               0.648                                                        0.115
SA-GNSS                                  Apple field                                               1.479                                                               2.015                                                        0.495
                                         New type apple field                                      2.370                                                               3.577                                                        0.792
                                                   Pear field                                                9.429                                                              16.468                                                       3.633

Figure 2. Crawler vehicle model.
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Figure 8 shows the travelling trajectories for the vehicle
equipped with each type of GNSS. The vehicle using RTK-GNSS
can travel between the tree rows without collision. However, the
vehicle using SA-GNSS significantly deviates from the path after
travelling along the sixth row and cannot return to the path. In the
10 trials, the RTK-GNSS vehicle can travel between all rows, but
the SA-GNSS vehicle cannot travel along all rows even once. In
addition, in one case, the GNSS vehicle overturned because of the
significant increase of the control by excessive positioning errors.
The mean distances travelled by the RTK-GNSS and SA-GNSS
equipped vehicles in each trial are 524.6 m (standard deviation:
0.61 m) and 141.0 m (standard deviation: 91.7 m), respectively. In
addition, the average speed in each route is 0.28 ms–1 for the RTK-
GNSS-equipped vehicles, and the average time of halting per 1 m
of travelling is 0.43 s. The corresponding values for the SA-GNSS-
equipped vehicles are 0.15 ms–1 and 0.78 s. These findings can be

explained by the fact that the obstacle avoidance control is activat-
ed more frequently in the SA-GNSS-equipped vehicle compared to
the RTK-GNSS-equipped vehicle.

Figure 9 shows the mean and standard deviation of the abso-
lute value of the error between the driving trajectory and target
path for each GNSS vehicle. The values were calculated from the
travelling simulation results of 100 straight, and 90 curved routes
for the RTK-GNSS equipped vehicle and 23 straight and 23
curved routes for the SA-GNSS vehicle. Figure 9 shows that the
RTK-GNSS-equipped vehicle has an average error of approxi-
mately 0.2 m in all routes and travels on the target path more
accurately than the GNSS-equipped vehicle. The error of the SA-
GNSS-equipped vehicles on all routes is 1.85 times higher than
that of the RTK-GNSS-equipped vehicles. However, the error is
relatively small for both vehicles on the straight route. This
aspect can be attributed to the accuracy of the SA-GNSS and the
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influence of obstacle avoidance control. The avoidance control
effect reduces the maximum error.

In contrast, when driving on a curved route, the error is rela-
tively large for both types of vehicles, with an average error of
approximately 0.35 m for the RTK-GNSS-equipped vehicles. The
error for the SA-GNSS-equipped vehicles in the case of curved
routes is 1.48 times higher than that of RTK-GNSS-equipped vehi-
cles. Therefore, the robot must be prevented from deviating from
the path on curved paths when travelling in orchards.

Figure 10 shows the distribution of errors between the target
path and traveling trajectory for the RTK-GNSS and SA-GNSS-
equipped vehicles. In addition, the percentile of 95% for each clas-

sification of RTK-GNSS are 0.46 m, 0.39 m, and 0.77 m at all driv-
ing, straight driving, and cornering driving, respectively.
Moreover, the percentile of 95% for each classification of SA-
GNSS are 0.66 m, 0.62 m, and 1.23 m at all driving, straight driv-
ing, and cornering driving, respectively.

                             Article

Figure 4. Driving environment in the simulation.

Figure 5. Position information from the real-time kinematic-
global navigation satellite system (RTK-GNSS) and stand-alone-
GNSS (SA-GNSS) receiver in the new type of apple field.

Figure 6. Positioning plots for real-time kinematic-global naviga-
tion satellite system (RTK-GNSS) during a halt at the midpoint.

Figure 7. The mean absolute value of error between the value
derived from each global navigation satellite system (GNSS)
receiver and actual value.

Figure 8. Travelling trajectory for the vehicle using stand-alone-
global navigation satellite system (SA-GNSS).

Figure 9. Mean absolute value of error between the driving trajec-
tory and target path for the real-time kinematic-global navigation
satellite system (RTK-GNSS) and stand-alone-GNSS (SA-GNSS)
equipped vehicles.
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Discussion and Conclusions
The results of both GNSS positioning tests in an orchard near

a mountainous area indicate that the RTK-GNSS can attain posi-
tioning accuracy with an order of tens of centimetres. The results
suggest that RTK-GNSS can be applied to realise practical robotic
work in orchards (even near mountainous areas). In addition, the
results of simulation with larger GNSS errors based on the actual
receiving data show that an agricultural robot equipped with RTK-
GNSS and a simple obstacle detection sensor can travel a route
with reasonable accuracy even in an orchard near a mountainous
area. Moreover, safe driving to prevent collisions with tree rows
can be realised by setting the curved route part to have an adequate
width. However, the self-positioning accuracy for SA-GNSS-
equipped vehicles is low. Notably, the robot cannot drive
autonomously in an orchard using only a simple obstacle detection
sensor and SA-GNSS, and a sensor is required to enable accurate
self-positioning. The proposed method can be used to evaluate the
robot’s performance having the functions of transporting and har-
vesting agricultural products in an orchard. In addition, it is possi-
ble to examine the robotic operations in other types of orchards by
changing the GNSS error size and the position of the trees. Future
work can be aimed at examining additional functionalities and dif-
ferent control methods, considering robot operations for orchard
environments that can be practically realised at a low cost.

The following conclusions can be derived from this study: i)
the results of GNSS positioning tests in an orchard near a moun-
tainous area indicate that in the specific environmental conditions,
the RTK-GNSS and SA-GNSS can attain positioning accuracy
with an order of tens of centimetres and few metres, respectively;
ii) the simulation results based on the GNSS positioning results
indicate that a vehicle implementing RTK-GNSS and a simple
obstacle detection sensor can travel autonomously in a farmyard
without colliding with the tree rows. In contrast, a vehicle imple-
menting SA-GNSS and a simple obstacle detection sensor cannot
drive autonomously in an orchard and must realise self-positioning
using a more accurate sensor; iii) when driving in an orchard sim-
ilar to that considered in this study, it is desirable to set a wider
route with a margin when setting a target route in a curved section
because the error from the target route increases in a curved route;
iv) the proposed approach of realising simulations of autonomous
agricultural robots based on GNSS data from a real orchard can
facilitate the evaluation of practical agricultural robots.

The results demonstrate the possibility of developing small
agricultural robots for orchards. We conducted the GNSS position-
ing test in an orchard at an altitude of approximately 830 m, and
similar performance can be expected under similar agricultural sit-
uations. Notably, certain agricultural fields in Japan are located in
deeper mountainous areas, and GNSS positioning may be difficult
in these areas. In addition, in the case of orchards located on slop-
ing terrains, the GNSS self-positioning of vehicles may involve
significant errors. Thus, verification using actual autonomous
vehicles is necessary, in addition to evaluating robot farming oper-
ations such as harvesting and transportation. 

Future work
Future work can be aimed at conducting field tests using actual

machines. In addition, the developed simulator can be used to evalu-
ate the robot’s performance under different environmental conditions,
such as slope and road conditions, and under different machine con-
ditions, such as harvesting and transporting functions. For example,
if the vehicle hardly travels forward or travels in a direction signifi-
cantly different from the intended direction due to slipping or getting
stuck, simulations that take road surface conditions into account can
consider these effects in development. Moreover, GNSS positioning
experiments must be conducted in more adverse conditions (disad-
vantaged agricultural production areas).
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