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CHAPTER 1
INTRODUCTION
This chapter presents the concepts of an agricultural automatic vehicle. It shows that the
automatic agricultural vehicle can be a proficient counteraction for the worldwide
agricultural problems. It also introduces the motivation of this research and the objectives of
the research.

1.1

Research background

Nowadays, the problem of food shortage is a great urgency all around the world caused by
the population growth. Furthermore, agricultural production confronts the issue of the
decreasing of agricultural labor, especially in developed countries.

Therefore, in modern agriculture, many researchers are interested in a positioning system or
a navigation system for agricultural vehicles. From the literature review, many motivations
are evident from spending of endeavor towards the development of positioning systems for
an automatic vehicle, either fully automatic or partially automatic. The development of
positioning systems has been stimulated by the rapid development in electronics, computers,
and computing technologies. Positioning information of the vehicle is provided by any
positioning technology, referenced either in a global coordinate system or in a local
coordinate system

1.1.1 Agricultural automatic vehicle
The driver of an agricultural vehicle requires a high concentration while driving either
straight or parallel to a certain curve. Additionally, the driver also needs to pay attention to
the safe driving. Therefore, the driver’s fatigue is possible to happen caused by the above
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mentioned factors. However, the mentioned issue can be solved by utilization of an automatic
agricultural vehicle. Because a robot never lacks concentration.

The technological development of the global economy in the defense and transportation
sectors often establish trends in the development and evolution of agricultural machineries.
A fundamental role in increasing the efficiency and cost reduction of industrial production
have been played by robots. For the agricultural sector, Global Navigation Satellite System
(GNSS) - and machine vision- based self-guided tractors and harvesters have already been
available commercially in the past twenty years. To counteract with the aging population and
labor force reduction issue, the agricultural industry must increase productivity, reduce
production cost, and improve the quality of agricultural products. These future agricultural
productions needs can be achieved by the robotics and automations.

Figure 1.1 shows a wheel type-robot tractor developed by the Vehicle Robotics Laboratory
(VeBots) of Hokkaido University in Japan. Many farm works like seeding, tillage, cultivation,
etc. could be done automatically. A robot controller fixed inside the tractor can control the
steering, engine rotation, vehicle speed, Power take-off (PTO), and hitch.

Figure 1.1 A robot tractor developed by VeBots Lab. in Japan.
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In general, automatic agricultural vehicles are classified into two categories: used for open
fields and used for indoors. The vehicles used for open fields category are usually applied to
harvesting, tillage, fertilizing, spraying, cultivating, and transportation (Chateau et al., 2000;
Bell, 1999; Fehr et al., 1995; Noguchi, 1998; Reid & Searcy, 1987; Stombaugh et al., 1998).
Orchard vehicles are also included into this category. However, they should be treated in a
different way because the environment in the orchard is different from a paddy field or wheat
field. The GNSS signals are usually blocked by the canopy in the orchard (Barawid et al.,
2007). For the vehicles used for indoors category, are mainly involved in greenhouse works.
The machines in this category are navigated mainly using the machine vision and dead
reckoning techniques rather than GNSS (Yin et al., 2013).

1.1.2 Positioning system for an automatic combine harvester
Positioning systems have been designed to accomplish automated navigation on agricultural
vehicle since a hundred years ago i.e., furrows were used for tractors navigation across fields
to reduce endeavor from the operator since 1920s. Technology and innovation have been
improved since that time. These improvements influenced the evolution of automated
guidance from mechanical sensing to electronic sensors, machine vision, and GNSS to
successfully navigate vehicles following parallel paths through the field. A straight line from
starting point to ending point is input into the control console of the vehicle, and the GNSS
coordinates are collected at the beginning of the operations. Then, the positioning system and
the equipment endeavor to follow that straight line to cover the whole field by utilizing
operation steering sensor feedback and GNSS data. The systems can also achieve the curved
path following which inputs are similar to the straight path.

From the literature review, there are three kinds of positioning systems for an automatic
combine harvester; positioning based on machine vision, positioning system based on laser
rangefinder, and positioning system based on GNSS. An automatic combine harvester is one
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kind of an automatic agricultural vehicle in the used for open field category. The main
function of an automatic combine harvester is harvesting.

(1)

Positioning system based on machine vision

Around 1980s, when the Personal Computer (PC) became more accessible; which means
more compact and reasonable price, a machine vision was utilized for the first time. For
agriculture, a machine vision was utilized for the automatic guidance of a vehicle by
distinguishing a crop row structure in a field. Benson. E.R. et al. (2003) developed a machine
vision-based guidance system for a small-grain harvester. Han. S. et al. (2004) utilized
machine vision for vehicle guidance systems. The machine vision is defined as a local sensor
because it determines the crop rows only with the relative position of the vehicle. The
advantage of machine vision is that its local features have a technological attribute similar to
a human operator hence, it has a great potential for utilization of a vehicle positioning system
(Wilson, 2000).

The main key to achieve an accurate control of the vehicle for a machine vision-based
positioning system is determining position information from a crop row structure. A lot of
image processing techniques have been examined to determine the guidance path from crop
row images. For example, the development of a binary threshold strategy using a Bayes
classification technique to segment crop canopy and soil background for cotton crop
effectively and accurately at different growth stages (Reid et al., 1985). The conclusion of
Gerrish et al. (1985) proved that threshold intensity images alone will not work in all cases,
and the combination of noise filtering, edge detection, threshold and re-scaling was the most
potential technique. Marchant and Brivot (1995) utilized Hough transform to find crop rows
for the image analysis. Olsen (1995) presented another crop row detection system which does
not depend on the segmentation of the crop row by using a low-pass filter to process the
pixel’s gray value sum-curve to find the offset. Additionally, Hague and Tillet (2001)
developed a band-pass filter-based approach to crop row detection and tracking.
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(2)

Positioning system based on laser rangefinder

The utilization of a laser rangefinder for various application in robotics, i.e., for range
measurement and obstacle were discussed (Camrmer and Peterson, 1966). A custom-built
laser rangefinder system to continuously monitor a moving vehicle’s position were
developed (Gordon and Holmes, 1988). The utilization of a laser rangefinder to develop a
positioning method using reflectors for infield road navigation was also evaluated. The
system was evaluated with differently shaped reflectors to determine the accuracy in
positioning (Ahamed et al., 2004). Tsugota et al., (2004) utilized a laser rangefinder for
navigation of a small vehicle through an orchard. Subramanian et al., (2006) presented that
a guidance system using laser rangefinder is more stable than using GNSS based positioning
system in a citrus orchard setting. An automatic navigation system using a Two-Dimensional
(2D) laser in an orchard application was developed by using a line detection algorithm based
on Hough transform to recognize the three rows which made the vehicle travel through the
orchard without collisions (Barawid et al., 2007). Thorpe (1990) from Carnegie Mellon
University utilized a Three-Dimensional (3D) scanning laser rangefinder within the
framework of NavLab project.

Similar to a machine vison, a laser rangefinder is also defined as a local sensor because it
determines the crop rows only with the relative position of the vehicle.
(3)

Positioning system based on GNSS

A GNSS refers to a constellation of satellites providing signals from space that transmit
positioning and timing data to GNSS receivers. The receivers then use this data to determine
location. By definition, GNSS provides global coverage. Example of GNSS include Europe’s
Galileo, the USA’s NAVSTAR Global Positioning System (GPS), Russia’s Global’naya
Navigatsionnaya Sputnikovaya Sistema (GLONASS), China’s BeiDou Navigation Satellite
System (European Union Agency for the Space Programme, 2021), India’s Indian Region
Navigation Satellite System, and Japan’s Quasi-Zenith Satellite System (QZSS).
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A GPS receiver has been widely utilized as a global guidance sensor since early 1990s (Bell,
2000; Larsen et al., 1994; Yukumoto et al., 2000). For agriculture, many farm works such as
tillage, planting, cultivating, and harvesting can be done by utilizing a positioning system
based on GPS.

Some agricultural machinery companies and GPS companies, i.e., Trimble Co. Ltd, Topcon
Co. Ltd., utilize a GPS and an Inertial Measurement Unit (IMU) to locate the position and
orientation of an agricultural vehicle. Then using a computer to calculate the displacement
from a navigated path and guides the vehicle to steer automatically.

The positioning system based on GNSS is focusing on making a pre-designed navigation
path for an automatic combine harvester by using a GNSS receiver and an Inertial
Measurement Unit (IMU) to locate position and orientation of an automatic combine
harvester. The advantages of this system are that GNSS can measure absolute coordinate and
operation time, which can be reduced while using an efficient pre-designed navigation path.
However, the disadvantages of this system are the cost of precise GNSS receiver is very high.
In addition, GNSS cannot provide an accurate positioning while using this system under trees
or near tall buildings.

1.2

Research objectives

This thesis purpose is to develop a positioning system for an automatic combine harvester.
To achieve this purpose, this thesis has three objectives. The first one is to develop a local
positioning system based on crop edge detection by integrating a laser rangefinder and
machine vision. The second one is to evaluate the performance of QZSS for a combine
harvester under static conditions. And the third objective is to examine the feasibility of an
auto-guided combine harvester utilizing QZSS as a navigation sensor.
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To fulfill the first objective of this thesis, Dempster-Shafer theory was used as a sensor fusion
technique to integrate the data from a laser rangefinder and machine vision. To fulfill the
second objective of this thesis, the Centimeter Level Augmentation Service (CLAS) and the
Multi-Global Navigation Satellite System Advanced Demonstration tool for Orbit and Clock
Analysis (MADOCA) positioning augmentation systems which use the signal provided by
the QZSS were evaluated in terms of their performance under static conditions. Then to fulfill
the third objective of this thesis, both systems were utilized as a navigation sensor for an
auto-guided combine harvester to examine the feasibility of utilization.

Results show that the developed crop edge detection system by using sensor fusion has a
good certainty of the observation. However, it is not suitable for a practical application. For
the performance evaluation of CLAS and MADOCA positioning augmentation systems, the
results show that both systems performed good under static conditions. The result of the third
objective proved that the CLAS positioning augmentation system is sufficiently good for
practical applications while the MADOCA is not suitable for practical applications because
it is a time dependent system, the operator has to wait for two to three hours before the
operation conditions can be achieved.

1.3

Organization of thesis

This thesis presents a development of positioning systems for an automatic combine
harvester. This thesis is organized into six chapters which were listed as follow:
In Chapter 1, the research background; the importance of agricultural automatic vehicles and
positioning systems for an automatic combine harvester were introduced. The objective of
this thesis was also declared.
Chapter 2 presents the research platform used during the experiments. The test vehicle and
the sensors implemented in the experiments are described. Then the conclusion is included.
Chapter 3 describes the development of local positioning systems based on crop edge
detection by integrating a laser rangefinder and machine vision. The fundamentals of sensor
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fusion theory are described. The results of the simulation were also shown and discussed.
Then the whole chapter is concluded.
In Chapter 4, experimental results from the performance evaluation of QZSS under static
conditions were discussed. Each parameter in the results is discussed.
In Chapter 5, experimental results from examination of the feasibility of an auto-guided
combine harvester utilizing QZSS as a navigation sensor were discussed.
Chapter 6 summarizes the achievements of this study and proposes future work.

9
Chapter 2

CHAPTER 2
RESEARCH PLATFORM
2.1

Introduction

This chapter describes the equipment used during the experiments. The research platform
implemented in the Yanmar AG-1100 combine harvester used for the experiments is
introduced. Specifications of both the test vehicle and the sensors are included.
2.2

Combine harvester

This study was conducted on a Yanmar AG1100 combine harvester, this combine harvester
can work for paddy, wheat, and soybean harvesting. Figure 2.1 shows the original feature
of a Yanmar AG1100 combine harvester.

Figure 2.1 Yanmar AG1100 Combine harvester.
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2.2.1 Vehicle overview
The combine harvester has 80.9 kW output and the engine rotation speed is 2500 rpm. A 110liter diesel tank is installed to extend working time. Table 2.1 shows a more detailed
specification of the Yanmar AG1100 combine harvester.

Table 2.1 Yanmar AG1100 combine harvester specifications.
Dimension:
Overall Length:

6,150 mm

Overall Width:

2,350 mm

Overall Height:

2,760 mm

Weight:

4,610 mm

Engine:
Volume:

3.053 L

Max Output:

80.9 kW

Max Rotation:

2,500 rpm

Fuel Type:

Diesel

Fuel Tank Volume:

110 L

Crawlers:
Overall Length:

1,780 mm

Overall Width:

500 mm

Distance:

1,185 mm

Transmission:

Full-Time Drive System

Travelling Speed

-2 m/s ~ 2m/s

Header:
Divider Width:

2,060 mm

Cutter Width:

1,976 mm

Cutting Range (Height):

-100 mm ~ 1,000 mm
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Reel Radius × Width:

1,000 mm × 1,915 mm

Rotation Speed:

Synchronized with Crawler

Grain Tank:
Volume:

1,900 L

Unloading Height:

5,100 mm

Yanmar AG-1100 combine harvester uses the Fulltime Drive System (FDS). Yanmar Co.,
Ltd., Japan established the FDS with steering wheel by combining the forced differential
transmission with the conical steering link in 1998 (Yanmar Co., Ltd., 2020). The combine
harvester has an advantage in its movement for straight forward-backward movements by
using the FDS with steering wheel. Each crawler of the combine harvester runs at the same
speed during the straightforward-backward movements. In addition, Figure 2.3 shows three
different ways for turning by utilizing the FDS. The speed of the outside crawler remains the
same while the speed of the inside crawler decrease during a gentle turning as shown in
Figure 2.3(a). Figure 2.3(b) shows the outside crawler speed remains the same while the inner
crawler stops to decrease the turning radius during a normal turn. Then Figure 2.3(c) shows
a sharp while the steering angle reaches its maximum level, the inner crawler runs in the
opposite direction of the outside crawler (Yanmar Combine harvester, 2020).

Figure 2.3 Fulltime Drive System (FDS) with steering wheel established by Yanmar
Co., Ltd., Japan.
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2.3

Local navigation sensors

To determine the navigation information of a vehicle, local navigation sensors aim to
measure the position data or local features of the target object in the Region of Interest (ROI)
only relative to the position of the vehicle.
2.3.1 RGB camera

Most of RGB cameras are usually equipped with a standard CMOS sensor through which the
colored images of persons or objects are captured. A term of Megapixels (MP) is usually
used to express the captured static photos. It defines the number of pixels, i.e., length x height,
that compose a photo. For the video, MP is usually expressed with interpretative term, i.e.,
Full HD (1080 x 1920 pixel @ 30 Frame Per Second (fps)) or Ultra HD (3840 x 2160 pixels
@ 30/60 fps).

Figure 2.3 The Imaging Source DFK23UM021 RGB camera.

In this study, The Imaging Source DFK23UM021 RGB camera was used to detect crop edge.
DFK23UM021 RGB camera is shown in Figure 2.3 and its specification are shown in Table
2.2
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Table 2.2 The Imaging Source DFK23UM021 RGB camera specifications.
General Behavior:
Sensitivity:

0.05 lx

Dynamic range:

8/12 bit

Video formats @ frame rate:

1,280 x 960 (1.2 MP) RGB32 @ 60 fps

(maximum)

1,280 x 960 (1.2 MP) Y800 @ 60 fps
1,280 x 960 (1.2 MP) Y16 @ 30 fps
1,024 x 768 (0.8 MP) RGB32 @ 75 fps
1,024 x 768 (0.8 MP) Y800 @ 75 fps
1,024 x 768 (0.8 MP) Y16 @ 37 fps
1,280 x 720 (0.9 MP) RGB32 @ 80 fps
1,280 x 720 (0.9 MP) Y800 @ 80 fps
1,280 x 720 (0.9 MP) Y16 @ 40 fps
640 x 480 (0.3 MP) RGB32 @ 115 fps
640 x 480 (0.3 MP) Y800 @ 115 fps
640 x 480 (0.3 MP) Y16 @ 58 fps

Optical:
Sensor type:

CMOS

Shutter:

Global

Pixel size:

H: 3.75 μm, V: 3.75 μm

Lens mount:

C/CS

Electrical:
Interface:

USB 3.0

Supply voltage:

4.5 VDC ~ 5.5 VDC

Current consumption:

approx. 250 mA @ 5 VDC

Mechanical:
Dimensions:

H: 29 mm, W: 29 mm, L: 43 mm

Mass:

65 g
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2.3.2 2D laser rangefinder

Figure 2.4 Hokuyo UTM-30LX 2D laser rangefinder.
The Time of Flight (TOF) is a principle that defines a common form of a 2D laser rangefinder
operation. It works by sending a laser pulse in a narrow beam towards the object, then
measuring the time taken by the pulse to be reflected off the target object and returned to the
sensor.

In this study, the Hokuyo UTM-30LX 2D laser rangefinder was used to detect the crop edge.
Hokuyo UTM-30LX 2D laser rangefinder is shown in Figure 2.4 and its specification is
shown in Table 2.3
Table 2.3 Hokuyo UTM-30LX 2D laser rangefinder specifications.
Power source
Voltage:

Voltage: 12 VDC ±10%

Current:

Max: 1 A
Normal: 0.7 A

Light source

Semiconductor laser diode (λ = 905 nm)
Laser safety Class 1 (FDA)
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0.1 m ~ 30 m (White Square Kent Sheet 500 nm or
Detection Range

more)
Max: 60 m (<30 m guaranteed)

Scan angle
Accuracy

270°
0.1 m ~ 10 m: ±30 mm
10 m ~ 30 m: ±50 mm

Angular resolution

0.25° (360°/1,440 steps)

Scan time

25 ms/scan (40 Hz)

Sound level

<25 dB

Interface

USB 2.0 (full speed)

Synchronous output

NPN open collector

Command system

Exclusively designed command SCIP Ver.2.0

Connection

Ambient

Vibration resistance

Power and Synchronous output: 2 m flying lead wire
USB: 2 m cable with type-A connector
Temperature: -10°C ~ 50°C
Humidity: <85% RH (without dew and frost)
Double amplitude 1.5 mm 10 Hz ~ 55 Hz,
2 hours each in X, Y and Z direction

Impact resistance

196 m/s2, 10 times in X, Y and Z direction

Weight

approx. 370 g (with cable attachment)

2.3.3 Pan-Tilt Unit
Pan-Tilt Unit (PTU) allows real-time movement of their payload sensors, increasing the
effective field of view of the sensors. For example, by attaching a 2D laser rangefinder to the
PTU, it can create 3D information measured by a 2D laser rangefinder.
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Figure 2.5 Directed Perception D46 Pan-Tilt Unit.

In this study, the Hokuyo UTM-30LX 2D laser rangefinder was mounted on the Directed
Perception D46 Pan-Tilt Unit that moved in the tilt direction to make a sweep scan for the
laser rangefinder. Directed Perception D46 Pan-Tilt Unit is show in Figure 2.5 and its
specification is shown in Table 2.4
Table 2.4 Directed Perception D46 Pan-Tilt Unit specifications.
Technical specifications
Rated payload

2.72 kg

Unloaded speed

300°/s Max. @ 30 VDC

Resolution

0.013°

Tilt range

-47° ~ 31°

Pan range

-159° ~ 159°

Input voltage

12 ~ 30 VDC unregulated,

Power consumption

13 W for full power mode @ 30 VDC

Connections & communications
Host interface

RS-232 (DB-9 female connector)
RS-422 / RS-485

Control protocols

DP (ASCII, Binary)

Mechanical

Weight: 1.36 kg
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Dimensions: 7.62 cm (H) × 13.03 cm (W)
× 10.80 cm (L)
2.3.4 IMU
The Inertia Measurement Unit is used to measure the inclinations of the vehicle which are
roll, pitch, and yaw angle. The definition of the roll, pitch, and yaw angle is shown in Figure
2.6. The main reason to measure the inclinations is to determine the vehicle’s actual position
instead of using the position measured by the GNSS antenna, because the position measured
by the GNSS antenna shifts from the Center of Gravity (CG) of vehicles on the ground level.
This shift is caused by the inclinations including roll and pitch directions, because the GNSS
antenna is always fixed at a higher level over the CG of vehicles.

Figure 2.6 Definition of the roll, pitch, and yaw angle.

In this study, VN-100 IMU was used to measure the attitude of the laser rangefinder, angles
in roll, pitch, and yaw. Figure 2.6 shows the definition of the roll, pitch, and yaw angle.
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Figure 2.7 VN-100 IMU.
The VN-100 IMU is shown in Figure 2.7 and its specification is shown in Table 2.5.
Table 2.5 VN-100 IMU specifications.
Attitude:
Range:

Angular Resolution:
Output Rate:

Roll angle:

±180°

Pitch angle:

±90°

Yaw angle:

±180°
< 0.05°

IMU Data:

800 Hz

Attitude Data:

400 Hz

Environment
Operating Temp.:

-40°C ~ -85°C

Storage Temp.:

-40°C ~ -85°C

Electrical

2.4

Input Voltage:

3.2 V ~ 5.5 V

Baud Rate:

Up to 921600

Current draw:

45 mA @ 3.3 V

Global Navigation Satellite System

A GNSS is a constellation of orbiting satellites providing signals from space that transmit
positioning and timing data to GNSS receivers. The GNSS receivers use the data from the
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GNSS with an adaptation of trilateration to calculate ground positions. Table 2.6 lists a
comparison of the GNSS systems.
Table 2.6 Comparison of GNSS systems.

GPS

Country

No. of satellites

Orbital height Period

United States

At least 24 satellites

20,180 km

11.97 hours

31 (24 operational, 1 in

19,130 km

11.26 hours

GLONASS Russian
Federation

preparation, 2 on
maintenance, 3 reserve,
1 on tests)

Beidou

China

35 satellites in orbit

21,528 km

12.63 hours

Galileo

European Union

22 satellites in orbit; 30

23,220 km

14.08 hours

36,000 km

N/A

32,618 km

23.96 hours

operational satellites
budgeted
IRNASS

India

7 geostationary earth
orbit (GEO) satellites

QZSS

Japan

1 satellite in orbit,
2 satellites in budget

2.4.1 QZSS
Japan developed a satellite navigation for users around Japan and Oceania called the QZSS.
Even in urban canyons and mountainous terrain, the QZSS receiver can still receive the
Positioning Navigation and Timing (PNT) broadcast messages. The augmentation signals
also can be received by the receiver. These are possible because the space section of the
QZSS is an inclined, elliptical geosynchronous orbit of the Quasi-Zenith Navigation
Satellites (QZSs). Figure 2.8 shows the shape of Quasi-Zenith Orbit (QZO) which covers the
area around Japan and Oceania. To estimate and predict the QZS orbit clock more precisely,
the ground section of the QZSS which consists of a Monitoring Station (MS), a Master
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Control Station (MCS), Tracking Control Stations (TCS), and the system of other nation
research institutes placed around an overseas were utilized.

Figure 2.8 The inclined, elliptical geosynchronous orbit shape of QZSs
The GPS interoperable signals are L1C and L1C/A on L1-band (1575.42 MHz), L2C on the
L2-band (1227.60 MHz), and L5 on the L5-band (1176.45 MHz). The GPS augmentation
signals are L1-Sub-meter class Augmentation with Integrity Function (SAIF) on the L1-band,
L6D, L6E on the L6-band (Inaba et al., 2009). The L6D and L6E signals from the QZS are
used for the Precise Point Positioning (PPP) service by the CLAS and MADOCA positioning
augmentation systems, respectively (Kobayashi, 2020).

The main advantage of the QZSS compared to the Real-Time Kinematic (RTK) positioning
augmentation system is that it does not require an Internet Service Provider (ISP) nor an
NTRIP service provider to obtain the correction signal from the reference station.
2.4.2 Magellan GNSS receiver
Magellan MJ-30080-GM-QZS receiver and its own antenna are shown in Figure 2.9. This
receiver and antenna were used in this research to provide CLAS and MADOCA positioning
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augmentation systems. Table 2.7 and Table 2.8 show specifications of Magellan MJ-30080GM-QZS receiver and its own antenna, respectively.

Figure 2.9 Magellan MJ-30080-GM-QZS receiver and antenna.
Table 2.7 Magellan MJ-30080-GM-QZS receiver specifications.
Module Utilization

Multi frequency GNSSRTK / PPP Module
GPS: L1, L2, L5
QZSS: L1, L2, L5, L6

GNSS System: Signal

GLONASS: G1, G2
Galileo: E1, E5a, E5b, E5
Beidou: B1, B2
Cold start: 90 s

Initial position

Warm start: 35 s

calculation time

Hot start: 12 s
Satellite reacquisition time: 4s

Position accuracy
(RMSE)

Autonomous positioning: 1.5 m
RTK – dynamic: 5 cm + 0.7 ppm x baseline length ( < 30 km)
RTK – static: 0.5 cm + 0.7 ppm x baseline length ( < 30 km)
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PPP (MADOCA): < 10 cm
PPP-RTK (CLAS) – dynamic: < 6.94 cm
PPP-RTK (CLAS) – static: < 3.47 cm
Maximum output rate

100 Hz

Input / Output

RS232C x 2

interface

Ethernet x 1 (Optional)

Data format

NMEA0183 version 3.0 (Output)
RTCM SC104 version 3.2 (Input / Output

Dimensions

206.2 (W) x 155 (D) x 86 (H) mm

Weight

1500 g

Power consumption

Below 10 W

Power supply

DC 12 V

Table 2.8 Magellan MJ-30080-GM-QZS antenna specifications.
GPS: L1, L2, L5
QZSS: L1, L2, L5, L6
GNSS system : Signal

GLONASS: G1, G2
Galileo: E1, E5a, E5b, E5, E6
Beidou: B1, B2, B3
SBAS: L1

Dimensions

148 (Φ) x 60 (H) mm (Excluding base)

Weight

405 g (Excluding base)

Operating Voltage
range
Current consumption

3.3 ~ 15.0 V
Below 40 mA
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2.4.2.1 CLAS

Figure 2.10 Diagram of the CLAS positioning augmentation system.
The Centimeter-Class Augmentation System (CMAS) is a prototype for the development of
the CLAS by omitting a complementary function for GPS. The diagram of the CLAS is
shown in Figure 2.10. The QZS broadcast the augmentation information via the L-band
Experiment (LEX) signal (Saito et al., 2011) which was renamed to L6 in the latest QZSS
revision; the red-dash line in Figure 2.10 displays the L6D signal. To estimate distancedependent GNSS errors, the CMAS uses the State Space Modeling and the wide-area
dynamic error model from the GPS and the QZS data monitored by the GEONET (Wübbena
et al., 2005). The CMAS generates the correction information in the State Space
Representation (SSR) form via the LEX signal which applied to PPP-RTK (Saito et al., 2011;
Seigo et al., 2015). The correction of the positioning error consists of satellite orbit
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corrections, satellite clock correction, satellite phase biases, and ionosphere and troposphere
delays. However, the CMAS generates the correction of the ionosphere and troposphere
delays for an area of the QZSS’s coverage similar to the Virtual Reference Station- RTK
(VRS-RTK) system. Therefore, there is a limitation for using the CMAS all over the country
simultaneously (Wang and Noguchi, 2019). Due to the succession of the CMAS, the CLAS
distributes the service arena with an addition of artificial grid points covering each area with
an interval of 60 km which are used for the ionospheric and tropospheric delay correction.
The distribution of these twelve parts of GEONET called the Continuously Operation
Reference Stations (CORS) are displayed by the blue pinpoints in Figure 2.10. The user
corrects its own observations and gives centimeter-accuracy solutions within 1 minute using
the PPP-RTK positioning method (Miya et al., 2016). The L6D signal which contains the
satellite orbit and the satellite clock corrections, ionospheric and troposphere delays from the
QZS to the user is obtained by the CLAS receiver. Please keep in mind that the LEX band
was changed to L6-band which has 2 channels; L6D for the CLAS and L6E for the
MADOCA.

To make a comparison or to use the positioning result of VRS-RTK and PPP-RTK together
requires the coordinate transformations for compensation because the CLAS neglects the
crustal movement of the earth (Wang and Noguchi, 2019).
2.4.2.2 MADOCA

The Japan Aerospace Exploration Agency (JAXA) developed the MADOCA positioning
augmentation system. Figure 2.11 shows the diagram of the MADOCA positioning
augmentation system. By using the technology from JAXA, the MADOCA can estimate the
satellite orbit and clock correction. And it supports all usable GNSS systems; GPS,
GLONASS, Galileo, etc. The red-dash line in Figure 2.11 displays the L6E which broadcast
the correction of the positioning error including satellite orbit corrections and satellite clock
from the QZSS. However, the ionosphere and troposphere delays cannot be estimated by the
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MADOCA because the global monitoring station of the MADOCA (MGM-net) displayed by
the red-pinpoint in Figure 2.11 is not dense comparing to the CORS of the CLAS displayed
by blue-pinpoint in Figure 2.10. On the other hand, these delays could be estimated by the
MADOCA receiver (Zhang et al., 2019). The drawback of the MADOCA is that it requires
a long time to recover to a convergent PPP positioning method (Kobayashi, 2020).

Similar to the CLAS, to make a comparison or to use the positioning results of VRS-RTK
and PPP-RTK together requires the coordinate transformations for compensation because the
MADOCA also neglects the earth’s crustal movement.

Figure 2.11 Diagram of the MADOCA positioning augmentation system.
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2.4.3 Trimble GNSS receiver
Trimble SPS855 receiver and its own antenna are shown in Figure 2.12. This receiver and
antenna were used in this research to provide RTK positioning augmentation system. The
specification of Trimble SPS855 receiver and its own antenna are shown in Appendix A. The
purpose of using RTK positioning technique is to use it as a reference position for the
performance evaluation of the CLAS and MADOCA.

Figure 2.12 Trimble SPS855 receiver and antenna.
2.4.3.1 RTK-GPS
The basic principle of the RTK-GPS is described as follows. Two small-area wireless
communication GNSS receivers were connected via RS232C to the reference receiver as a
base station and the rover receiver for the correction of the RTK signal communication. The
rover receiver receives the measurement of the satellites and location of the reference receiver.
Then, the rover receiver calculates its location relative to the reference receiver. The
drawback of the RTK position technique is the reference receiver is the correction data could
be blocked by the high building or trees, which limited the rover receiver into a certain area.

However, this research used a VRS from an ISP, mainly because the purpose of utilize the
RTK positioning technique is to enhance the precision of the positioning data from the GNSS
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to a centimeter-level in real-time. By using the VRS the RTK correction signal can be
received via an ISP. The Multiple Reference Station (MRS) is an original concept of the VRS
because VRS uses the surrounding area of interest’s MRS network, but it does not require an
actual physical reference station close to the user. The VRS can achieve single-point
coordinate accuracies of 2 cm with reference stations separated by 50-70 km under ideal
conditions (Castleden et al., 2004).

2.4.4 GNSS splitter
The GNSS splitter used in this research is the GPS Networking Amplified Loaded DC
Blocked Splitter 1X2 (ALDCBS1X2) GNSS splitter. It is a one input, two outputs amplified
GNSS splitter based on the Wilkinson splitter design. The frequency response covers the
entire L-band (all GNSS frequencies) with excellent gain flatness. The purpose of using the
GNSS splitter in this research is to divide the GNSS signal from a single antenna into two
GNSS receivers meaning both receivers can receive the GNSS signal at the exact same
position of the antenna. However, the measured position from both receivers might be
different due to the different characteristic of GNSS system. Figure 2.13 shows the
ALDCBS1X2 GNSS splitter. In addition, the datasheet of this GNSS splitter can be found in
Appendix B.

Figure 2.13 GPS Networking ALDCBS1X2 GNSS splitter.
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2.5

Conclusion

This chapter described the equipment used in this research. The research platform used for
each evaluation and test was explained section by section. The technical specifications of the
vehicle, sensors, and equipment were introduced. The purpose of the explanation of each
sensor is highlighting their most relevant aspects for the experiments.
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CHAPTER 3
LOCAL POSITIONING SYSTEM BASED ON
CROP EDGE DETECTION BY INTERGRATING
A LASER RANGEFINDER AND MACHINE VISION
3.1

Introduction

A rapidly emerging discipline of intelligent sensor processing in scientific and engineering
research can assist researchers in the systems development, which can achieve environment
visibility and comprehension by using new computational methods and tools. Dynamic
sensors data in multiple dimensions and interaction between individual sensors are regarded
as applications of sensor processing to image and signal processing. The measurement of
sensors in scalar values or vector values is most often a function of time and space.

Multi-sensor fusion has received the attention of researchers. Publishing of articles with new
methods and theories ordinary appeared in journals specializing in a large range of subjects,
including aerospace engineering, robotics, statistics, and artificial intelligence.

Sensor fusion is the process of combining features observed by multiple sensors into a
coherent form (Murphy, Arkin, 1992). It makes a system less susceptible to the failure of a
single component. A system gets more accurate information by combining measurement
from several different kinds of sensors. In addition, a system is less sensitive to noise and
temporary glitches by combining measurements from the same sensor.

This chapter presents the fundamental of sensor fusion and its theory. Then, the experiments
methodology is described. The results from each sensor and sensor fusion are presented and
discussed.
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3.1.1 Sensor’s uncertainty and accuracy

Sensor have varying accuracy. They rarely provide absolute value for a physical variable.
Even though a sensor could provide absolute value, the measured physical values are usually
vary over time. A value range in order to accurately represent the environment would be
returned from the sensor measurement that covers a finite time period.

The concept of limited accuracy is as factor in all data processing. Generally, all data
representation has upper and lower boundary for a maximum number of digits of accuracy
and the representable values. The important information can be lost, or the result of
calculations can be disastrously in error if limits in accuracy are not manipulated
appropriately.

The primary problem is how to manipulate with uncertainty in sensor data. Fusing sensor
measurement would be a simple and straightforward operation if sensor data were reliable
and accurate. In many cases, the reliable measurement recognition is significant as the
recognition of exact values returned by a sensor. To manipulate sensor uncertainty, three
theories are proposed and described in the next section.

3.1.2 Theory of sensor fusion
(1)

Bayesian probability theory

Bayesian probability theory provides a mathematical framework by using probability to
perform inference or reasoning. Around 200 years ago, the basis of this theory was
established by many scientists such as Bernoulli, Bayes, and Laplace, but modern
statisticians have held suspect or controversial about this theory. However, by the occurrence
of a “Bayesian revolution” during the last few decades, Bayesian probability theory is now
ordinarily applied in many scientific disciplines, from astrophysics to neuroscience. The
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relative validity of hypotheses in the face of noisy, sparse, or uncertain data, or to adjust the
parameter of a specific model can be judged by using this theory
Bayesian probability theory has a rule called Bayes’ rule. This rule indeed involves only the
manipulation of conditional probabilities. The joint probability of two events, A and B, can
be expressed as equation (3.1) and (3.2)
𝑃(𝐴𝐵) = 𝑃(𝐴|𝐵)𝑃(𝐵)

(3.1)

= 𝑃(𝐵|𝐴)𝑃(𝐴)

(3.2)

In Bayesian probability theory, the relative truth of the hypothesis (H) given the data (D)
according to Bayes’ rule relation, is shown by equation (3.3)

𝑃(𝐻|𝐷) =

𝑃(𝐷 |𝐻 )𝑃(𝐻)
𝑃(𝐷)

(3.3)

The term 𝑃(𝐻|𝐷) is called the likelihood function. The probability of the observed data
occurring from the hypothesis is estimated by the likelihood function. The term 𝑃(𝐻) is
called the prior. It reflects prior knowledge before the data consideration. For the Bayesian
probability theory, the specification of the prior is often the most subjective criterion. The
reason statisticians held Bayesian inference in contempt because of the specification of the
prior. However, making up one’s assumption and directly exposing of an element of
subjectivity in the reasoning process are the advantages of Bayesian probability theory. The
term 𝑃(𝐷) is an ignorable normalizing constant, and it is obtained by summing 𝑃(𝐷|𝐻)𝑃(𝐻)
overall 𝐻. The term 𝑃(𝐻|𝐷) is the posterior. It analyzes the probability of the hypothesis
after the data are considered.
Similar to equation (3.3) the probability of 𝐻 given a set of observations 𝐷1 , 𝐷2 , … , 𝐷𝑛 can
be expressed by equation (3.4)
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𝑃(𝐻|𝐷1 , … 𝐷𝑛 ) =

𝑃(𝐷𝑖 |𝐻)
𝑃(𝐻)
∏𝑛
𝑃(¬𝐻) 𝑖=1𝑃(𝐷𝑖 |¬𝐻)
𝑃(𝐷𝑖 |𝐻)
𝑃(𝐻)
∏𝑛
1+
𝑃(¬𝐻) 𝑖=1𝑃(𝐷𝑖 |¬𝐻)

(3.4)

Bayesian probability theory for sensor fusion has certain drawbacks. The requirement of
knowledge of the prior probability distribution 𝑃(𝐷𝑖 |𝐻) and 𝑃(𝐷𝑖 ), which may not always
be available is an immediate problem. And the subjective judgements are often important
when defining the prior probabilities. This theory requires that all information be at the same
level of abstraction. Another problem is the unstable of probabilities found by this theory
when the number of unknown propositions is larger than the number of known propositions.

(2)

Dempster-Shafer theory

Dempster-Shafer theory arose from the reinterpretation and development by Arthur
Dempster and Glenn Shafer to make the method of reasoning with uncertain information,
with understood connections to other frameworks such as probability, possibility, and
imprecise probability theories. The Dempster-Shafer theory is regarded as a generalization
of the Bayesian probability theory. The main difference between these two theories is that
the prior probability distribution is not the requirement of the Dempster-Shafer theory.
In Dempster-Shafer theory, the establishing of a set that contain the null set (∅), and every
single hypothesis (singleton) considered; this set was regarded as a frame of discernment (Θ),
is the primary step of the theory. Generally, probability theory works on every element of Θ,
but DS theory examine every of the power set of Θ (2Θ ).
If each element of 2Θ is considered a proposition 𝐴𝑖 means each sensor observation assigns
probability values to at least one, and possibly a very large number, of the 𝐴𝑖 . The
relationship of 2Θ and 𝐴𝑖 can be described by equation (3.5).

33
Chapter 3

∑𝐴𝑖 ∈Θ 𝑚(𝐴𝑖 ) = 1
If;

(3.5)

Θ = {a, b}
2Θ = {∅, {𝑎}, {𝑏}, Θ}
𝑚(∅) = 0

Where; 𝑚(𝐴𝑖 ) is the probability mass of a proposition 𝐴𝑖
𝑚(∅) is the probability mass of null set (∅)

The equation (3.5) requires that any probability not attributed to a proper subset of Θ is then
given to Θ. Therefore, the value 𝑚(Θ) is a measure of the uncertainty in the system.

The use of probability mass functions defines the two principal components of the DempsterShafer theory.
1) Belief or support function is the minimum probability for hypothesis A.
2) Plausibility function is the maximum probability for hypothesis A.
The relationship between both components can be described by the following equations.
𝐵𝑒𝑙(𝐴) = ∑𝐴𝑖 ⊆𝐴 𝑚(𝐴𝑖 )

(3.6)

𝑃𝑙(𝐴) = 1 − ∑𝐴𝑖 ⋂𝐴≠∅ 𝑚(𝐴𝑖 )

(3.7)

= 1 − 𝐵𝑒𝑙(¬𝐴)

(3.8)

Therefore, [𝐵𝑒𝑙(𝐴), 𝑃𝑙(𝐴)] is the uncertainty function of 𝐴. In the Bayesian probability
theory, the value of uncertainty function is forced to be 0.
To combine any two-belief function; 𝐴 and 𝐵 over the same Θ with at least one focal element
in common into a new belief function, Dempster-Shafer theory has Dempster’s rule of
combination to perform which is shown in the following equations.

𝑚(𝐶𝑘 ) = 𝑚(𝐴𝑖 ) ⊕ 𝑚(𝐵𝑗 )

(3.9)
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𝑚(𝐶𝑘 ) =

∑𝐴 ∩𝐵 =𝐶 𝐶 ≠∅ 𝑚(𝐴𝑖 )𝑚(𝐵𝑗 )
𝑖 𝑗 𝑘; 𝑘
∑𝐴 ∩𝐵 ≠∅ 𝑚(𝐴𝑖 )𝑚(𝐵𝑗 )
𝑖 𝑗

(3.10)

From equation (3.10), the denominator is distribution of any mass associated with ∅
intersections of belief to the nonempty intersections. The output to a belief function is
renormalized by this denominator. Counterintuitive results may occur when renormalize in
extreme cases. For example, in the case that show a feature must be either 𝑎, 𝑏, or 𝑐. Sensor1
is combined with contradictory evidence for sensor2. The belief function of each sensor is
shown below.
𝐵𝑒𝑙1 (𝐴) = [𝑚({𝑎}) = 0.80, 𝑚({𝑐}) = 0.20]
𝐵𝑒𝑙2 (𝐴) = [𝑚({𝑏}) = 0.80, 𝑚({𝑐}) = 0.20]

From the above belief function, 𝐵𝑒𝑙1 (𝐴) and 𝐵𝑒𝑙2 (𝐴) eliminate 𝑎 and 𝑏 by canceling each
other, leaving the result is total support for 𝑐 . However, it seems to be unreasonable.
Therefore, the weight of conflict metric was established and will be described in the next
paragraph.

In order to deal with the combination of contradictory evidence problem, the weight of
conflict metric (𝐶𝑜𝑛) was established by Shafer. And it can be estimated by using an
equation (3.11).
1

𝐶𝑜𝑛(𝐵𝑒𝑙𝑖𝑒𝑓1 , 𝐵𝑒𝑙𝑖𝑒𝑓2 ) = log (1−𝜅)
Where;

𝜅 = ∑𝐴𝑖 ∩𝐵𝑖 =∅ 𝑚(𝐴𝑖 )𝑚(𝐵𝑗 )
𝐶𝑜𝑛 = [0, ∞]

if;

𝜅 → 0.0, 𝐶𝑜𝑛 → 0.0
𝜅 → 1.0, 𝐶𝑜𝑛 → ∞

(3.11)
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(3)

Fuzzy logic

Fuzzy logic uses fuzzy sets to deal with sensor fusion problems. It is a type of multivalued
logic. Fuzzy sets and fuzzy logic can be proposed as a general theory that attaches probability
and Dempster-Shafer theory as special cases. Fuzzy sets are similar to traditional set theory
unless that fuzzy set’s member has a participatory value authorized by a membership function
that quantifies the number of memberships the element has in the function.

In addition to membership, fuzzy sets contain a number of functions that are similar as the
function operated on traditional sets. Generally, the operations of complementation, union,
and interaction with fuzzy sets contain a number of possible functions. Similarly, to deal with
the uncertainty, fuzzy logic proposes a simple framework. However, representation of the
suitable number of possible implementations of fuzzy sets and fuzzy logic is cumbersome.

Measurement theory and the development of fuzzy controllers are two areas that are nearly
associated to the sensor fusion problems and possible a number of existing methods could be
described in terms of fuzzy methodology. A pattern recognition and inference of statistical
parameters are also related areas with the fuzzy techniques. These mentioned areas show the
potential of fuzzy methodology dealing with the sensor fusion problems. The other
exceptional interest areas which are associated to fuzzy methodology are articular neural
networks, and genetic algorithms.

From the study of the three theories of sensor fusion introduced in this chapter, DempsterShafer theory was selected as sensor fusion method to develop the local positioning system
based on crop edge detection by integrating a laser rangefinder and machine vision.
Dempster-Shafer theory does not require the prior probability distribution which is suitable
for the real-time positioning. In the real-time positioning, there is unknown prior probability
distribution. In contrast, Bayesian probability theory requires the prior probability; therefore,
it is not suitable for the real-time positioning. For the fuzzy logic, the efficiency of the system
depends on the internal system design. Thus, it is not suitable for this academic research.
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3.2

Materials and methods

The simulation experiments by using the card boxes were conducted to test the observation
certainty of the developed system. The purpose of using the card boxes is to simulate them
as the crops. The overall experiment is shown in Figure 3.1 and Figure 3.2.

Figure 3.1 Simulation experiment to detect the edge of box.
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Figure 3.2 Diagram of simulation experiment.

The actual position of the edge of card boxes was collected by measurement. Figure 3.2
shows a diagram of the simulation experiment; the actual position of the edge of card boxes,
the position of the RGB camera and the laser rangefinder on the combine harvester.
In fact, the system also detects the edge of card boxes on the left side. However, this study
focused only the edge of card boxes on the right side because a combine harvest usually runs
along the left side of cut area during the harvesting. Therefore, in this local positioning system
based on crop edge detection, the combine harvester runs along a guidance path by the end
of the header on the right side which moves along the detected edge.

The simulation experiment was conducted in three parts; the RGB camera detects the edge
of the card boxes, the laser rangefinder detects the edge of the card boxes, and the sensor
fusion detects the edge of the card boxes.
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(1)

RGB camera detects the edge of the card boxes

Figure 3.3 Input image from RGB camera.

Figure 3.3 shows the input image acquired from the RGB camera. After acquiring the input
image, the ROI was marked off on the input image as shown in Figure 3.4
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Figure 3.4 Input image with ROI.
The Inverse Perspective Mapping (IPM) was applied to remove the perspective effect. IPM
is a technique that geometrically transforms an image by constructing a new on inverse 2D
planar by projecting each of the pixels of a 3D object in a 2D perspective view and remapping
them to new positions. IPM uses intrinsic parameters of the camera; angular view, aperture,
and resolution; and extrinsic parameters of the camera; pitch angle, yaw angle, and height
above ground to remove the perspective effect.

Equation (3.12) is used defined the mapping function from Image Space (Space I) to Surface
space (Space S).
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(𝑢, 𝑣) = ℎ𝑐 ∗ cot[(𝜃̅ − 𝛼) + 𝑢

2𝛼

2𝛼

] ∗ cos [(𝛾̅ − 𝛼) + 𝑣 𝑚−1] + 𝑙
𝑛−1

𝑦(𝑢, 𝑣) = ℎ𝑐 ∗ cot[(𝜃̅ − 𝛼) + 𝑢

(3.12)

2𝛼
2𝛼
] ∗ sin[(𝛾̅ − 𝛼) + 𝑣
]+𝑑
𝑛−1
𝑚−1

𝑧(𝑢, 𝑣)] = 0
Where; 𝛾̅ is yaw angle of the RGB camera
𝜃 is pitch angle of the RGB camera
ℎ𝑐 is the height of the camera from the ground
𝑙 is the longitudinal of the RGB camera to the center of
origin on the 𝑥𝑦 plane
𝑑 is the transverse distance of the RGB camera to the center of
origin on the 𝑥𝑦 plane
2𝛼 is the angular aperture
𝑚 ∗ 𝑛 is the image resolution

To remove the perspective effect, equation (3.13) defines the projection transformation,
which recovers the texture of the Space S.

ℎ𝑠𝑖𝑛[arctan(

arctan{

𝑦−𝑑

𝑢(𝑥, 𝑦, 0) =

̅ −𝛼)
}−(𝜃

2𝛼
𝑛−1

arctan [
𝑣(𝑥, 𝑦, 0) =

𝑦−𝑑
)]
𝑥−𝑙

(3.13)

𝑦−𝑑
] − (𝛾̅ − 𝛼)
𝑥−𝑙
2𝛼
𝑚−1

After applying equation (3.12) and (3.13), the window of interest from the input image can
be projected onto the ground plane. Figure 3.5 shows image transformed by the IPM
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Figure 3.5 IPM image.

The IPM images, transformed in the RGB color space have a changing of radical brightness
in the surroundings due to shadows, dust particles floating in air, and any potential noise.
Therefore, a robust segmentation method is necessary to filter out the noise in the image and
extract the box.

To distinguish crops from other image elements, color indices have been developed
(Woebbecke, et al., 1995). By the image transformation into these indices, the spectral
difference between plants and the rest of the image area are contrasted.

In this study, the excess blue minus excess red index (ExBR), based on the visible spectral
indices proposed by early researchers, has been applied to the image to perform
segmentations. ExBR can be estimated by equation (3.14)
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𝑅

𝐺

𝐵

𝑟 = 𝑅+𝐺+𝐵 , 𝑔 = 𝑅+𝐺+𝐵 , 𝑏 = 𝑅+𝐺+𝐵

(3.14)

Excess blue: ExB = 1.4𝑏 − 𝑔
Excess red: ExR = 1.4𝑟 − 𝑔
Excess blue minus excess red: ExBR = ExB – ExR
Where 𝑅, 𝐺, and 𝐵 are normalized 𝑅𝐺𝐵 coordinates that range from 0 to 1 and can be
estimated from equation (3.15)

𝑅=𝑅

𝑅

𝑚𝑎𝑥

,𝐺 = 𝐺

𝐺

𝑚𝑎𝑥

,𝐵 = 𝐵

𝐵

𝑚𝑎𝑥

(3.15)

Where 𝑅𝑚𝑎𝑥 = 𝐺𝑚𝑎𝑥 = 𝐵𝑚𝑎𝑥 = 255 . Therefore, on the basis of normalized RGB
coordinates, these indices become insensitive to the changes that arise from ambient light
conditions as well as the differences in the angles to target surfaces. Figure 3.6 shows the
result of the box segmentation by applying the ExBR method to transform IPM image.

Figure 3.6 Applied ExBR method to IPM image.
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The edge of card boxes on the right side was detected by the outer-most boundary point of
the boxes area from the image. The detected edge of card boxes represented by red line is
shown in Figure 3.7

Figure 3.7 The detected edge of card boxes by RGB camera.

(2)

Laser rangefinder detects the edge of the card boxes

Figure 3.8 Schematic diagram of laser rangefinder.
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Figure 3.8 shows the schematic diagram of the laser rangefinder. The laser rangefinder
reference system is 𝑅 = (𝑥𝐿 , 𝑦𝐿 ). The origin 𝑂 is in the center of the half-circle scanning
range of the laser rangefinder. The laser beam operates a counterclockwise sweeping from
-45° to 225°. Therefore, the laser rangefinder gives the position of each detected point in
polar coordinates (𝜌, 𝜃). Equation (3.16) shows the data logged by the laser rangefinder in a
2D coordinate system.
𝑥𝐿
𝜌 ∗ cos(𝜃𝐿 )
𝑦
[ 𝐿 ] = [𝜌 ∗ sin (𝜃𝐿 )]
𝑧𝐿
0

(3.16)

Where; 𝜌 is distance between the reference origin and the object’s detected point.
𝜃𝐿 is angle between the 𝑥𝐿 axis and the beam direction.
Equation (3.17) describes the coordinate transformation from the laser rangefinder’s
coordinates system (𝑥𝐿, 𝑦𝐿 ) into the vehicle’s Cartesian coordinate system (𝑥, 𝑦, 𝑧) by
considering the rotation on the pitch direction and the inclination on the roll direction.
cos (𝜃𝑟 )
0
sin (𝜃𝑟 )
𝑥𝐿
𝑥
0
[𝑦] = [ − sin(𝜃𝑟 ) 𝑠𝑖𝑛 (𝜃𝑝 ) cos (𝜃𝑝 ) cos (𝜃𝑟 )sin (𝜃𝑝 ) ] [𝑦𝐿 ] + [ 0 ]
𝑧
𝐻
− sin(𝜃𝑟 ) 𝑐𝑜𝑠 (𝜃𝑝 ) −𝑠𝑖𝑛 (𝜃𝑝 ) cos (𝜃𝑟 )cos (𝜃𝑝 ) 𝑧𝐿

(3.17)

Where; 𝜃𝑟 is angle on roll direction collected by IMU.
𝜃𝑝 is angle in pitch direction collected by IMU.
H is height of the laser rangefinder.

The data set from the laser rangefinder contain two classes of measurements; the card boxes
measurement and the ground measurement. The optimum threshold between the two classes
of measurements can be estimated by Otsu’s method, and it is shown by equation (3.18).
Then the edge of card boxes on the right ride was detected by using the least square method.

𝜎𝑤2 = ∑𝑢𝑖=0(𝑢𝑖 − 𝜇1 )2 ∗ 𝑢

𝑢∗

𝑚𝑎𝑥

𝑢𝑚𝑎𝑥
2
+ ∑𝑖=𝑢
∗ +1(𝑢𝑖 − 𝜇2 ) ∗

𝑢𝑚𝑎𝑥 −𝑢∗
𝑢𝑚𝑎𝑥

(3.18)
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𝜎𝐵2 =

𝑢∗ (𝜇1 − 𝜇)2 + (𝑢𝑚𝑎𝑥 − 𝑢∗ )(𝜇2 − 𝜇)2
𝑢𝑚𝑎𝑥
𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒(

𝜎𝐵2
) → 𝑢𝑜𝑝𝑡
𝜎𝑤2

Where; 𝜎𝑤2 is intra-class variance.
𝜎𝐵2 is between-class variance.
𝑢∗ is the separation of two classes.
𝜇 is mean of the two classes.
𝜇1 is mean of class 1.
𝜇2 is mean of class 2.
𝑢𝑜𝑝𝑡 is optimum demarcation of two classes.

(3)

Sensor fusion detects the edge of the card boxes

In this study, Dempster-Shafer theory is used for sensor fusion in the Sensor Fusion Effect
(SFX) architecture. The functional layout of the SFX architecture is shown in Figure 3.9.
SFX is a reusable generic control scheme for intelligent sensor fusion. Sensor fusion in SFX
contains three distinct activities;
1) Configuration is the activity which burden with using the task goals of a robot to
create expectations of percept and to anticipate which features of the percept will
be observable to which sensor and the consequence of their contribution.
2) Uncertainty management is the activity which gather observations and calculates
the total belief in the percept using a Dempster-Shafer framework. It consists of
three steps; the first step is the collecting step which collects the features
observations from each sensor. The second step is the preprocessing step which
extracts features from the observation and fusion at the feature level. During this
step, missing or abnormal observations trigger exception handling activity. And
the third step is the fusion step, which transfers belief to common Θ, combines
the resultant belief functions, and determine the conflict between beliefs.

46
Chapter 3

3) Exception handling is the activity which receives missing or abnormal
observations of each sensor. Then, diagnose the problem and recovery.

Figure 3.9 Functional layout of the SFX architecture.

The accumulated evidence in SFX follows a three-level hierarchy; evidence for a feature,
evidence for a description of percept, and evidence for an observation of the entire percept.
Each evidence is substitute as a Dempster-Shafer belief function. The explanation of each
evidence is described below.
𝑘

1) Evidence for a feature (𝜀𝑑𝑠 𝑖 ) is based on how well the expected value matches the
𝑗

observed value of the feature. Considering the uncertainty and variation arising from
the particular sensors and feature-extraction algorithms used in the observation. It can
be done by using descriptions constructed from example sensor data. The belief
𝑘
function for a feature is indicated by 𝐵𝑒𝑙𝑑𝑠 𝑖 |2𝛺 : 𝑚(𝑑𝑗𝑖 ), 𝑚(𝑑𝑗̅ 𝑖 ), 𝑚(𝛺).
𝑗
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𝑘

2) Evidence for a description of percept (𝜀𝑑𝑠 𝑖 ) is leaded by the evidence from each
feature in a particular description of a percept. The belief function for a description is
𝑘
indicated by 𝐵𝑒𝑙𝑑𝑠 𝑖 |2𝛷 : 𝑚(𝑑 𝑖 ), 𝑚(𝑑̅𝑖 ), 𝑚(𝛷) . The transformation from the belief

function for a feature to the belief function for a description can be done as shown in
the equation (3.19).
𝑘

𝑘

𝑟𝑑𝑖 : 𝐵𝑒𝑙𝑑𝑠 𝑖 |2𝛺 → 𝐵𝑒𝑙𝑑𝑠 𝑖 | 2𝛷
𝑗

(3.19)

𝑚(𝑑 𝑖 ) = 𝑟𝑑𝑖 𝑚(𝑑𝑗𝑖 )
𝑗

𝑚(𝑑̅𝑖 ) = 𝑟𝑑𝑖 𝑚(𝑑𝑗̅ 𝑖 )
𝑗

𝑚(𝛷) = 1 − 𝑚(𝑑 𝑖 ) − 𝑚(𝑑̅𝑖 )
Where; 𝑟𝑑𝑖 = description interpretation enlargement function.
𝑗

3) Evidence for an observation of the entire percept (𝜀𝑝 ); each body of evidence for the
description in the expected percept is used to generate the total measure of evidence.
𝑖 𝑘

The belief function for a percept is indicated by 𝐵𝑒𝑙𝑝𝑑 𝑠 |2𝛩 : 𝑚(𝑝), 𝑚(𝑝̅ ), 𝑚(𝛩). The
transformation from the belief function for a description to the belief function for a
percept can be done as shown in equation (3.20)
𝑘

𝑖 𝑘

𝑟𝑝 : 𝐵𝑒𝑙𝑑𝑠 𝑖 |2𝛷 → 𝐵𝑒𝑙𝑝𝑑 𝑠 |2𝛩

(3.20)

𝑚(𝑝𝑖 ) = 𝑟𝑝 𝑚(𝑑𝑖 )
𝑚(𝑝̅𝑖 ) = 𝑟𝑝 𝑚(𝑑̅𝑖 )
𝑚(𝛩) = 1 − 𝑚(𝑝𝑖 ) − 𝑚(𝑝̅𝑖 )
Where; 𝑟𝑝 = percept interpretation enlargement function

After obtaining the belief function for a percept of each sensor, it is possible to use the
Dempster’s rule of combination as shown in equation (3.10) to combine those two belief
functions.

48
Chapter 3

3.3

Results and discussion

According to the previous section, the results are divided into three parts; the RGB camera
detects the edge of the card boxes, Laser rangefinder detects the edge of the card boxes, and
sensor fusion detects the edge of the card boxes.

(1)

Results from RGB camera detects the edge of the card boxes

Figure 3.10 The actual edge of card boxes and the edge detected by RGB camera.

Figure 3.11 The lateral offset of edge detection by using an RGB camera.
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From Figure 3.10 and Figure 3.11, it is shown that the Root Mean Square Error (𝑅𝑀𝑆𝐸) of
the RGB camera edge detection system is equal 2.55 cm with an average lateral offset 2.12
cm. The 𝑅𝑀𝑆𝐸 of the RGB camera edge detection system is rather high because the ROI of
the input image is on the bottom of the image. Therefore, the distortion of the image should
be considered. The distortion of the image will get higher if the ROI of the image is further
from the center of the image.
(2)

Results from the laser rangefinder detects the edge of the card boxes

Figure 3.12 The actual edge of card boxes and the edge detected by laser rangefinder.

Figure 3.13 The lateral offset of edge detection by using a laser rangefinder.

50
Chapter 3

From Figure 3.12 and Figure 3.13, it is shown that the 𝑅𝑀𝑆𝐸 of the laser rangefinder edge
detection system equal 0.96 cm with average of lateral offset 4.23 cm.

(3)

Results from the sensor fusion detect the edge of the card boxes

In the simulation experiment, the percept was defined as the edge of the card boxes
1) Evidence a for feature is based on two descriptions: RGB camera (d1 ), and laser
rangefinder (d2 ). (d1 ) consists of a single feature: edge of box (d11 ) and (d2 )
consist of a single feature: edge of box (d12 ). The belief for a feature is shown as
below;
1

𝐵𝑒𝑙𝑑𝑠 1 |2𝛺 : (0.54, 0.33, 0.13)
1

𝑠2
𝑑12

𝐵𝑒𝑙 |2𝛺 : (0.52, 0.19, 0.29)

2) Evidence for a description: The belief for a description was transferred from the
belief for a feature by using equation (3.19) with 𝑟𝑑1 = ⟨1⟩ and 𝑟𝑑2 = ⟨1⟩. The
belief for a description is shown as below;
1

𝐵𝑒𝑙𝑑𝑠 1 |2𝛷 : (0.54, 0.33, 0.13)
2

𝐵𝑒𝑙𝑑𝑠 2 |2𝛷 : (0.52, 0.19, 0.29)
3) Evidence for a percept: The belief for a percept was transferred from the belief

for a description by using equation (3.20) with 𝑟𝑝 = ⟨1,1⟩. The belief for a percept
is shown as below;
𝐵𝑒𝑙𝑝𝑑
𝐵𝑒𝑙𝑝𝑑

1 𝑠1

2 𝑠2

|2𝛩 : (0.54, 0.33, 0.13)

|2𝛩 : (0.52, 0.19, 0.29)

The final belief function for percept can be estimated by using Dempster’s rule combination.
Equation (3.21) shows the combination between 𝐵𝑒𝑙𝑝𝑑

1 𝑠1

and 𝐵𝑒𝑙𝑝𝑑

2 𝑠2

.
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𝐵𝑒𝑙𝑝 = (𝐵𝑒𝑙𝑝𝑑

1 𝑠1

⨁𝐵𝑒𝑙𝑝𝑑

2 𝑠2

)

(3.21)

The result of applying equation (3.10) to equation (3.21) is shown as below.
𝑚(𝑝2 ) = 0.52

̅̅̅2 ) = 0.19
𝑚(𝑝

𝑚(𝛩) = 0.29

𝑚(𝑝1 ) = 0.54

0.28

0.10

0.16

̅̅̅1 ) = 0.33
𝑚(𝑝

0.17

0.06

0.10

𝑚(𝛩) = 0.13

0.07

0.02

0.04

𝑚(𝑝) =

0.28 + 0.07 + 0.16
= 0.70
1 − (0.17 + 0.10)

𝑚(𝑝̅ ) =

0.06 + 0.02 + 0.10
= 0.25
1 − (0.17 + 0.10)

𝑚(𝛩) = 1 − 𝑚(𝑝) − 𝑚(𝑝̅ ) = 0.0.5
The probability mass for percept (𝑚(𝑝)) equals 0.7, which means that the observation from
both sensors is certain.
Using equation (3.11) to calculate the weight of conflict metric (𝐶𝑜𝑛) which gives as a result,
(𝐶𝑜𝑛) equal to 0.14.

Then, by integrating the characteristic of the laser rangefinder and machine vision, the result
is shown as below.
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Figure 3.14 The actual edge of card boxes and the edge detected by sensor fusion.

Figure 3.15 The lateral offset of edge detection by using sensor fusion.

Figure 3.14 and Figure 3.15 show the 𝑅𝑀𝑆𝐸 of edge detection by using sensor fusion equal
0.48 cm with average of the lateral offset 1.51 cm.
3.4

Conclusion

In this chapter, to deal with the sensor’s uncertainty, three theories of sensor fusion were
studied. From the study about sensor fusion method, Dempster-Shafer theory was selected
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as the sensor fusion method for this study because the prior probability distribution is not a
requirement of Dempster-Shafer theory because in the real-time guidance, there is unknown
prior probability distribution. The card boxes were used to simulate as crops in the simulation
experiment. The simulation experiment was separated into three parts; the RGB camera
detects the edge of the card boxes, the laser rangefinder detects the edge of the card boxes,
and the sensor fusion detects the edge of the card boxes.

To combine the characteristics of both sensors, the Dempster-Shafer theory was used in the
SFX architecture. The results show that the observation of both sensors is certain with the
probability mass for percept equal to 0.70 and the weight of conflict equal to 0.14. The
probability mass for percept equal to 0.70 means the observation of the sensor fusion
detection of the edge of the card boxes is certain. However, it is not suitable to use the
probability function for the practical application like the operation of an automatic combine
harvester. Therefore, the further experiment and evaluation is necessary to develop a
positioning system for an automatic combine harvester.
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CHAPTER 4
PERFORMANCE OF QUASI-ZENITH SATELLITE
SYSTEM FOR A COMBINE HARVESTER
UNDER STATIC CONDITIONS
4.1

Introduction

The development of the QZSS and its receiver allowed to utilize the CLAS and MADOCA
positioning augmentation system. From the literature review, both CLAS and MADOCA
positioning augmentation systems have a good accuracy which has a potential to be utilized
for a positioning system of an automatic combine harvester. Therefore, the purpose of this
chapter is to evaluate the performance of QZSS for a combine harvester under static condition.

This chapter described the experiments methodology. The terminology of each parameter
used for the performance evaluation under static conditions is included. The results of the
performance of QZSS for a combine harvester under static conditions were presented and
discussed.
4.2

Materials and methods

The experiments to evaluate the performance of the QZSS for a combine harvester under
static conditions were conducted at the experimental farm of Hokkaido University under an
open sky environment, which means there were no sight-blocking tall buildings or trees
between June of 2019 and January of 2020. Figure 4.1 shows the setup for the experiment.
This simple procedure guarantees that the three different GNSS systems are measuring the
exact same position. Figure 4.2 shows the experimental location which was an old tennis
court. Each one of the receivers was tested individually using their own antenna meaning that
no GNSS splitter was used to obtain the signal from a single antenna into two or more
receivers. The receiver antennas were mounted on a tripod stand at a height of 1.2 m above
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the ground surface. One post hole of the tennis was used as a ground landmark. For each
experiment, a brass plumb bob was used to set the tripod in the exact same central position
of the landmark. The outputs of each GNSS system were logged in a PC at the rate of 10 Hz.
The experiment took six hours. Starting at 10:00 and finishing at 16:00 (UTC +9 Time).

Figure 4.1 The setup of performance evaluation under static conditions.
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Figure 4.2 The experimental location for performance evaluation under static conditions.

4.2.1 The activation time and the reactivation time
A simple activation test was performed on each of the receivers at the experimental location
before the experiment under static conditions. The test consisted of powering on each
receiver and recording the convergency time; this means, the time each receiver takes to
achieve its RTK fixed status. Please note that the Magellan MJ-3008-GM4-QZS receiver can
only achieve RTK float status when using the MADOCA positioning augmentation system .

An additional reactivation time test was also performed. This test consisted of disconnecting
the receiver antenna, waiting for the positioning signal to drop and then reconnecting the
receiver antenna, waiting for the receiver to achieve its enhanced positioning status after this
antenna disconnection and reconnection was also recorded. This test relevant because
sometimes in field conditions the GNSS signal might drop due to external factors, so it is
necessary to know an estimation of how much time does the receiver needs to recover from
a sudden signal loss.
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The time of the activation tests and the reconnection tests was recorded using the timestamp
from the PC and it was estimated from the average of ten different measurements. The
standard deviation, and the minimum and maximum values were calculated and helped to
verify that measuring more times would not evidence any different behavior. Please note that
the receiver using the CLAS positioning augmentation system cannot achieve RTK fixed
status automatically after disconnecting the antenna or after powering on the receiver, it
needs to be set up manually again. Therefore, the reactivation time is omitted because it
would be the same as the activation time.
4.2.2 2DRMS and CEP

There are different methods for determining the accuracy of a GNSS under static conditions
(Petrovski and Tsuiiji, 2012). The most used are the Twice Distance Root Mean Square
(2𝐷𝑅𝑀𝑆) and the Circular Error Probability (𝐶𝐸𝑃).
The 2𝐷𝑅𝑀𝑆 accuracy indicates that the measured position will be within the stated distance
from the true position 95% of the time. It is given by equation (4.1)

2𝐷𝑅𝑀𝑆 = √(𝜎𝐸2 + 𝜎𝑁2 )

(4.1)

Where; 𝜎𝐸 is the standard deviation of the easting values
𝜎𝑁 is the standard deviation of the northing values
The 𝐶𝐸𝑃 is the radius of a circle containing 50% of the horizontal position measurement
reported by the GNSS receiver. It is given by equation (4.2)

𝐶𝐸𝑃 = 0.59(𝜎𝐸 + 𝜎𝑁 )

(4.2)
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The 2𝐷𝑅𝑀𝑆 and 𝐶𝐸𝑃 are good accuracy estimators while using them to measure position
points which have normal distribution towards a central point. (Droso et al., 2011). However,
they require an additional accuracy estimator to incorporate accuracy into them which will
be explained below.

4.2.3 RMSE
The 𝑅𝑀𝑆𝐸 was used to incorporate accuracy into the 2𝐷𝑅𝑀𝑆 and 𝐶𝐸𝑃 by using 𝑅𝑀𝑆𝐸 to
describe the accuracy by measuring the errors between the GNSS data and the actual position
(Rodriduez-Pérez et al., 2006). The position measured by the Trimble SPS855 GNSS receiver
which utilize the RTK position augmentation system was used as the mean position. The
𝑅𝑀𝑆𝐸 is given by equation (4.3)

1

𝑅𝑀𝑆𝐸 = √𝑛 ∑𝑛𝑖=1(𝐸𝑖 − 𝐸)

2

(4.3)

Where; 𝐸𝑖 is the location of the 𝑖𝑡ℎ measurement along the easting and northing directions.
𝐸 is the mean of the measurements.
𝑛 is the total number of measurements.
4.3

Result and discussion

Table 4.1 shows the results of the ten measurements of the activation time and the
reactivation time of each positioning augmentation system on the different date. The
minimum values, maximum values, average values, and the standard deviation are calculated
and also shown in Table 4.1. The results from the ten measurements of each positioning
augmentation system shows they were almost the same. And the minimum and maximum
values show a difference of around 1 second. With the standard deviation around 0.5;
meaning the values tend to be close to the mean of the data. Therefore, it is acceptable to use
the average time for comparison purposes.
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Table 4.1 The activation and the reactivation time results.
RTK (Real-time
Test
Number

Kinematic)
(2019/06/25)
Act. time (s)

React.
time(s)

MADOCA

CLAS

(2019/07/08)

(2020/01/16)

Act. time (s)

React.
time(s)

Act. time (s)

React.
time(s)

1

13.9

13.4

31.5

43.7

127.1

-

2

15.1

12.5

30.2

42.8

128.4

-

3

13.7

12.3

29.5

43.7

128.5

-

4

14.3

13.2

29.2

43.3

129.1

-

5

14.2

12.7

30.8

43.9

128.3

-

6

14.7

12.8

31.1

42.4

127.6

-

7

14.1

13.1

30.7

43.1

128.3

-

8

14.0

12.4

30.5

44.2

128.6

-

9

13.8

12.9

30.1

42.7

127.3

-

10

14.6

13.5

29.7

43.5

128.1

-

Min.

13.7

12.3

29.2

42.4

127.1

-

Max.

15.1

13.5

31.5

44.2

129.1

-

Average

14.2

12.9

30.3

43.3

128.1

-

S.D.

0.44

0.42

0.73

0.58

0.62

-

From Table 4.1, it can be seen that the activation time of the RTK positioning augmentation
system; meaning the time necessary to achieve RTK fixed status on average in 14.2 seconds.
For the MADOCA positioning augmentation system, it can achieve RTK float in 30 seconds
on average, which means this is a short activation time considering that while using the
MADOCA mode, the receiver does not require an NTRIP service provider. In contrast, the
CLAS positioning augmentation system could achieve RTK fixed status a little slower, which
took 128 seconds on average.
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In case of the reactivation time from Table 4.1, the RTK and MADOCA positioning
augmentation systems performed similar times comparing to its own activation time. On the
other hand, the CLAS positioning augmentation system cannot achieve RTK fixed status
automatically after disconnecting and reconnecting the antenna, the manual set up needs to
be done. Therefore, the reactivation of the CLAS positioning augmentation system is omitted
in Table 4.1 because it would be similar to the activation time.

The results from Table 4.1 show that the activation times of three positioning augmentation
systems are not too much different. These results imply that it would take less than 3 minutes
while utilizing them with an automatic combine harvester, even though there might be some
special cases caused by some abnormal factors such as geography or weather conditions that
cause to have any of these positioning augmentation system be ready in more time.

As mentioned before in the experimental methodology, the RTK positioning augmentation
system is used as the reference for comparison purpose. Therefore, the RTK variations should
be analyzed because even the RTK positioning system might show small variations in
position over time (Rodriduez-Pérez et al., 2006). This analysis is needed to clarify whether
variations during the experiment are caused by variation of the RTK reference or caused by
the variations in the CLAS or MADOCA positioning augmentation system.

Figure 4.3 shows the result from the performance evaluation under static conditions of the
RTK positioning augmentation system. It is easier to visualize the distance in meters than in
degrees. Therefore, the result in Figure 4.3 is plotted in Universal Transverse Mercator
(UTM) coordinates instead of latitude longitude coordinates. The position points measured
by the RTK positioning augmentation system are scattered over a small area about 0.05 m
by 0.06 m.
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Figure 4.3 Result from the performance evaluation under static conditions of the RTK
positioning augmentation system plotted in Easting and Northing coordinates.

Figure 4.4 shows the variations of the RTK positioning augmentation system over time.
However, to neglect these variations in position overtime, it is possible to use the mean of
logged positions measured by the RTK positioning augmentation system as an origin point
for the reference in order to compare with either CLAS or MADOCA positioning
augmentation system.

The small scattered area of the logged points measured by the RTK positioning augmentation
system

in

Figure

4.3

and

the

small

variations

in

position

over

time

in

Figure 4.4 verify that it is possible to use the mean of logged positions measured by the RTK
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positioning augmentation system to neglect these small variations while using the positions
measured by the RTK positioning augmentation system as a reference.

Figure 4.4 Result from the performance evaluation under static conditions of the RTK
positioning augmentation system plotted in time series.

By using equation (4.1) and equation (4.2), the 2𝐷𝑅𝑀𝑆 and the 𝐶𝐸𝑃 can be calculated,
respectively. Figure 4.3, Figure 4.5, and Figure 4.6 show the 2𝐷𝑅𝑀𝑆 which is measured
within the black circle and the 𝐶𝐸𝑃 which is the radius of the green circle in the plot.

Figure 4.5 and Figure 4.6 present an overview of the performance evaluation of the QZSS
under static conditions. The plots are shown in UTM coordinates and the origin point (0,0)
is the mean of the logged positions measured by the RTK positioning augmentation system.
As mentioned before, the purpose of using this mean of logged positions is to neglect small
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variations in positions overtime. The mean of logged positions and the positions points
measured by the CLAS and MADOCA positioning augmentation system are displayed by
the blue points and the cloud of red points, respectively.

Figure 4.5 Result from the performance evaluation under static conditions of the CLAS
positioning augmentation system plotted in Easting and Northing coordinates.

From the Figure 4.5, the position points measured by the CLAS positioning augmentation
system are uniformly grouped and scattered over an area around 0.25 m by 0.50 m. The mean
position or the blue point located in the center of the cloud of red points shows small
instabilities or the sudden oscillations.

Figure 4.6 shows that the positions measured by the MADOCA positioning augmentation
system are scattered over an area of about 0.70 m by 0.70 m and display a loop inside this
area. This loop indicates the instability of the MADOCA positioning augmentation system.
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However, the mean position or the blue point which locates inside the area where the cloud
of red points are dense, which means this positioning augmentation system has a good
accuracy but it is not good as the mean position of the CLAS positioning augmentation
system.

Figure 4.6 Result from the performance evaluation under static conditions of the
MADOCA positioning augmentation system plotted in Easting and Northing coordinates.

The result shown in Figure 4.5 give an inference that the accuracy of the CLAS positioning
augmentation system is better than the accuracy of the MADOCA positioning augmentation
system. The loop in the plot of the MADOCA positioning augmentation system shown in
Figure 4.6 gives the initial idea that an oscillation in the measured coordinates might cause
this loop until they converge and scatter over area of about 0.50 m by 0.50 m.
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The 2𝐷𝑅𝑀𝑆 and the 𝐶𝐸𝑃 circle of the CLAS positioning augmentation system shown in
Figure 4.5 is smaller than the MADOCA positioning augmentation system shown in Figure
4.6. This is an expected result caused by the size of the area of the cloud of red points in
Figure 4.5 and Figure 4.6.
Table 4.2 Accuracy analysis under static conditions
Positioning
augmentation

2DRMS

system

(m)

Number
CEP (m)

of
satellites

N-S

E-W

offset (m) offset (m)

RMSE
(m)

RTK

0.010

0.008

14.6

Reference Reference Reference

CLAS

0.041

0.034

11.0

-0.447

0.352

0.57

MADOCA

0.107

0.089

12.7

-0.427

0.326

0.54

The 2𝐷𝑅𝑀𝑆, the 𝐶𝐸𝑃 and the average number of satellites tracked during the experiment for
each one of the position augmentation systems were listed in Table 4.2. The results show that
the CLAS positioning augmentation system has a rationally small 2𝐷𝑅𝑀𝑆 and 𝐶𝐸𝑃; even
though they are around four times bigger than the results from the RTK positioning
augmentation system which are still less than 0.05 m. On the other hand, the 2𝐷𝑅𝑀𝑆 and
𝐶𝐸𝑃 of MADOCA positioning augmentation system are ten times bigger than the results
from the RTK positioning augmentation system.
In terms of the 2𝐷𝑅𝑀𝑆 and 𝐶𝐸𝑃, a big value refers to most of the position points scattered
over a wider area, while a smaller value refers to the concentration of the position points
within a small area.

The results from Table 4.2 support the inference obtained from Figure 4.7 and Figure 4.8;
the CLAS positioning augmentation system is more accurate than the MADOCA positioning
augmentation system. An indication of the quality of the signal reception can be interfered
from the average number of satellites tracked. The receiver or user’s location and time can
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be estimated by a minimum of four satellites (Fan et al., 2019) meaning the more satellites
used, the greater the solution quality and integrity. This conclusion is necessary as an
estimator for the experiments because it can help with the perception in case of the accuracy
of any positioning augmentation system is affected by weather conditions, or the satellites
line of view, or the accuracy is just inferior. From the results of the experiments, even though
the CLAS positioning augmentation system registered on average less satellites than the
MADOCA positioning augmentation system, it could perform better. This means the inferior
accuracy of the MADOCA positioning augmentation system was not caused by the lack of
satellites, it was caused by the inherent measurement principle of the system.

Additionally, to describe the accuracy by measuring the errors between each receiver position
data and the actual position, the 𝑅𝑀𝑆𝐸 was calculated by using equation (4.3). As mentioned
before, the mean of the logged positions measured by the RTK positioning augmentation
system was used as the origin points (0,0) in Figure 4.5 and Figure 4.6. The difference
between each result of the CLAS or MADOCA positioning augmentation system and the
result of the RTK positioning augmentation system is termed as the bias of each receiver.
The mean of the bias values within a period is termed as the offset of each receiver (Wang
and Noguchi, 2019). This offset is calculated from the easting and northing coordinates
separately and shown in Table 4.2 with the 𝑅𝑀𝑆𝐸 value. The offset from Table 4.2 shows
that both CLAS and MADOCA positioning augmentation system have a similar offset of
around 0.33 m and 0.43 m in the easting and northing coordinates, respectively. The 𝑅𝑀𝑆𝐸
of both system is around 0.55 m. These results are different from the results of 2𝐷𝑅𝑀𝑆 and
𝐶𝐸𝑃 which could imply that the MADOCA positioning augmentation system is as accurate
as the CLAS positioning augmentation system in terms of a constant bias.

However, Figure 4.5 and Figure 4.6 provides only an idea of the static positioning experiment
without behaviors over time. Table 4.2 does not provide information for a specific time, it
summarized only the data of the 2𝐷𝑅𝑀𝑆 , 𝐶𝐸𝑃 , offset, and 𝑅𝑀𝑆𝐸 ; which give a good
accuracy analysis for the total length of the performance evaluation under static conditions.
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Therefore, Figure 4.7 and Figure 4.8 shows the logged position data measured by the CLAS
and MADOCA positioning augmentation systems from the performance evaluation under
static conditions plotted against time in easting and northing coordinates, respectively.

The results from Figure 4.7 show that the position data measured by the CLAS positioning
augmentation system has a small oscillation of around 0.20 m in the northing coordinate
during the first hour, then it becomes stable since the second hour until the end of the
evaluation. On the other hand, the position data in the easting coordinate converges to an
approximately constant value within a 0.10 m range and it is stable from the beginning until
the end of the evaluation.

Figure 4.7 Result from the performance evaluation under static conditions of the CLAS
positioning augmentation system plotted in time series.
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The result from Figure 4.7 implies that the CLAS positioning augmentation system might be
appropriate to utilize with the automatic combine harvester. Although the bias respect to the
reference measured by the RTK positioning augmentation system is around 0.40 m, it seems
to be almost constant during the six hours of the evaluation. Please note that there is a
deviation of 0.20 m during the first hour of the CLAS positioning augmentation system in
the northing coordinate. This deviation might be caused by an inherent characteristic of the
CLAS positioning augmentation system.

Figure 4.8 Result from the performance evaluation under static conditions of the
MADOCA positioning augmentation system plotted in time series.

In contrast, the MADOCA positioning augmentation system has a different characteristic
compared to the CLAS positioning augmentation system, as shown in Figure 4.8. There is a
big oscillation of almost 0.70 m in both the easting and northing coordinates during the first
hour of the evaluation. However, this oscillation gets smaller gradually since the second hour,
then it becomes stable since the third hour and it starts to converge to a range of 0.20 m for
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both the easting and northing coordinates. In terms of the bias with respect to the reference
measured by the RTK positioning augmentation system, this bias is around 0.40 m.
Compared to the CLAS positioning augmentation system, this bias is not constant during the
six hours of the performance evaluation under static conditions. Therefore, it is not suitable
to utilize the MADOCA positioning augmentation system to an automatic combine harvester
during the first hour, meaning it might be used after waiting for an hour. However, the idea
of a constant offset bias is not correct. This time restriction was considered in for the
experiment to test the feasibility of an auto-guided combine harvester utilizing the MADOCA
positioning augmentation system.
4.4

Conclusions

This chapter explained the experiment methodology to evaluate the performance of QZSS
for a combine harvester under static conditions. The experiments were conducted in the open
sky area. To guarantee that the three positioning augmentation systems in the experiment
measure the exact same position, the receiver antennas were mounted on a tripod stand using
a brass plumb bob to set the tripod in the exact same central position of the selected post hole
as the landmark. The RTK positioning augmentation system was used as a reference for the
evaluation.

Before beginning the experiments, a simple activation test was performed on each of the
receivers at the experimental location. Then, an additional reactivation time test was also
performed. The results showed that the average activation time of around 14.2 seconds, 128.1
seconds, and 30.3 seconds for the RTK, CLAS, and MADOCA positioning augmentation
system, respectively. The average reactivation time was around 12.9 seconds and 43.3
seconds for the RTK and MADOCA positioning augmentation system, respectively. Please
note that the CLAS could not achieve RTK fixed status for the reactivation time test and it
can be omitted because it would be the same as the activation time.
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The 2𝐷𝑅𝑀𝑆 , 𝐶𝐸𝑃 , and 𝑅𝑀𝑆𝐸 were calculated to evaluate the performance under static
conditions. The results showed a 2𝐷𝑅𝑀𝑆 of 0.04 m and 0.10 m, a 𝐶𝐸𝑃 of 0.03 m and 0.08
m, and a 𝑅𝑀𝑆𝐸 of 0.57 m and 0.54 m for the CLAS and MADOCA positioning augmentation
system, respectively.

The results from the logged position data plotted against time showed the MADOCA had
different characteristic compared to the CLAS positioning augmentation system. Although
both positioning augmentation systems have relatively short activation times, the CLAS
positioning augmentation system performed better under static conditions.

71
Chapter 5

CHAPTER 5
FEASIBILITY OF AN AUTO-GUIDED
COMBINE HARVESTER UTILIZING QUASI-ZENINTH
SATELLITE SYSTEMS AS A NAVIGATION SENSOR
5.1

Introduction

According to the performance of the QZSS for a combine harvester under static conditions
in Chapter 4, both CLAS and MADOCA positioning augmentation systems show a good
performance; especially, the CLAS positioning augmentation system. Therefore, the purpose
of this chapter is to test the feasibility while utilizing the QZSS as a navigation sensor for an
auto-guided combine harvester.

This chapter explains the experiment methodology. The results of the experiments while
utilizing the CLAS and MADOCA positioning augmentation systems as a navigation sensor
for an auto-guided combine harvester are also presented and discussed.
5.2

Materials and methods

There are three tests to verify the feasibility while utilizing the QZSS as a navigation sensor
for an auto-guided combine harvester. Figure 5.1 shows the overall setup for the three tests.
The methodology for each test will be described as below.

The first test were conducted at the experimental farm of Hokkaido University in order to
verify the feasibility of an auto-guided combine harvester utilizing the QZSS as a navigation
sensor. The auto-guided combine harvester was equipped with the Magellan MJ-3008-GM4QZS receiver connected directly to its own antenna without using a GNSS splitter. The autoguided combine harvester ran along four paths of the pre-designed navigation map. This predesigned navigation map consisted of a set position points in latitude and longitude
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coordinates. In each run, the CLAS and MADOCA positioning augmentation systems were
utilized as a navigation sensor. The purpose of this test is to verify the possibility of utilization
of both CLAS and MADOCA positioning augmentation systems as a navigation sensor for
the auto-guided combine harvester.

Figure 5.1 The overall setup of three feasibility tests.

The second test was performed by using the auto-guided combine harvester equipped with
Trimble SPS855 receiver and the Magellan MJ-3008-GM4-QZS receiver. Both receivers
were tested together using the antenna of the Magellan MJ-3008-GM4-QZS receiver via a
GNSS splitter as shown in Figure 5.1. The auto guided combine harvester traveled one
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straight path in the experimental farm with a constant velocity of 0.8 m/s by using the RTK
positioning augmentation system as a navigation sensor. Four runs with two-hours interval
on different date were performed. Each run took around 10 minutes while the outputs of both
receivers were logged in a PC at the rate of 10 Hz. The reason of performing the test on
different dates is because the Magellan MJ-3008-GM4-QZS receiver cannot utilize the
CLAS and MADOCA position augmentation system simultaneously. The test on each day
took 6 hours by activating the CLAS, MADOCA, and RTK positioning augmentation
systems from 10:00 to 16:00 (UTC +9 Time) on different dates to evaluate the time
dependency of each system. The 𝑅𝑀𝑆𝐸 of the lateral deviation respect to the pre-designed
navigation map was calculated by using equation (4.3). The lateral deviation was chosen to
calculate the 𝑅𝑀𝑆𝐸 and show it as the result of the test, because the straight path contained
in the pre-designed navigation map works as the target position, and the positioning points
logged by each positing augmentation system usually has some lateral deviation from this
target position.

The purpose of the third test is to evaluate the performance of the CLAS and MADOCA
augmentation systems as a navigation sensor for an auto-guided combine harvester. Similar
to the second test, the test took 6 hours by activating the CLAS, MADOCA, and RTK
positioning augmentation systems from 10:00 to 16:00 (UTC +9 Time) on different dates to
evaluate the time dependency of each system. Then, the CLAS and MADOCA positioning
augmentation systems were used as a navigation sensor for the auto-guided combine
harvester. The auto-guided combine harvester ran along the same two paths of the predesigned navigation map with two-hour intervals of time between each experimental run.
The first run was tested immediately after the CLAS and MADOCA positioning
augmentation systems were activated. The RTK positioning augmentation system was used
to create the pre-designed navigation map. The output measured by the RTK positioning
augmentation system was also logged in the PC for the evaluation purposes.
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5.3

Result and discussion

By utilizing the CLAS and MADOCA as a navigation sensor for the auto-guided combine
harvester, the results shown in Figure 5.2 and Figure 5.3 confirm that the auto-guided
combine harvester could run along four paths of the pre-designed navigation map. In both
Figure 5.2 and Figure 5.3, the dashed line displays the pre-designed navigation map. The
solid blue line displays the traveling path of the auto-guided combine harvester by utilizing
the CLAS and MADOCA positioning augmentation systems, respectively. Each test took
about 20 minutes. However, a further feasibility test is necessary because it is difficult to
estimate the accuracy of each positioning augmentation system as a navigation sensor for the
auto-guided combine harvester.

Figure 5.2 First feasibility test by utilizing the CLAS positioning augmentation system as a
navigation sensor for the auto-guided combine harvester.
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From Figure 5.2 and Figure 5.3, the results show that there are oscillations after the autoguided combine harvester finishes the turning maneuver and enter the straight path. The
cause of these oscillations is the utilization of the FDS with steering wheel for turning.
However, the auto-guided combine harvester which utilizes the CLAS and MADOCA
positioning augmentation system as a navigation sensor could return to the straight travel
path along to the pre-designed navigation map, which gives an initial idea that utilizing either
of these positioning augmentation systems as a navigation sensor for the auto-guided
combine harvester is feasible.

Figure 5.3 First feasibility test by utilizing the MADOCA positioning augmentation system
as a navigation sensor for the auto-guided combine harvester.
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Figure 5.4 and Figure 5.5 show the second feasibility test by utilizing the RTK positioning
augmentation system as a navigation sensor for the auto-guided combine harvester logged
with the CLAS and MADOCA positioning augmentation systems, respectively. In Figure 5.4
and Figure 5.5 the red lines represent the logged position data measured by the RTK
positioning augmentation system, the black lines represent the pre-designed navigation map,
and the blue lines represent the logged position data measured by the CLAS and MADOCA
positioning augmentation systems, respectively.

Figure 5.4 Second feasibility test by utilizing the RTK positioning augmentation system as
a navigation sensor for the auto-guided combine harvester logged with the CLAS.
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Figure 5.5 Second feasibility test by utilizing the RTK positioning augmentation system as
a navigation sensor for the auto-guided combine harvester logged with the MADOCA.

Table 5.1 Results from second feasibility test with logged position measured by the CLAS.
RMSE of lateral deviation (m)

Positioning
augmentation

1st run at

2nd run at

3rd run at

4th run at

system

10:00

12:00

14:00

16:00

RTK

0.05

0.04

0.05

0.03

CLAS

0.06

0.05

0.04

0.05

78
Chapter 5

Table 5.1 and Table 5.2 summarize the result from the second feasibility test. The lateral
deviation was calculated from the difference between the pre-designed navigation map and
the logged position data from the RTK, the CLAS, and the MADOCA positioning
augmentation system. Please note that the straight path contained in the pre-designed
navigation map serves as the target position, and the position points logged by each
positioning augmentation system usually have some lateral deviation from the target position.
By using equation (4.3), the 𝑅𝑀𝑆𝐸 of the lateral deviation can be calculated. From Table 5.1,
the comparison between the 𝑅𝑀𝑆𝐸 of lateral deviation from the four runs shows that the
RTK and the CLAS positioning augmentation system are stable, it is possible to state that for
this test the CLAS positioning augmentation system might be as good as the RTK positioning
augmentation system because it displays a 𝑅𝑀𝑆𝐸 of lateral deviation less than 0.06 m.
Table 5.2 Results from second feasibility test with
logged position measured by the MADOCA.
RMSE of lateral deviation (m)

Positioning
augmentation

1st run at

2nd run at

3rd run at

4th run at

system

10:00

12:00

14:00

16:00

RTK

0.03

0.03

0.04

0.04

MADOCA

0.32

0.18

0.06

0.07

However, results from Table 5.2 show that the MADOCA positioning augmentation system
performance is poor for the first experimental run. An 𝑅𝑀𝑆𝐸 of 0.32 m suggests that is not
possible to use this positioning augmentation technique as a navigation sensor for the autoguided combine harvester. The MADOCA positioning augmentation system performance
improves in the second run and it gets better in the third run because the MADOCA
positioning augmentation system requires at least two hours for stabilization, as evidenced
in the data shown in Figure 4.8. Therefore, this positioning augmentation system is not
suitable for the practical function as a navigation sensor of the auto-guided combine harvester.
It is not practical to have an agricultural vehicle waiting in the field for two hours to complete
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a harvest task that might take one hour for a small field. The results summarized in Table 5.1
and Table 5.2 are consistent to the result summarized in Table 4.2, and the data displayed in
Figure 4.7 and Figure 4.8.

Figure 5.6 Third feasibility test by utilizing the CLAS positioning augmentation system as
a navigation sensor for the auto-guided combine harvester logged with the RTK.
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Figure 5.7 Third feasibility test by utilizing the MADOCA positioning augmentation
system as a navigation sensor for the auto-guided combine harvester logged with the RTK.

Figure 5.6 and Figure 5.7 show the third feasibility test by utilizing the CLAS and MADOCA
positioning augmentation as a navigation for the auto-guided combine harvester. The output
measured by the RTK positioning augmentation system was also logged and is shown in
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Figure 5.6 and Figure 5.7, as mentioned in the experiment methodology. In Figure 5.6 and
Figure 5.7 the red lines represent the logged position data measured by the RTK positioning
augmentation system, the black lines represent the pre-designed navigation map, and the blue
lines represent the logged position data measured by the CLAS and MADOCA positioning
augmentation systems, respectively.

Table 5.3 Results from third feasibility test by using the CLAS as a navigation sensor.
Positioning

RMSE of lateral deviation (m)

RMSE of lateral deviation (m)

augmentation

from 1st path

from 2nd path

system

10:00 12:00 14:00

16:00

10:00

12:00

14:00

16:00

CLAS

0.03

0.03

0.03

0.03

0.26

0.21

0.31

0.27

RTK

0.07

0.11

0.11

0.09

0.22

0.19

0.28

0.23

Table 5.3 summarizes the results from the third feasibility test by using the CLAS positioning
augmentation system as a navigation sensor for the auto-guided combine harvester. The
difference of the 𝑅𝑀𝑆𝐸 of the lateral deviation between the CLAS positioning augmentation
system and the RTK positioning augmentation system is almost constant since the time the
experiment started; which means the position data navigated by the CLAS positioning
augmentation system always converge to the position data measured by the RTK positioning
augmentation system during the six hours of the experiment. Therefore, the CLAS
positioning augmentation system does not have the time dependency phenomenon. The
average 𝑅𝑀𝑆𝐸 of the lateral deviation of the RTK positioning augmentation system for the
actual path is 0.09 m and 0.23 m for the first path and second path, respectively. It is necessary
to consider that when the auto-guided combine harvester performs a round trip, the width of
the header used for harvesting requires a minimum distance between the going and the
returning path. If this distance is too big, it might result in a gap of unharvested plants
between the going and the returning path. This distance is defined as the overlap of the autoguided combine harvester.
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Table 5.4 Results from third feasibility test by using the MADOCA as a navigation sensor.
Positioning

RMSE of lateral deviation (m)

RMSE of lateral deviation (m)

augmentation

from 1st path

from 2nd path

system

10:00 12:00 14:00

16:00

10:00

12:00

14:00

16:00

MADOCA

0.11

0.04

0.07

0.08

0.36

0.69

0.63

0.67

RTK

0.23

0.09

0.08

0.09

0.58

0.66

0.58

0.66

Table 5.4 summarizes the results from the third feasibility test by using the MADOCA
positioning augmentation system as a navigation sensor for the auto-guided combine
harvester. The difference of the 𝑅𝑀𝑆𝐸 of the lateral deviation between the results from the
auto-guided combine harvester navigated by MADOCA positioning augmentation system
and the RTK positioning augmentation system decreases drastically in the second run. It
keeps decreasing in the third run and it is almost constant until the fourth run. Unlike the
CLAS positioning augmentation system, the MADOCA positioning augmentation system
has the time dependency phenomenon, according to the results from the performance
evaluation under static conditions in Chapter 4 and the second feasibility test while using the
RTK positioning augmentation system as a navigation sensor shown in Table 5.2 Although
results from the performance evaluation under static conditions of the MADOCA positioning
augmentation system in Chapter 4 suggest that it is necessary to wait 1 hour after activation
before using it, the results from the third feasibility test suggest that it is necessary to wait 2
hours. Therefore, the MADOCA positioning augmentation system should be activated 2
hours before using it to navigate the auto-guided combine harvester for a safe and efficient
work. The average 𝑅𝑀𝑆𝐸 of the lateral deviation of the RTK positioning augmentation
system or the actual path, after the MADOCA positioning augmentation system converges
to the RTK positioning augmentation system, is 0.086 m and 0.63 m for the first path and
second path, respectively.
Please note that the 𝑅𝑀𝑆𝐸 values for the RTK positioning augmentation system in Table 5.3
and Table 5.4 are different because the robot combine harvester navigated using either CLAS
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or MADOCA positioning augmentation systems. The RTK positioning augmentation system
is only measuring the real position of the auto-guided combine harvester and it takes no part
in the automatic navigation. From Table 5.3 and Table 5.4, it is not possible for the 𝑅𝑀𝑆𝐸
values of the RTK positioning augmentation system to be too similar for both experiments,
because that would mean that CLAS and MADOCA positioning augmentation system have
almost the same accuracy.

Result summarized in Table 5.3 and Table 5.4 suggest that when using either the CLAS or
MADOCA positioning augmentation system as a navigation sensor, it is necessary to
consider the bias compensation for each augmentation system. The overlap between each
path of the pre-designed navigation map should be set to 0.09 m when using either CLAS or
MADOCA positioning augmentation system as a navigation sensor. However, this overlap
should be updated periodically due to the earth’s crustal movement for compensation of
biases between the RTK positioning augmentation system and either CLAS or MADOCA
positioning augmentation system.

The logged positions measured by the RTK positioning augmentation system shown in
Figure 5.5 and Figure 5.6 by the red lines display a bigger bias respect to the pre-designed
navigation map represented by the black lines in comparison to both CLAS and MADOCA
positioning augmentation system used as navigation sensor for the auto-guided combine
harvester. This is because the logged positions measured by the RTK positioning
augmentation system are more accurate for both the static and dynamic positioning
experiments. The auto-guided combine harvester tries to follow the pre-designed navigation
map according to the position navigated by either CLAS or MADOCA positioning
augmentation systems, but it cannot tell the difference between one or another respect to the
real path. Therefore, the logged positions measured by the RTK positioning augmentation
system represent the actual path that the robot combine harvester ran. The logged positions
data from the second path were logged after finishing the turning maneuver of the first path.
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It can be observed in Figure 5.6 that by using the CLAS positioning augmentation system as
a navigation sensor, the position data provided by the CLAS converges to almost the same
position data provided by the RTK positioning augmentation system. In contrast, the
positioning data navigated by the MADOCA positioning augmentation system from Figure
5.7 diverges considerably respect to the position data provided by the RTK positioning
augmentation system while using the MADOCA positioning augmentation system as a
navigation sensor. This situation occurs because the MADOCA position augmentation
system is a time dependent system; which means it requires several hours to achieve an
acceptable control performance. The lateral deviation was calculated by the comparison
between the map points and the logged position data from each positioning augmentation
system and the RTK positioning augmentation system. Therefore, the CLAS and the RTK
positioning augmentation system have a smaller 𝑅𝑀𝑆𝐸 of the lateral deviation in comparison
to the MADOCA and the RTK positioning augmentation system.

Considering the bias observed in Figure 5.6 and the data summarized in Table 5.1, it is
possible to conclude that the 𝑅𝑀𝑆𝐸 of the lateral deviation of the CLAS positioning
augmentation system is stable. However, it is necessary to consider the bias. This bias is
caused by the earth’s crustal movement consideration, which can be neglected by the CLAS
positioning augmentation system. The results verify that the bias error between the CLAS
and the RTK positioning augmentation system is less than 0.10 m. The bias error between
the MADOCA and the RTK positioning augmentation system is less than 0.40 m. This bias
error is larger than the bias error between the CLAS and the RTK positioning augmentation
system because of the big oscillation of the MADOCA positioning augmentation system
caused by the time dependency of this system, as concluded from the analysis of the data
shown in Figure 5.6 and Figure 5.7 and summarized in Table 5.3 and Table 5.4. These biases
are also caused by the simultaneous change of position in the easting and northing
coordinates while the robot combine harvester is running. The bias from the change of the
position will always be visible even when the auto-guided combine harvester uses the RTK
positioning augmentation system as a navigation sensor. This bias should be less notorious
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if the direction of the pre-designed navigation map is parallel to one of the UTM coordinate
system the northing or easting direction. However, this condition is unrealistic and cannot be
implemented in practical applications. This raises the question of whether it would be
possible to adjust the values obtained from the CLAS positioning augmentation system by
estimating an almost constant bias in both easting and northing directions. However, this is
a work still in progress and is out of the scope of this research.
5.4

Conclusion

This chapter explained the experiment methodology to test the feasibility of utilizing the
QZSS as a navigation sensor for an auto-guided combine harvester. Three feasibility tests
were presented. The purpose of the first test is to verify the possibility of utilization of both
CLAS and MADOCA positioning augmentation systems as a navigation sensor for an autoguided combine harvester. The purpose of the second test is to investigate the dynamic
characteristic of the CLAS and MADOCA positioning augmentation system while using the
RTK positioning augmentation as a navigation sensor. Finally, the purpose of the third test
is to evaluate the performance of the CLAS and MADOCA positioning augmentation system
as a navigation sensor for an auto-guided combine harvester.

The results from the three tests shows the similar results from Chapter 4, meaning the CLAS
positioning augmentation had a better performance than the MADOCA positioning
augmentation system which has a time dependency. This suggests that the MADOCA
position augmentation system is not suitable for the practical application to utilize as a
navigation sensor for the auto-guided combine harvester. On the other hand, the CLAS
positioning augmentation system is stable and suitable to utilize for the practical application.
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CHAPTER 6
RESEARCH SUMMARY
This chapter summarizes this research then highlights the most important aspects of this
thesis chapter by chapter.
6.1

Introduction

Chapter 1 presented concepts concerning agricultural vehicles. It briefly explained the
positioning system for an automatic combine harvester. This chapter also introduces the
motivation and objectives of this research. The research background explained the problem
of food shortage and the issue of the decreasing of agricultural labor. Therefore, the
positioning systems or navigation systems for agricultural vehicles were researched and
developed to counteract with this mentioned issue.

This research was focusing on develop a positioning system for an automatic combine
harvester. With the improvement of the technologies and innovations, the evolution of
automated guidance from mechanical sensing to electronic sensors, machine vision, and
GNSS to successfully navigate vehicles following parallel paths through the field. From the
literature review, three positioning systems for an automatic combine harvester; positioning
based on machine vision, positioning based on laser rangefinder, and positioning based on
GNSS; were introduced in this chapter.

Therefore, the objective of this thesis was stated as to develop a positioning system for an
automatic combine harvester. To achieve this purpose, this thesis introduced three objectives.
The first one is to develop a local positioning system based on crop edge detection by
integrating a laser rangefinder and machine vision. The second one is to evaluate the
performance of the QZSS for a combine harvester under static conditions. The third objective
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is to examine the feasibility of an auto-guided combine harvester utilizing the QZSS as a
navigation sensor.

To fulfill the first objective of this thesis, the Dempster-Shafer (DS) theory was used as a
sensor fusion technique to integrate the data from a laser rangefinder and machine vision. To
fulfil the second objective of this thesis, the Centimeter Level Augmentation Service (CLAS)
and the Multi-Global Navigation Satellite System Advanced Demonstration tool for Orbit
and Clock Analysis (MADOCA) positioning augmentation system, both using the signal
provided by the QZSS were evaluated their performance under static conditions. Then to
fulfil the third objective of this thesis, both systems were utilized as the navigation sensor for
the auto-guided combine harvester to examine the feasibility.
6.2

Research platform

Chapter 2 explained the equipment used in this thesis. The research platform implemented in
the Yanmar AG-1100 combine harvester used for the stimulation and field experiments is
introduced including the specifications of the vehicle. For the development of a local
positioning system based on crop edge detection, the test vehicle was equipped with an IMU,
an RGB camera and a laser rangefinder attached to the PTU. For the development of the
positioning based on GNSS, the test vehicle was equipped with two GNSS receivers, which
one of them can obtain the signal from the QZSS.

The RGB camera is equipped to collect the features of the target object. A 2D laser measures
the time taken by the pulse to be reflected off the target object and returned to the sensor.
The PTU allows real-time movement of its payload sensors, increasing the effective field of
view of such sensors. The IMU measures the inclinations of the vehicle which are roll, pitch,
and yaw angle.
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The QZSS is a satellite navigation system for users around Japan and Oceania developed by
Japan. Comparing to the RTK positioning augmentation system, the QZSS does not require
an Internet Service Provider (ISP) nor an NTRIP service provider to obtain the correction
signal from the reference station. The Magellan MJ-30080-GM-QZS receiver was used to
provide CLAS and MADOCA positioning augmentation systems. The Trimble-SPS855 was
used to provide the RTK positioning augmentation system. The GPS Networking
ALDCBS1X2 GNSS splitter was used to receive the satellite signal from a single GNSS
antenna into two GNSS receivers.

6.3

Local positioning system based on crop edge detection by integrating a laser
rangefinder and machine vision

Chapter 3 presented the development of the local positioning system based on crop edge
detection by integrating a laser rangefinder and machine vision. To integrate both sensors,
the fundamentals of sensor fusion and its theory were introduced. The concept of sensor’s
uncertainty and accuracy was described to specify that a sensor fusion method can be used
to manipulate the uncertainty of sensor. Then, three sensor fusion theories were proposed;
Bayesian probability theory, Dempster-Shafer theory, and fuzzy logic. The Dempster-Shafer
theory was selected as the sensor fusion method to develop the system. This theory does not
require the prior probability distribution which makes it suitable for the real-time positioning.
In the real-time positioning, there is unknown prior probability distribution.

The experiments methodology was explained. The simulation experiment was performed by
using card boxes simulated as crops to evaluate the accuracy of the developed system. The
experiments were divided into three parts; the RGB camera detects the edge of the card boxes,
Laser rangefinder detects the edge of the card boxes, and sensor fusion detects the edge of
the card boxes.
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Results of the developed system shows that the observation of both sensors is certainty with
the probability mass for percept equal to 0.70 and the weight of conflict equal to 0.14. The
probability mass for percept equal to 0.70 means the observation of the sensor fusion
detection of the edge of card boxes is certain. However, it is not suitable to use the probability
function for the practical application like the operation of an automatic combine harvester.
Therefore, the further experiment and evaluation is necessary to develop a positioning system
for an automatic combine harvester.
6.4

Performance of Quasi-Zenith Satellite Systems for a combine harvester under
static conditions

Chapter 4 presented the performance evaluation while utilizing QZSS for a combine
harvester under static conditions. According to the development of the QZSS and its receiver
which can provide the CLAS and MADOA positioning augmentation system, both systems
have a good accuracy which suggest that both can be utilized as the positioning system of an
automatic combine harvester.

To evaluate the performance of the CLAS and MADOCA positioning augmentation system
under static conditions the RTK positioning augmentation system was used as a reference.
The experiments were conducted in an open sky area. The receiver antennas were mounted
on a tripod stand using a brass plumb bob to set the tripod in the exact same central position
of a selected post hole as the landmark, to guarantee that the three positioning augmentation
systems in the experiment measured the exact same position.

A simple activation test was performed on each of the receivers at the experimental location.
Then, an additional reactivation time test was also performed. The results showed an average
activation time of around 14.2 seconds, 128.1 seconds, and 30.3 seconds for the RTK, CLAS,
and MADOCA positioning augmentation systems, respectively. The average reactivation
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time was around 12.9 seconds and 43.3 seconds for the RTK and MADOCA positioning
augmentation systems, respectively.
To evaluate the performance under static conditions, The 2𝐷𝑅𝑀𝑆 , 𝐶𝐸𝑃 , and 𝑅𝑀𝑆𝐸 were
calculated. The results showed a 2𝐷𝑅𝑀𝑆 of 0.04 m and 0.10 m, a 𝐶𝐸𝑃 of 0.03 m and 0.08
m, and a 𝑅𝑀𝑆𝐸 of 0.57 m and 0.54 m for the CLAS and MADOCA positioning augmentation
system, respectively.
6.5

Feasibility of an auto-guided combine harvester utilizing Quasi-Zenith Satellite
Systems as a navigation sensor

Chapter 5 presented the tests by utilizing the CLAS and MADOCA positioning augmentation
system as a navigation sensor for an auto-guided combine harvester. The tests are necessary
according to the results from Chapter 4, both CLAS and MADOCA positioning
augmentation systems could achieve a good performance especially, the CLAS positioning
augmentation system.
Three feasibility tests were performed which had a different purpose on each test. The first
test verified that the auto-guided combine harvester could perform a run along the four paths
of the pre-designed navigation map while utilizing the CLAS and MADOCA positioning
augmentation systems as navigation sensor.

From the second test, the CLAS positioning augmentation system achieved a performance as
good as the RTK positioning augmentation system with an average 𝑅𝑀𝑆𝐸 of the lateral
deviation less than 0.06. In contrast, the MADOCA positioning augmentation system
achieved a poor performance in the first run and it gradually improved in the next run
meaning it might not be practical to utilize the MADOCA positioning augmentation system
as a navigation sensor for an auto-guided combine harvester.
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The third test confirmed that the MADOCA position augmentation system has a time
dependency, and it is not suitable for the practical application. On the other hand, the CLAS
positioning augmentation system is stable and suitable to utilize as a navigation sensor for an
auto-guided combine harvester.
6.6

Conclusions

According to the problem of food shortage and the issue of the decreasing of agricultural
labor, the positioning systems or navigation systems for agricultural vehicles were researched
and developed to deal with the mentioned problems. The objective of this research was to
develop positioning systems for an automatic combine harvester. The first developed system
is the local positioning system based on crop edge detection by integrating a laser rangefinder
and a machine vision. The second system is the positioning based on GNSS by utilizing the
QZSS as a navigation sensor for an auto-guided combine harvester.

The developed local positioning system based on crop edge detection by using sensor fusion
to integrate a laser rangefinder and an RGB camera showed the results with the probability
mass for percept of 0.70, meaning the observation of the sensor fusion in the simulation
experiments is certain. However, using the probability technique is not suitable for practical
application of an automatic combine harvester because it lacks robustness.

Before utilizing the QZSS as a navigation sensor for an auto-guided combine harvester, the
CLAS and MADOCA positioning augmentation systems were evaluated in terms of
performance under static conditions. The availability and the accuracy were evaluated by
measuring the activation time, the reconnection time, and obtaining a Twice Distance Root
Mean Square (2DRMS) of 0.04 m and 0.10 m, a Circular Error Probability (CEP) of 0.03 m
and 0.08 m, and a Root Mean Square Error (RMSE) of 0.57 m and 0.54 m for the CLAS and
MADOCA, respectively. This mean both systems have a potential to utilize them as a
navigation sensor for an auto-guided combine harvester.
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The developed positioning system based on GNSS by utilizing the CLAS and MADOCA
positioning augmentation systems as a navigation sensor for the auto-guided combine
harvester showed that the MADOCA positioning augmentation system is not suitable for
practical application due to the time dependency of this system. In contrast, the results prove
that the CLAS positioning augmentation system is sufficiently good to utilize it as the
navigation sensor for the auto-guided combine harvester.
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