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ABSTRACT

This dissertation discusses the development of an autonomous unloading system for
a head-feeding combine harvester. To provide an overview of this research and its
contribution, a brief summary is given below; based on the keywords: head-feeding combine
harvester, combine robot, unloading operation, unloading auger, spout, visual servoing,
fiducial marker, ARToolKit, inverse kinematics, fiducial marker searching, autonomous
unloading system.

A head-feeding combine harvester is a specialized agricultural machine, developed in
Japan, for harvesting rice. Automation of agricultural processes has attracted the attention of
researchers’ for a long time. Recent progress in the development and availability of navigation
systems has fostered rapid progress in automated agricultural vehicles. With regard to the
head-feeding combine, to date a few prototypes have been developed with robotic operations.
The project team at the Laboratory of Field Robotics, Kyoto University, has been engaged in
one such development of a combine robot; they have demonstrated that such a robot can
autonomously travel along the target path with sufficient accuracy and that it can successfully
harvest rice crops.

Such a combine robot will also be required to autonomously perform the unloading
operation; discharge the grain from its grain tank to a grain container via its unloading auger.
There are several challenges to automate this unloading operation: The combine robot has to
detect the grain container and determine and adjust with sensory devices its positional
relationship to the grain container. Based on its relative position, the combine will then need
to control its unloading auger in such a way that the spout from the unloading auger is
positioned at an appropriate point to unload grain directly into the container without any
spillage or loss.

The project team has addressed these challenges with visual servoing techniques. A
machine vision system was developed in which a USB camera was used as the sensor. A
planar board was set up on the grain container as a fiducial marker to establish the relative
position of the combine augur to the board using image processing algorithms from the
ARToolKit software library. By identifying the position of the grain container; the augur of the
combine harvester can be programmed to adjust its position relative to the container. The

unloading auger was then modeled as a robot manipulator. The target state of the unloading
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auger was determined by inverse kinematics. Experimental results have shown that the
positioning accuracy, based on this developed machine vision system, was within desired
specifications.

The combine robot needs to efficiently search for and accurately determine the
position of the fiducial marker. To optimize fiducial marker searching, the field of view of the
auger camera was numerically simulated. Based on the simulation results, a camera was
installed at the optimal position on the combine robot, enabling an efficient search procedure
to be implemented. Subsequent experimental results have shown that the combine robot can
efficiently search for and accurately detect the position of the fiducial marker.

For actual paddy field applications, a new machine-vision based positioning method
was proposed. Experimental results have shown that the combine robot can accurately
position its spout to the appropriate three-dimensional target point. These developments were
then integrated into an autonomous unloading system, and field tested in actual rice paddy
fields, to verify the performance of the proposed system. Results from these field tests

demonstrate that an autonomous unloading system has been successfully developed.
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CHAPTER 1

GENERAL INTRODUCTION

1.1. Background

Research and development of agricultural machinery in Japan has led to the
introduction of mechanized systems and a reduction in working hours, especially in rice
cultivation . The main purpose of this research has been to make agricultural work quicker
and lighter.

Figure 1.1 illustrates trends in the population and average age of farmers in Japan.
Currently the situation in Japan is one where fewer workers are engaged in agriculture and
those who are engaged, are aging rapidly “*!. The food self-sufficiency rate in Japan remains
low compared to other developed countries, as shown in Fig. 1.2. and 1.3 5], Moreover, the
Japanese government is being pressured to accept agricultural free trade agreements by
foreign countries. Recently, the Japanese government has been discussing participating in
talks on the Trans-Pacific Partnership (TPP); a proposed huge free-trade area around the
Pacific Rim. Free trade has been a hot issue since the 1980s and it will remain a point of
discussion over the next decades. Nevertheless, it is quite certain that there exists a slow but
steady trend from protective trade to liberal trade. Thus, Japanese agriculture will be

increasingly exposed to harsher global competition.
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It will be necessary for Japanese agriculture to improve agricultural productivity in
order to meet these challenges. Field robots in agriculture will play an important role in

improving the efficiency of agricultural operations and alleviating the shortages in the

workforce.
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In fact, Japanese agriculture has two different aspects, depending on the region (see
Fig. 1.4). In Hokkaido, the large northern island of Japan, farm households cultivate, on
average, an area of 22.34 ha . The dominant crops are rice, wheat, potato, soybeans, and so
on[*. Large-sized tractors and conventional combine harvesters are mainly used in this region.
In other words, agriculture in Hokkaido resembles Western style, large-scale agriculture. On
the other hand, in the rest of the Japanese Archipelago, farm households cultivate just 1.49 ha
on average . Around 62% of the arable land is utilized for rice paddy fields, and the rest for
various other crops !*!. These fields are usually small and dispersed widely. These small fields
cannot bear heavy or large sized agricultural machinery. For this reason, relatively small-sized

agricultural machinery is used in most parts of Japan.
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L’;

v' 22.34 ha/household

. . . x.,
v Conventional combine is used. o o~

v Large-sized machinery.

v" 1.49 ha/household
v Head-feeding combine is used.

v" Small- or medium-sized machinery.

?|

Fig. 1.4. Two aspects of Japanese agriculture.

To ensure sustainability of Japanese agriculture into the future, the following
strategies are required: 1) aggregation of farmland, 2) development of robotic and automated
systems and 3) introduction of new technologies. To realize a more competitive agricultural
industry, it will be necessary to aggregate agricultural land and to increase the cultivation of
crops by robots and automated machines; this is because the farmer population continues to
decline. In addition, it is also important to efficiently automate approaches to agricultural
work, even those operations that rely on farmer’s skill and experience gained over time, in
order to simplify the entry of potential, young farmers into agriculture. Thus, further
development of automated agricultural machinery in Japan is becoming of even greater
importance "', Hence, the Ministry of Agriculture, Forestry and Fisheries (MAFF) in Japan
is promoting research projects on agricultural robots. In these projects, advanced robotic
farming systems will be developed by combining field robots and the internet. We have taken
part in robotizing a head-feeding combine harvester (hereafter referred to as a combine) that is

used to harvest rice and wheat in small-sized fields.



General Introduction

1.2. Advanced Robotic Farming System

As mentioned above, it will be important in the future that a small number of farmers
can cultivate crops by field robots in many small and dispersed fields. For this purpose,
numerous agricultural robots, such as tractors, rice transplanters, and combine have been
developed. The tractor robot autonomously tills the field, and then the rice transplanter robot
plants rice seedlings in the field. At harvest time, a combine robot will harvest rice
automatically. These robots will need navigation sensors, such as a global positioning system
(GPS) and an inertia navigation system (INS), so they can automatically travel along a target
path. Thus, the farmer will be able to simultaneously operate multiple robots.

The combine robot will offer a more labor-saving harvesting system, especially for
these dispersed fields. Figure 1.5 shows a conceptual diagram of an integrated harvesting

system 7,

GPS satellite /
: Information:
|[ * grain yield

* position
C'[E:_____-' ) M

Cellular Network Provider

Fig. 1.5. Conceptual diagram of integrated harvesting system.
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This system consists of a combine robot and a grain transporter. Fewer farmers will
be required to manage the system, since the combine robot is expected to perform most of
field harvesting operations automatically. Farmers will be able to obtain an overview and
detailed information about each component in the system, such as operating efficiency, grain
yield, the status of the machine, and so on through the internet. This will free farmers from
tedious operations; so they can pay most of their attention to the management of the system,
and not to the operation of the individual machines.

Currently, the combine robot can harvest rice crops while it is autonomously
travelling along a target path in the field. However, human operators are needed to manually
unload the grain from combine grain tank when it is full into a separate grain storage
container. In order to fully automate the harvesting operation, it will be necessary for the
robot to unload grain autonomously. If the combine robot can unload grain autonomously, it
will be able to harvest an entire field crop without the help of the farmer. Therefore, this study
aims to develop an autonomous unloading system for the combine robot using machine

vision.

1.3. Unloading Operation

During actual rice harvest operations in the paddy field, grain is unloaded into a
separate grain container when the grain storage tank in the combine harvester becomes full.
The grain storage container is generally mounted on a pickup truck parked beside the paddy.
After this unloading operation is completed, the grain is transported to a local rice-processing
facility, such as a rice center or a rice dryer facility. Figure 1.6 shows a typical scene of the
unloading operation being performed by farmers.

Usually, two workers are engaged in this process: one as an operator of the combine
and the other as the truck driver. During the unloading operation, the operator parks the
combine beside the pickup truck with the grain storage container mounted on the back, and
then he maneuvers the unloading auger of the combine above the grain storage container, and
discharges the grain into the container. After that, he resumes harvesting the remaining rice
crop. Meanwhile, the driver transports the grain to a rice-processing facility; usually located
nearby. If this process is being performed by only one worker, each time he transports the
grain to the facility he must stop harvesting. A combine robot would enable a worker to
simultaneously manage the harvesting and transport the harvested grain, thus halving the

person hours involved in this operation. In the context of the integrated harvesting system
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mentioned in Section 1.1, the harvesting and unloading operation would be performed by
combine robots, while a driver would transport the grain from the field to the rice-processing
facility.

In addition, a skilled operator is required to quickly, and accurately position the auger
to an appropriate point above the storage container. Thus, automation of the unloading process
is important not only for reducing the manual labor required, but also for the need for a skilled
operator. Consequently, an automatic unloading system would reduce the workload and

operate the machine safely, without the need for a skilled and experienced operator.

Fig. 1.6. Unloading operation.
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1.4. Objectives and Overview

This research aims to develop an autonomous unloading system for a head-feeding

combine robot. The objectives of this thesis are as follows:
1. To provide an overview of the head-feeding combine robot used in this research.

2. To develop a control system for the unloading auger, and image processing algorithms for

the detection of the grain storage container.
3. To optimize camera positioning, so as to cover as wider a field of view as possible.
4. To actually demonstrate in field conditions a working, autonomous, unloading system.

The contents of each chapter are briefly described below.

The development of a head-feeding combine robot and prototype specifications are
explained in Chapter 2. This will determine the platform on which the autonomous unloading
system is to be installed. In order to develop an autonomous unloading system, the
machine-vision arrangement to be used is presented in Chapter 3. This is necessary in order to
obtain the target joint angles for the unloading auger. The arrangement or method utilises a
planar fiducial marker for estimating the relative position between the combine and the grain
storage container, into which the grain will be unloaded. The kinematic model of the
unloading auger is also discussed. The challenges involved in searching for the fiducial
marker are discussed in Chapter 4. Then, in a further iteration, the method presented in
Chapter 3 is modified for more accurate and practical spout positioning. The presented
methods are integrated into an autonomous unloading system and trialed under actual rice
paddy field conditions. Details of this trial are discussed in Chapter 5. Finally, in Chapter 6

the conclusions of the thesis are outlined.
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CHAPTER 2

GRAIN HARVESTING ROBOT

2.1. Introduction

Autonomous agricultural robots, which perform farming operations, have been
developed in Japan for some decades now, such as the tractor robot [ 21 the

481 and the wagon robot ). These robots have

rice-transplanting robot *), the combine robot!
a real-time kinematic global positioning system (RTK-GPS) and gyroscopes. The RTK-GPS
is convenient and sufficiently accurate for navigating an agricultural robot along a target path.
However, the heading angle for the robot cannot be accurately determined by GPS alone, thus,
a gyroscope or a compass has typically been used to determine this.

This chapter reviews the head-feeding combine robot that has been developed by the
Laboratory of Field Robotics, Kyoto University '*l. This robot is based on a commercially
available four-row head-feeding combine harvester that has been remodeled to autonomously
travel along a target path. For navigation sensors, this prototype is equipped with an
RTK-GPS and a GPS compass. Steering and right-angle turning-control algorithms were
developed to control the position and orientation of the combine with respect to the target path.
In addition, a path planning algorithm has been developed that creates a counter-clockwise

spiral path pattern for harvesting operations. Finally, harvest trials were conducted in a rice
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paddy field to examine the performance of the path-following controller of the combine robot.
Before detailing the specifications of the combine robot, it would first be helpful to provide a
brief introduction to the head-feeding combine harvester.

The harvester and the binder were independently developed. Both functions were
then integrated into a self-propelled vehicle, known as a combine harvester B In Japan, this
evolved from the 1960s into a head-feeding combine harvester; a more specialized combine
for rice harvesting ['”. The head-feeding combine can be roughly divided into a number of
parts; namely, pick-up, cutting, conveying, threshing, separating, cleaning and straw chopping

devices (see Fig. 2.1).

Straw chopping device

= Conveying device Separating and cleaning device

Fig. 2.1. Structure of head-feeding combine harvester.

During harvesting, the rice plants are first aligned by pick-up tines so as to keep their
heads aligned and then the entire plants are cut with a reciprocating cutter bar. Figure 2.2
shows the main parts for conveying, threshing, separating and cleaning the cut rice. To keep
the heads of the harvested rice plants aligned, they are held in place with chains and belts;
their heads with an upper conveying chain (a) and the lower stalk with a carrying chain of
harvested crop bundle (b). Next they are passed on to a feed chain (¢) that holds only their
lower stalks. Thus, rice plants enter the threshing device with their heads aligned, and only
their heads are fed between a threshing cylinder and a concave and threshed with the teeth of

the threshing cylinder (d). The threshed grain falls through the concave (e).
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Figure 2.3 illustrates the threshing, separating and cleaning devices inside the

combine.

Fig. 2.2. Devices for conveying, threshing, separating and cleaning.

Grain auger (to grain tank)

|. /
|
\ Secondary threshing cylinder
| /

Return auger

Threshing cylinder

Suction fan

Primary screw conveyer

Secondary screw conveyer

Fig. 2.3. Threshing, separating and cleaning devices inside combine harvester.
(By courtesy of Mitsubishi Agricultural Co. Ltd.)
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The threshed grain is then separated into fine grain and chaff by means of a grain pan,
a blower, and a sieve. The rest of the threshed grain that cannot pass through the concave is
directly sent to a secondary threshing device. Chaff is discharged from the machine and the
remaining grain returned to the grain pan through a return auger. Finally, clean grain is sent to
and stored in the grain tank (see Fig. 2.1).

According to a report '), head-feeding combine harvesters have a high operating
accuracy; less than 0.5% of grain is damaged and less than 3% of the grain is lost. And it is
said that head-feeding combines are superior for rice harvesting, compared to conventional

combine harvesters; there have 2 - 9% grain damage and 5 - 7% grain loss.

2.2. Combine Robot

2.2.1. Base Machine

Figure 2.4 shows an image of the combine robot, which is equipped with a RTK-GPS
antenna and a GPS compass on its roof. The base machine used for the development of the
combine robot is a four-row head-feeding combine (Mitsubishi Agricultural Machinery Co.
Ltd., VY50CLAM).

Fig. 2.4. Head-feeding combine robot.
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Table 2.1. Specifications of combine robot.

Model VY50CLAM
| Length 4,350
Dimensions [mm] Width 2,050
| Height 2,600
Weight [kg] 3,055
Engine : Type 4-cycle, water-cooled diesel
Output [kW(PS)/rpm] 36(49)/2,800
. Length 1,670
Crawler track [mm] Width 450
| Tread 1,030
. Low 0-0.88
Transmission Speed [m/s] Middle 0-1.40
High 0-2.28
Swath width [mm] 1,450 - 1,500
Grain tank [L] 1,500

In paddy fields in Japan, rice plants are planted in rows spaced 0.3 m apart. Thus, the

normal swath width of the header of the combine robot is 1.2 m (= 0.3 m X 4 rows). Table 2.1

shows the specifications of the combine robot used in this study. The power output of its

engine is 36 kW (49 PS). The combine has three speed ranges: low, middle and high. In the

middle range, the maximal harvesting speed is 1.4 m/s. However, it usually harvests rice at a

speed of 0.6 - 0.8 m/s. Because this combine uses a hydrostatic transmission (HST), its speed

varies continuously. The capacity of the grain tank is 1,500 L.

2.2.2. Navigation Sensors

The navigation sensors used are an RTK-GPS (Topcon Co. Ltd., Legacy-E+) and a
GPS compass (Hemisphere Co. Ltd., V110). They are shown in Fig. 2.5
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To obtain an absolute and accurate position of the combine, a virtual reference station
(VRS) system was used to compensate the signal errors produced by the RTK-GPS. A
personal digital assistance (PDA) (Hewlett-Packard Co. Ltd., iPAQ hx2190b) and a mobile
phone (Docomo Co. Ltd., FOMA P2403) were used for reference stations, both installed with
global navigation satellite system (GNSS) software. Using this VRS-RTK method, a

positioning accuracy within + 30 mm is achieved.

Fig. 2.5. Navigation sensors.
GPS and antenna (left), and GPS compass (right).
(By courtesy of Topcon Co. Ltd. and Hemisphere Co. Ltd.)

The GPS compass has a dual GPS antenna, a differential GPS beacon module, a
single-axis gyro, and a tilt sensor. These components are placed in a single enclosure that
requires only one power / data cable connection. The heading accuracy of the GPS compass
was within 0.50° RMS.

The RTK-GPS and the GPS compass measure the position and heading direction of
the combine robot, respectively, at a rate of 20 Hz. Their specifications are summarized in
Table 2.2 and Table 2.3.
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Table 2.2. Specifications of RTK-GPS.

GPS
Model Topcon Legacy-E+
Length 240
Dimensions [mm] Width 110
Height 35
Weight [g] 660
Power input [V DC] 6-28
RTK accuracy
" Horizontal + (10 mm + 1.0 ppm x Dist) m.s.e
t Vertical + (15 mm + 1.0 ppm x Dist) m.s.e
L2 Horizontal + (10 mm + 1.0 ppm x Dist) m.s.e
Vertical + (15 mm + 1.0 ppm x Dist) m.s.e
Refresh rate [Hz] 20
Antenna
Length 141.6
Dimensions [mm] Width 141.6
Height 35.7
Weight [g] 492
Power input [V DC] 2.7-12

*Dist is measured distance.

**Carrier frequency.
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Table 2.3. Specifications of GPS compass.

GPS compass
Model Hemisphere V110

: Length 600

Dimensions [mm] Width 160

Height 180

Weight [kg] 1.5

Power input [V DC] 10 - 36

Refresh rate [Hz] 20
Accuracy . Orientation <0.3° RMS
Pitch / Roll <1.0° RMS

2.2.3. Control System

Figure 2.6 shows the architecture of the control system of the combine robot. The
original combine has two electric control units (ECU-A and ECU-B) used for traveling,
steering, cutting, threshing, separating/cleaning, unloading, and operating an emergency
engine-stop system. The ECUs communicate with each other via a RS-232C port. The
operating systems, except for the traveling-operation system to move forward or backward,
are drive-by-wire (DBW). To control these operating systems in the combine robot, the
software of the ECUs are reprogrammed.

A laptop personal computer (PC) is used as the main computer for the combine robot.
Our project team designed and developed two additional ECUs (ECU-KU1 and ECU-KU2)
equipped with microcomputers (Renesas, SH7136F) to process navigation data and control
commands. ECU-KU1 and ECU-KU2 communicate with each other via a control area
network (CAN) bus, while ECU-A and ECU-KU1 communicate with each other via a
RS-232C port. In addition, the PC and ECU-KU1 communicate via a RS-232C port.
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Fig. 2.6. Control system of combine robot.

To control the traveling operation, the speed-control mechanism of the combine are
modified, as shown in Fig. 2.7. This mechanism consists of a DC motor, gears, a
potentiometer and ECU-KU1. The motor drives the main lever, which is connected to the
swath plate of the HST through the gear train. The lever position, which is detected by the
potentiometer, is used as a feedback input signal for ECU-KU1. ECU-KUI1 controls the
rotational angle of the motor by applying pulse-width modulation (PWM).

Fig. 2.7. Speed control mechanism driven by DC motor.
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The GPS and the GPS compass send position and heading information of the
combine, respectively, to the ECU-KU2, which in turn sends this data to the ECU-KUI. Next,
the ECU-KU1 merges the received data with the status data of the combine and transmits it in
a binary format to the PC. The PC uses this data to compute the control values (steering,
speed, and other operation commands), which are sent to the ECU-KUI. In response, the
ECU-KUI1 controls the position of the main lever and sends the command values to the
ECU-A for combine operation. When the ECU-A receives the steering control values from the
PC, it controls the hydraulic valves of the left and right clutches and brakes in the
transmission. Similarly, the ECU-A also controls the header- and thresher-operating systems.
The unloading auger system is controlled by the ECU-B. In the case of an emergency, a radio

control switch (R/C SW) can be used to stop the engine of the combine.

2.3. Robotic Harvesting

2.3.1. Steering Control for Straight Path Following

Figure 2.8 shows the relative position and direction of the combine robot with respect
to the target path. The position (xz, yx) and heading angle ¢ of the vehicle are shown in an x-y
coordinate system fixed on the ground. Steering control 7 is determined from lateral error d,
heading error ¢4, and travelling speed vx. The lateral error dj is the distance between the
current position of the combine and the nearest point P on the target path. The heading error
dax 1s the angle defined in Fig. 2.8. The look-ahead distance depends on the traveling speed of
the combine. In this study, the look-ahead distance is assumed to be equal to the distance the
combine travels in 1 s, i.e., vx. The point on the target path, which is at a distance of v from

the current position, is defined as Q. If the target path is straight, the angle v is defined as

P = sin~t (ﬂ). 2.1)

Vg

Here, if y is sufficiently small, Eq. (2.1) can be approximately as follows:
Y ~ . (2.2)
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The steering control 7 of the combine is determined from ¢ and y; as

N =kipar + kP

(2.3)

dy

=k k
1Par + 25

where k; and k, are the control gains, which were determined by performing preliminary test

runs.
y
&
(k> Vi)
\wt X
qa
. Vi
S 4 Vi >
Target path P Q
i :

Target point 1s later

Fig. 2.8. Vehicle’s relative position and heading angle against target path.

Thus, it can be expected that this steering-control algorithm will adaptively minimize

the lateral and heading angle errors of the combine according to its traveling speed.

2.3.2. Turning Control at Corners

The Japanese head-feeding combine used in this study has a driving seat on the right
side of its body, and its header and cutting device are shifted to the left side. Hence, the
combine is best suited to harvest crops along a counter-clockwise path so that the header is
aligned with the rows of the crops. Therefore, assume that the target path pattern for
harvesting operations on a rectangular field is a counter-clockwise spiral path, combined with
straight travel and right-angle turns, as shown in Fig. 2.9. This target path is called the

round-harvesting operation path.
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The head-feeding combine requires a wide area for turning at the corners of the field.
Thus, before starting the round-harvesting operation, human operators manually harvest four
laps of the outermost crop to obtain a sufficient area for turning. Then, the combine robot
automatically harvests the rest of the crop.

For transition to the next harvesting strip, the combine has to turn left at the corner.

Figure 2.10 illustrates the turning method at a corner in a rectangular field.

4=== Manual operation #— Robot operation

[ e ]

Ly
cs : 0,
& A
.-"-. : £
LT [ T
o 4y G
1
*-:| 1

Combine

Path: ASB3CIDIESA

Fig. 2. 10. Turning method at corners.

Points A to E represent target points that the combine has to reach. Point A represents
the intersection of the current and next straight paths. After the combine moves forward to

point B, it turns to the left at a turning angle of 45°. The turning angle is obtained via the GPS
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compass. When the combine arrives at point C, the RTK-GPS determines the distance L.
Next, the combine travels straight backwards to point D, where distance L, is equal to
distance L,. Finally, the combine turns to the right with a turning angle of 45°. After turning at

the corner, the combine robot begins harvesting the crop along the next straight path.

2.4. Results and Discussion

To examine the performance of the path-following control algorithm, harvesting tests
were conducted using the combine robot at a rice paddy field in Nantan City, Kyoto
Prefecture, Japan. First, a human operator harvested the four outermost laps of the crop so that
the combine robot could automatically turn corners in the field while performing the
round-harvesting operation. Next, the combine robot harvested three laps of crop along the
target path defined for the round-harvesting operation. The travel speed of the combine robot
was set to 0.6 m/s.

Figure 2.11 shows the target path and actual track of the combine robot measured by
the RTK-GPS while autonomously harvesting the rice crop.

1

— Target path

. - Combine's frack

!y Goal oy T
5 i .-:Iw
E LT | P a— O B
= 8 | e — — 'Ll A
1 ﬁd"’\lt"' — - hﬁ"'.

Start i

-5 0 5 10 15 20 25 30 35 40
x [m]

Fig. 2.11. Target path and actual track of combine.

During this experiment, the combine robot harvested 11 straight strips and performed
10 right-angle corner turns in the field. The combine robot harvested rice along straight paths
at an average travel speed of 0.59 m/s. The speed control of the combine robot was
satisfactory when harvesting along a straight path.

To evaluate the performance of the combine robot, the lateral and heading errors
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were considered. Since the divider of the combine must pass between rows of rice that are
spaced 0.3 m apart, the lateral error at the top of the divider must be less than 0.15 m. The
distance between the GPS antenna and the top of the divider is 1 m. Hence, if the lateral and
heading errors at the GPS antenna position are less than 0.1 m and 2.0°, respectively, (0.1 m +
I m x sin(2°) = 0.135 m < 0.15 m), the combine can harvest crops without leaving
unharvested crop.

Table 2.4 shows the root mean square errors (RMSE) of the lateral and heading errors
for travel along a straight path. All RMSE values of the lateral and heading errors are less than
0.1 m and 2.0°, respectively. This indicates that the straight-path-following control provides

the combine robot with sufficient accuracy to harvest rice crops.

Table 2.4. RMSE of lateral and heading errors while traveling along straight path.

Strip Lateral error Heading error
No. RMSE [m] RMSE [°]
1 0.039 0.84
2 0.031 1.66
3 0.034 1.27
4 0.042 1.50
5 0.029 0.69
6 0.052 1.89
7 0.039 1.38
8 0.059 1.85
9 0.039 1.01
10 0.065 1.06
11 0.040 1.52

Table 2.5 shows the lateral and heading errors after the right-angle turns. The lateral
and heading errors vary after the combine turns at a corner. The maximal values of the lateral
and heading errors were 0.245 m and 7.96°, respectively. This variation in the errors is due to
different soil conditions at the point of turning, and the errors and time delay introduced by
the compass. In addition, the turning-control algorithm focuses on correcting the heading

angle rather than the position. As a result, compass errors and time delays introduce errors in
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turning control. When the combine approached the starting point of the crop row, however,
the lateral and heading errors converged to less than 0.1 m and 2.0° respectively.
Consequently, when the combine robot travelled along the target path, it autonomously

harvested the crop without leaving any unharvested rice plants.

Table 2.5. Lateral and heading errors after turning at corners.

Turn

No. Lateral error [m] Heading error [°]
1 -0.034 -0.79
2 0.131 3.71
3 0.245 7.96
4 0.085 1.38
5 0.101 3.15
6 0.195 4.81
7 0.239 7.08
8 0.175 4.28
9 0.032 1.76
10 0.178 3.23

2.5. Conclusions

In this study, a commercial four-row head-feeding combine was modified into a
combine robot. To detect the position and heading angle of the vehicle, a RTK-GPS and a
GPS compass were used as navigation sensors. Two ECUs were developed to communicate
with the ECUs of the combine, the RTK-GPS, and GPS compass, and to control traveling
speed. Next, an experiment was conducted during which the combine robot harvested a rice
crop in a rectangular field. The results of the experiment demonstrate that the developed
combine robot traverses the target path with small lateral and heading errors and can

automatically harvest the rice crop.
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CHAPTER 3

MACHINE VISION SYSTEM FOR
POSITIONING AUGER SPOUT

3.1. Introduction

Recently in Japan, research and development of autonomous agricultural machinery

7 In particular, prototypes of a combine harvester have

been developed that follow the target path and harvest crops with sufficient accuracy [81. ],

[10]—[12]. For

has attracted researchers’ attention

There are a few research reports for autonomous unloading of forage harvesters
head-feeding combine harvester, however, the automation of the unloading operation has not
been reported yet.

To automatically discharge grain into the grain storage container, the most important
issues revolve around locating the grain container (or the transporter) and the control system
to appropriately position the combine’s unloading auger. Commercial, medium-sized,
head-feeding combines are already equipped with a color camera, such as an auger camera
and rear-viewing camera. Thus, automation using image processing requires little hardware
modification and is less expensive than other methods. Hence, the use of image processing
techniques is a good approach to solve the challenge of locating the grain storage container.

The research belongs to the field of “visual servoing”. It involves the use of one or

more cameras and a computer vision system to control the position of a device, such as a
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robotic arm, relative to a part, which requires detecting, tracking, servoing and grasping .

Similar problems that require visual servoing have been studied in the field of “virtual reality”
or “augmented reality”. There is, mathematically, no difference in obtaining the relative
position of a robotic manipulator to that of some other target (visual) object. The task of
identifying specific objects in an image and determining their position and orientation is
referred to as “camera pose estimation”. Thus, work in these fields is highly related to our

141151 I particular, a software library called “4RToolKit” yields a robust and speedy

6]-[21]

study
solution for three-dimensional (3D) object tracking ! , which also can be a clue to solve
the problem of auger positioning.

The objectives of this chapter are to develop a methodology that can achieve two
functions: First, the detection of the grain storage container and the relative position of the
combine and the fiducial marker, using image processing techniques. Second, the calculation
of the target joint angles of the combine’s unloading auger, so that the auger spout is
accurately positioned relative to a target point to unload grain.

In this chapter, camera pose estimation and the use of ARToolKit library are
described first. Then, a kinematic model and the inverse kinematic problem of positioning the
unloading auger are presented. The accuracy required for the autonomous unloading operation
is also discussed. After that, the detection of the fiducial marker and positioning control of the
unloading auger are tested in the field. Based on the results, the positioning accuracy and the

effectiveness of the methodology are discussed.

3.2. Machine Vision

In this section, common knowledge regarding visual servoing and augmented reality
is briefly summarized. After that, a function of ARToolKit is explained and demonstrated with

a simple application.

3.2.1. Camera Pose Estimation

a) Camera Model

1 [22], [23]

In this study, a standard pinhole camera mode is adopted. Image acquisition

can be also modeled as a 3D perspective projection to the image plane, as illustrated in Fig.
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3.1. In this perspective projection model, a 3D point M = [U, V| w]" in the Euclidean world
coordinate system (O, U, V, W) corresponds to a two-dimensional (2D) point m = [u, v]" on
the image coordinate system (c, u, v) using the following transformation. The coordinate
system (O, U,, V., W.) is the camera-based coordinate system, whose W, axis corresponds to

the optical axis.

o
o
.
.
.
o
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

World coordinate system

¢ (uo, vo)

Camera-based O,
) Image plane
coordinate system

Fig. 3.1. Perspective projection based on pinhole camera model.
stih = PM, (3.1)
where s is an arbitrary scale factor, ii =[u, v, 1]T and M =[U, V, W, 1]7 are the

homogeneous coordinates of point m and M. The camera matrix P has 3 x 4 elements and can

be decomposed as:

P=K[R t] (3.2)
where matrix K has 3 x 3 elements and [R ] is a 3 x 4 matrix. The matrix K contains
intrinsic parameters of a camera and is thereby called the camera internal parameters matrix.

[R t], the other component of P, is called the external parameters matrix. It is formed from

R, the rotation matrix, and ¢, the translation vector.
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b) Camera Calibration

K is represented as:

kuf Sk Uo
K = 0 kvf 170 ) (3'3)
0 0 1

where f'is the focal length of the camera, &, and &, are the scale factor in the « and v directions,
and s; is a skew factor that represents the slant between axes u and v. uy and vy are the
coordinates of the point ¢, the intersection of the optical axis and the image plane (see Fig.
3.1). In general, a camera is said to be calibrated when the matrix K is identified. An excellent
technique for camera calibration using a planar calibration board has been developed in the
field of computer science 24 1%,

First, a calibration board is prepared with grid lines. The coordinates of all the cross
points on the grid are known in the board-based coordinate system (Op, Uy, Vi, W;). Now, the
coordinate of a point is written as [Up, V5, W,]". The point is detected using image processing
and represented as [, v]” on the image coordinate system, and at the same time represented as
[U., V., W.]" on the camera-based coordinate system (c.f. Fig. 3. 1). Then, these coordinates

are related as follows:

Suy U, Up |
sv| _ | Vel _ g | Vo
| =K " = K[R t] w,
1 1 11
3.4)
su kuf sk up O[ri1 mz nz tu][Us
o[V 0 kf wo 0|21 Tz Tz L[|V
S 0 0 1 0f|rs1 ™2 T3 tw||(Wp]
1 0 0 0 1110 0 0 1 1

where K and [Iﬁ] are the homogeneous coordinate representation for K and [R ],
respectively. With an adequate number of the correspondences between [u, v]” and [Us, Vi,
W) T, the internal parameters matrix K can be estimated.

Since K is an intrinsic parameter for a camera, it is not affected by the position or the
pose of the camera. Thus, K can be estimated off-line for each camera.
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c) External Parameters Matrix

The external parameters matrix [R ¢]| represents, from the geometric viewpoint,
the transformation from the world coordinate system to the camera-based coordinate system.

Hence,

M.=RM +t. (3.5)

The problem is to determine R and # when a camera is calibrated. There are various
approaches to this problem, since the purpose and the constraints differ between applications.
Under the condition of this study the use of some fiducials can facilitate the solving of this
problem. Among these approaches, a series of methods based on planar fiducials has become
popular because of the robustness and the lower cost of the required computing power [16]. (26
ARToolKit is a publicly available software library which offers a solution based on

rectangular and planar fiducial markers.

3.2.2. ARToolKit

Here, the pose estimation procedure in ARToolKit is explained based on the method

16]

reported by Kato and Billinghurst (16 and a simple application using the library is

demonstrated. The fiducial marker is designed as shown in Fig. 3.2.

400 mm

N\
4

400 mm
Fig. 3.2. Fiducial marker.
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First, after thresholding the input image, a black rectangular enclosure in which an
arbitrary pattern is included is extracted. In this thesis, a letter ‘A’ is used as the pattern to be
recognized (see Fig. 3.2). Then, the geometrical information of the black rectangle, namely,
four vertices and four line segments, is parameterized and stored. A pair of parallel sides in a
fiducial marker is projected onto the image. They are fitted by two line segments, the

equations of which in the image coordinate system are as follows:

a,u+bv+c, =0.
(3.6)
a,u+ b,y +c, =0.

Let P; be the (i, j) entry of matrix K. A 3D point M. = [U,, V,, W.]" on the camera-based
coordinate system is related to a 2D point m = [u, v’ by Eq. (3.4) as follows:

su Piy Py Py
SU[_ |1 0 Py Pp3
[ s ] o0 0 P

1 0 0 0

_ o O O

Uc
Ve

: 3.7
W, (3.7)
1

When M. is one of the four vertices stored, the corresponding m should satisfy Eq. (3.6). By
substituting [u, v]” in Eq. (3.6), the equations of the planes that contains each side and the
optical center can be represented as Eq. (3.8), respectively, on the camera-based coordinate

system.

P U, + P,V + P W, P,,V. + P,s W,
(al(n c 12Ve 13 c)+b1(226 23 C)+61=0.
J P33V P33V,

l <P11Uc+P12Vc+P13Wc> <P22Vc+P23Wc>
a, + by | ————————
P33 W, P33 W,

+ CZ = 0
(3.8)

a;,P11U; + (a1 Py + by Pyy)V, + (a1 Py3 + by Py + ¢ )W, = 0.

ay P11 U, + (ayPip + by Pyy)V, + (ayPy3 + byPos + c)W, = 0.
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From Eq. (3.7) and (3.8), the normal vectors to each plane, n,; and n,, are obtained.
The outer product of these two vectors, V), gives the directional vector of the parallel line
segment. For another pair of line segments, V; is similarly calculated. The unit vectors v,
and v, are obtained by normalising V; and V>, respectively. v; and v, are not exactly
orthogonal because of the image processing error. Thus, they are compensated such that they
are orthogonal. Let them be ¥; and ¥, each, and their outer product be ¥3. Then, the

rotation component of the external parameters, R, is represented as follows:

R=[9 o, o). (3.9)

Next, the translation vector ¢ = [, ¢, tW]T is calculated. Now, let the four vertices of
the fiducial marker be [U;’, V;", W;’]" (fori = 1, ..., 4). Each point is rotated by R into [U, V;,
W' (fori =1, ..., 4). After the translation by ¢, each point is represented as [U; + t,, Vi + ¢,
Wi + t,]" (c.f. Eq. (3.5)). And let the corresponding 2D point on the image coordinate system
be [u;, vi]" (fori=1, ..., 4). Then, by substituting these parameters, Eq. (3.4) gives,

Svi 0 PZZ P23 0 Vi + t17 3
— ) .10
s 0o o0 1 of||lw+e, (3.10)
1 0 0 0 1 1
Let it be rearranged about #,, ¢, and ¢,, as follows:
I(Sui = P, (U; + t,) + P (V; +t,) + Pis(W; + ¢,,)
4 su; = Py (Vi + 1) + Pos(W; + 8y)
l S = Wi +tW
Pyity + Piot, + (Pi3 — uty, = Wiu; — Py U — PV — PisW (.11
= )
Py,t, + (Pa3 — v))ty, = Wiy, — Py Vi — PysW;

t
Piy P, Pi3 _ui] t:j _ [Wiui — P1,U; — Py,Vy — PisW
0 Py, Pp—vy t, Wiu; — PV — PpsWi|
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Foranyi=1, ..., 4, Eq. (3.11) is defined, and thereby eight equations are obtained for three
unknowns. Then, the translation vector is calculated by least squares method.

Figure 3.3 shows an exemplary application making use of the library. Fiducial
markers are shown in Fig. 3.3-(a) and virtual objects are overlaid onto them based on the
estimated position and orientation of the camera as in Fig. 3.3-(b). In this application, the
estimated pose (i.e., the external parameters matrix) relative to the marker is used for precise

rendering.

Fig. 3.3. Exemplar application of ARToolKit.
(a). Fiducial markers; (b). Overlaid virtual objects.

*Teacup and teapot are rendered using OpenGL.
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3.3. Unloading Auger

As referred to in Section 2.1, the harvested and cleaned grain is stored in the grain
tank of the combine harvester. This grain is then discharged into the grain storage container
via the unloading auger. This section describes in detail the mechanism of the unloading auger
and the control for the robotic unloading operation. Then, the kinematic model of the

unloading auger is derived.

3.3.1. Mechanism and Control

Figure 3.4 illustrates the mechanism of the unloading auger. Upon commencement of
unloading, grain is sent from the grain tank to the unloading auger. It is then conveyed upward
by a screw auger and flows out of the spout. As shown in Fig. 3.4, the unloading auger has
two axes, around which it turns left and right, or up and down. These joints are actuated by a
DC motor and a hydraulic cylinder, respectively.

The turning angle in the left-right direction is acquired by a potentiometer, which was
already mounted on the commercial combine. To obtain the turning angle in the up-down
direction, we installed another potentiometer (see Fig. 3.4). Figure 3.5 shows the control
system of the unloading auger. Each joint angle, left-right turning or up-down turning, is
measured by the potentiometers. The measured voltage, varying from 0 to 5 V, is converted
with a 10-bit analogue-to-digital converter (ADC) into a digital value. Thus, the resolution is
0.00489 (= 5/ (2'° - 1)) [V/div]. Table 3.1 presents the motion range, the resolution and the

speed for each joint. To avoid chattering, + 5 div is assigned as a dead band.

Table 3.1. Motion range, resolution and speed for each joint.

Motion range [°] Resolution [°/div] Speed [°/s]
Joint 1 -110 < 6, <200 0.30 38.3
20.7 (up)
Joint 2 0< 6 <45 0.05
10.7 (down)
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Screw auger

Hydraulic cylinder

Axis of up-down turning

Pk '& (Joint 2)
X ar ) 1

I D
/A )
SNl
\:}..\'\ i A1
G 11
@ I
DC Motor Q I| | Screw auger gt -
I /
Uy
!
<~J_ I>
I
= \ Axis of right-left turning
- (Joint 1)
o |d
Potentiometer

Fig. 3.4. Mechanism of unloading auger.
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ECU-KU1 [€ 5| PC |[€
= RS-232C USB
v RS-232C Hydraulic c:ylinder
ECU-A ADC Potentiometer i
N
Camera
RS-232C Relay
A\ 4
ECU-B [—>| 10 Relay —>{ DC Motor ——><——>——
ADC [€ Potentiometer [€

Fig. 3.5. Control system of unloading auger.

3.3.2. Kinematic Model

The unloading auger of the combine used in this study is modeled as a
two-degrees-of-freedom (2-DOF) manipulator that consists of two joints (Jointl and Joint2).
As illustrated in Fig. 3.6 and Fig. 3.7, a right-handed coordinate system is assigned to the
combine, whose x axis heads along the body in the opposite direction of the head of the
combine and z axis points upward in a vertical direction. Let this combine-based coordinate
system be 2y in this study. The state of the unloading auger is determined by the two joint
angles. Let them be 6, and 6, hereinafter. As shown in Table 3.1, joint 1 rotates at an angle of
—110° < 6, <200°. Grain can be discharged in a range from —110° < 6, < 90°. However, the
unloading range in this study was limited to 0° < 6, < 90° (see Fig. 3.8). This was firstly
because the actual unloading task takes place within this range and secondly because the
available freedom of the unloading auger is extremely restricted in the range from —110° < 6,
< 0°. Joint 2 rotates at an angle from 0° < 6, <45° (see Fig. 3.9).
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Fig. 3.6. Top view of combine harvester and coordinate system 2.
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Fig. 3.7. Rear view of combine harvester and coordinate system 2.
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Fig. 3.8. Motion range and dischargeable range of 6.
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Fig. 3.9. Motion range of 6.
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Fig. 3.10. Link structure of unloading auger.

In general, a n-DOF manipulator can be modeled as a connection of # links and »
joints. Here, the link is the arm of the manipulator which connects the two adjacent joints. The
geometric relations between the adjacent coordinates systems can be expressed by a
Denavit-Hartenberg notation?”. In what follows, the coordinate system is described by this
method. The target joint angles 6 and & to achieve an arbitrary state of the unloading auger
are calculated as an inverse kinematics problem of the robot manipulator ¥ 3!,

Figure 3.10 shows the link structure and three coordinate systems 2y, 2 and 25,
which are also right-handed systems. /, is the offset distance between the origins of 2} and
that of 2, along the Y, axis. /, and /. represent the lengths from the origin of %, to the auger
spout and to the camera, respectively. /; and /, are the distances from the X; axis to the camera
in the —Z, direction and Y, direction, respectively. The link parameters of the unloading auger
are shown in Table 3.2.

40



Machine Vision System for Positioning Auger Spout

Table 3.2. Link parameters of unloading auger.

) Link length ) Distance between the links )
Link Twist angle [°] Joint angle [°]
[mm] [mm]
1 0 0 0 o
2 0 -90 Ly -6,

2y 1s the initial coordinate system (Xo, Yo, Zy) before rotating the auger; 2} is the
coordinate system (X, Y}, Z)) rotated by the angle 6, around the Z, axis in the system 2 using
the homogeneous transformation matrix °7}, expressed by Eq. (3.12).

cosf; —sinf; 0 O
op _|sinf; cos6; 0 O 12
T, 0 0 1 ol (3.12)
0 0 0 1

2 is the coordinate system (X, Y», Z,) rotated by the angle —90° around the X, axis,
—6 around the Z, axis, and then translated by /, in the Y; direction using 1T2, which is
expressed by Eq. (3.13).

cosf, —sing, 0 O
ir,=| O 0 1 laf 3.13
z —sinf, —cosf, 0 O ( )
0 0 0 1

2ecamera (Xo, Yo, Zc) 1s the camera-based coordinate system. As well as °T, and 'T o,
the relation between 2, and 2y, 1S €xpressed by the transformation matrix 2T, Camera- 101 the
transformation from 2, to Zcymera, 22 1S translated by /. in the X; axis, /, in the Y, axis, and — I;
in the Z, axis. It then rotates by 90° about the Y, axis, —90° about the latest X, axis, and o
about the latest X, axis. Thus, the homogeneous transformation matrix 2T camera 1S expressed as
shown in Eq. (3.14).
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0 —sina cosa I,
0 cosa sina [

2TCGLmera = 1 0 0 _7(1 . (3.14)
0 0 0 1

The geometrical relationship between the coordinate systems assigned to the
combine are as described above. Moreover, ““““Tyumer is obtained from a function of

ARToolKit. Therefore, T\ turker can be derived as,

0 _ 0 1 2 Camera
TMarker - Tl T2 TCamera TMarker- (3-15)

Marker

If the vector of the target point on 2,4 1s abbreviated as Flurger, then Orrarge, 1S

described with ° T as,

0 _ 0 Marker
rTarget - TMarker rTarget

(3.16)

_ 0 1 2 Camera Marker
- Tl T2 TCamera TMarker rTargetr

where 7} and 'T; are given by 6 and 6, respectively, corresponding to the auger’s present
position. 2T, camera 18 determined by the camera’s elevation angle o.
Orspom, the positional vector of the auger spout on %, is written with 2r3p0m, on 2, as

follows:
OrSpout = 0Tl 1TZ erpout- (3.17)

Figure 3.11 shows the geometric relationship between the auger spout, the target
point, and the fiducial marker, as well as the two coordinate systems 2y and 2. The target
point is a 3D point to which the auger spout should be positioned. The coordinate system
2uarker 18 @ fiducial-marker-based coordinate system generated by (Xus, Y, Zu), which is also

a right-handed system.

42



Machine Vision System for Positioning Auger Spout

Target point

% Zzwa rker

QGrain container

Fig. 3.11. Geometric relation among auger spout, target point, and fiducial marker.

Considering the fact that 2rsp0m is expressed in Eq. (3.18),
erpout =[ 0 0 1], (3.18)
Eq. (3.17) gives

lp cosB; cosB, — 1, sin 6,

0 _ |lpsin6; cos O, + 1, cos 6, 319
rSpout lb sin 92 ' ( . )

1
The target joint angles &) and & are determined so as to satisfy Eq. (3.20).

0 _ 0
rSpout - rTarget- (3-20)

If the vector OrTarget is denoted by [xo, Yo, Zo, 1]7, which is calculated according to
Eq. (3.16), Eq. (3.20) gives:

43



Chapter 3

X l
6, = tan~ 12— sin~? <—“> (3.21)
Yo 4/ xOZ + yoz

Xo? + yo? — 1 2\
L Jo Yo a (3.22)

Ly

6, = cos™

, which are the desired joint angles.

Again, a target point is initially set on 2jz4.- The vector of the target point on the
combine-based coordinate system 3y, OrTarge, is calculated on the basis of °T 1 T 5, and T, Cameras
which are determined by the link structure and its parameters (Fig. 3.6, Fig. 3.7 and Fig. 3.10),
and ““"“Tyuker, Which is obtained from the camera images using ARToolKit. The positional
vector of the auger spout on 2, Orspom is calculated in Eq. (3.17). Finally, by solving Eq.
(3.20) (about x and y coordinates), the joint angles are determined such that the spout moves

to the target point.

3.4. Required Accuracy

Figure 3.12 shows the pickup truck (SUZUKI Motor Corporation, Carry) with grain
storage container (TAISHO Corporation, SBX-11N). Table 3.3 and Table 3.4 show the

specifications of the grain storage container and the truck, respectively.

Fig. 3.12. Pickup truck with grain container.
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Table 3.3. Specifications of grain container.

Model SBX-11IN
: Length 1,830
Dimensions [mm] Width 1,300
| Height 1,170
Volume [L] 1,700
Weight [kg] 185

Discharging efficiency [kg/min] 200 - 250
Power input [DC V] 12

Table 3.4. Specifications of pickup truck.

Length 3,395
Dimensions [mm] Width 1,475
' Height 1,790
Length 1,940

Dimensions of rear deck [mm]
Width 1,410
Front 1,305

Tread [mm]

Rear 1,290
Height of rear deck [mm] 640
Weight [kg] 720

This type of pickup truck is universally used by Japanese farmers and
nearly-standardized, and thereby most of all the commercialized grain containers are designed
to be mountable on the truck (see Fig. 3.12). Thus, our autonomous unloading operation also
assumes the use of this kind of wagon.

In the unloading operation, it is important to eliminate any unloading loss, for

instance, spilling grain outside the grain storage container. To discharge grains without any

45



Chapter 3

loss, the grain stream is positioned over the top edges of the grain storage container, and there
needs to be sufficient room between the grain stream and both side edges of the storage
container. Figure 3.13 shows the dimensions of the grain storage container and the maximum

width of the grain stream in the actual unloading operation.

Width of grain stream
0.35 m
(at maximum)

an 0.3 m is required
2

0175m T 0.65m

T 0.65 m

Acceptable error range (0.4 m x 0.4 m)

Fig. 3.14. Acceptable error range between grain storage container and auger spout (top view).
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In the actual unloading process, the maximum width of the grain stream from the
spout is 0.35 m. Allowing for sufficient space between the auger spout and the sides of the
grain storage container, the grain stream should no less than 0.3 m from the sides of the grain
storage container, in order to meet our requirement of no unloading loss. Thus, the auger
spout should be positioned within a square of 0.4 m x 0.4 m, as shown in Fig. 3.11.

A fiducial marker, that indicates the position of the grain storage container, is put on
the roof of the pick-up truck. Figure 3.15 illustrates a view from above of the relative position
between the fiducial marker and the grain storage container. The distance between the center
of the fiducial marker and the center of the grain container is 1.5 m.

As mentioned above, the required specifications for autonomous unloading operation
are defined as follows: 1) A target point is set at (x, y) = (1.5, 0) on the coordinate system of
the fiducial marker shown in the figure. 2) An acceptable error range for the auger spout

position is within a 0.4 m X 0.4 m square.

4 1.5m .
y € ;.
. ngune
_ Grain container
< > ¢ 13m
Target point
Fiducial marker
i A
3 X
' 1.83m

Fig. 3.15. Fiducial marker and grain storage container (top view).

3.5. Experiments of Auger Positioning

A universal serial bus (USB) camera (ELECOM, Co., Ltd., UCAM-DLA200HSV) is

mounted on the unloading auger, as shown in Fig. 3.16. Table 3.5 gives its specifications.
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A

Fig. 3.16. USB camera.

Table 3.5. Specifications of camera.

Model ELECOM UCAM-DLA200HSV
Power USB 2.0 port, 5V, 500mA
Pixel count 2 million
Image sensor 1/4 inch CMOS
Focus Manual
Resolution 640 x 480
Frame rate 251fps
Color depth 24bit
Angle of View 60° (diagonal)
| Length 42
Dimension [mm] Width 65
Height 72
Weight [g] 100
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In the experiment certain assumptions are made. First, the combine is parked
alongside the truck that is located on a farm road adjacent to the paddy field. Second, the
fiducial marker lies within the camera’s field of view, and the auger spout can physically
reach the grain storage container and the assigned target point.

The PC is used for processing images captured by the auger camera and controlling
the unloading auger of the combine. The experiment was performed according to the
following steps: first, an operator starts the software program when the auger is at a state in
which the camera can capture the entire fiducial marker and the software determines the target
joint angles for positioning. Second, the control program controls the unloading auger to
position its spout to the target point. Third, the position of the spout and the fiducial marker
are measured with a total station (SOKKIA Co., Ltd., SET 4100s), which is a surveying
instrument that integrates a laser range finder and theodolite (see Fig. 3.17). After that, he

manually returns the unloading auger to a state where the camera can observe the marker.

Fig. 3.17. Total station.

The positioning accuracy of the unloading auger was determined for four relative
positions between the combine and the grain storage container, as shown in Fig. 3.18. These
positions were investigated in order to confirm the degree with which relative positions
influence either positively or negatively the positioning accuracy of the auger spout. Thus, for

each relative position, as shown in Fig. 3.18, the experiments were performed five times.
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AMALA ALA LA

E] marker D

harvester
Position 1 container Position 2
MALA ALA LA

[ 8

Position 3 Position 4

Fig. 3.18. Relative positions between combine harvester and pickup truck.

Table 3.6 shows the actual parameters with respect to the unloading auger and the

camera installation in this experiment.

Table 3.6. Parameters of unloading auger and camera installation.

I, [mm)] 200
I, [mm)] 4,280
[, [mm] 3,195
l; [mm] 135
I, [mm] 90

a[°] 90
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3.6. Results and Discussion

Figure 3.19 shows the positioning accuracy of the auger spout by the combine robot.
It shows the difference between the target position of the auger spout and the actual position
determined by the joint angles after positioning. x and y axes correspond to the ones shown in
Fig. 3.15. The results show that the combine robot can position the auger spout within an

accuracy of = 0.1 m.

0.5 -
0.4

0.3 -
0.2

0.1 - x [m]
5o

KR
0 % 0.1 0.2 0.3 0.4 0.5

A
-0.1
-0.2

-0.3

-0.4

-0.5

Fig. 3.19. Positioning accuracy of unloading auger.
The markers show the difference between the auger spout position calculated by the
input angles (obtained by the software) and that calculated by the actual angles after

positioning (obtained by the combine control program).

Figure 3.20 to Fig. 3.23 show the experimental results for all tests. Positions 1 to 4
correspond to the relative positions depicted in Fig. 3.18. Each plot indicates the final
horizontal position of the spout after positioning, which is measured with the total station, and

is represented on the coordinate system shown in Fig. 3.15
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Fig. 3.20. Positioning accuracy of the spout for configuration 1.
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Fig. 3.21. Positioning accuracy of the spout for configuration 2.
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Fig. 3.22. Positioning accuracy of the spout for configuration 3.

y [m]

0.5 1

¢ measured value ~ Mtarget point

Fig. 3.23. Positioning accuracy of the spout for configuration 4.
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In Fig. 3.20 to Fig. 3.23, the solid red square denotes the target point (1.5, 0) (c.f. Fig.
3.15) that is preliminarily assigned in the software program. The dashed-line-square
represents the acceptable error range, (i.e., 1.5 £ 0.2, 0 £ 0.2). Figure 3.20 to Fig. 3.23 show
that the spout was positioned within this range for all tests. Some tests resulted in the same
measured value. Thus, a few markers overlap in these figures.

Table 3.7 shows the maximum error, the mean error, and the RMSE from the true
value (1.5, 0), i.e., initially assigned target point. RMSE is about 0.1 m in both x and y
direction. The maximum error (0.180, 0.168) is also less than 0.2 m, which falls within the

acceptable error range in both directions.

Table 3.7. Positioning errors of auger spout.

x [m] y [m]

Max 0.180 0.168

Mean 0.082 0.081
RMSE 0.101 0.098

Some possible sources for these positioning errors may be the resolution of the
camera, positioning accuracy of the unloading auger, flexure of the fiducial marker, and errors
with camera installation parameters and the link parameters. In particular, the resolution of the
camera and the positioning accuracy of the unloading auger are critical. Although the flexure
of the fiducial marker and measurement precision may be sources of errors, they are not as
critical for resolution and positioning accuracy. This was established by testing two types of
fiducial marker, namely a plywood board (relatively flexible) and an aluminum board
(relatively flat). However, neither of the boards made any significant difference. The camera
elevation angle and the lengths /,, I, /., I, . were measured five times, however, their values
were almost the same. In addition, the measurement precision values were only a few
centimeters and few degrees, which geometrically resulted in an error of only a few
centimeters in the spout position. With respect to positioning accuracy, this can result in a
maximum error of about 5 - 6 cm. The combine harvester cannot perfectly position its
unloading auger to the input angles (c.f. Fig. 3.19), which is mainly due to the inertia of the
auger’s rotating movement. Among the relative positions in Fig. 3.20 to Fig. 3.23, the

measured plots are scattered in the x directions for position 1 and 3. The inertia is assumed to

54



Machine Vision System for Positioning Auger Spout

be the cause of the scattering (c.f. Fig. 3.19). It is inevitable that the proposed system will
include this type of error.

In this study, ARToolKit was used to determine the relative position between the
unloading auger and the fiducial marker. The required joint angles of the unloading auger
were calculated at rate of about 20 frames per second, and the latest average of the joint
angles for every 30 frames was used for positioning the unloading auger to the target joint
angles. The relative position between the unloading auger and the fiducial marker, as
determined by ARToolKit, varied for the same position, depending on the sunlight and
shadow. Thus, we confirmed the variation of the target joint angles of the unloading auger at
the same position. In this test, the unloading auger is kept static at arbitrary positions where
the fiducial marker is caught by the camera. The standard deviations of the angles calculated
with 350 frames were 0.01° and 0.01° for 6, and 6, respectively. Thus, the variations of the
target joint angles determined by ARToolKit were sufficiently small, and ARToolKit has
sufficient reliability to determine the relative position between the unloading auger and the

fiducial marker.

3.7. Conclusions

In this chapter, a machine vision system was developed for autonomous unloading
operations. Based on the machine vision system, the joint angles to position the auger spout to
a target point to discharge grain were calculated. The main findings and results are

summarized as follows.

1. The developed machine vision determined the relative position between the auger spout of
the unloading auger and the grain storage container using ARToolkit. The machine vision
system detects a fiducial marker from input images captured with a USB camera attached

to the unloading auger.

2. A position control system for the unloading auger was developed. The unloading auger
was modeled as a 2-DOF manipulator. The target joint angles of the unloading auger were
determined from the visual information obtained by the machine vision system for

positioning the spout at the preliminarily assigned target point.
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3. An acceptable error range for auger positioning was defined from consideration of the

relationship between the auger spout and the grain storage container.

4. The experiments confirmed the positioning accuracy of the spout. The actual positions of
the auger spout were measured with a total station. The results show that the auger spout
can be positioned to a target point with sufficient accuracy. RMSE is about 0.1 m and the

maximum error is within 0.2 m in both x and y directions.
The experimental results suggest that the present system is capable to bring the auger

in a correct position for automatically unloading grain from the combine to the grain storage

container without any loss.
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CHAPTER 4

SEARCHING FOR FIDUCIAL MARKER
BY AUGER CAMERA

4.1. Introduction

In the previous chapter [

, a method that utilizes image processing technique for
positioning the unloading auger to an appropriate location to unload grain was introduced.
The experimental results demonstrate this method can position the auger spout to a specified
target point with sufficient horizontal accuracy, when viewed from above the grain storage
container. In the experiment, however, positioning was conducted assuming the fiducial
marker had already been located by the camera attached to the unloading auger. A combine
robot is required to search for and detect the fiducial marker automatically and with certainty.
In addition, two software program modules were used in that experiment, one for the
communication between the combine and a laptop PC and then the control of the combine,
and the other for image processing and calculation of the target joint angles. Obviously, these
two functions should be integrated into a more practical method for autonomous unloading.
Thus, the autonomous fiducial marker searching function needs to be pursued.

In searching for the marker the issue of work efficiency is involved. One of the most
important concerns for automation of agricultural machinery ™ is that time costs associated

with agricultural operations using an autonomous machine should not be much longer than
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that required to do the same operation manually. It goes without saying that the autonomous
operation time should preferably be shorter. Thus, the autonomous unloading system should
be designed so that the fiducial marker can be located smoothly and integrated into the
autonomous unloading operation in time efficient manner.

A strategy for efficiently locating the fiducial marker is closely linked to the camera’s
field of view (FOV). The coverage of the camera’s FOV is quite an important factor for visual
servoing, and thereby has been widely studied by researchers concerned with mobile robots 1**
41 especially by those who have developed a robot that searches for a particular object ™.

Similar problems have also been studied in other fields. For instance, the efficient
placement of basement stations for wireless networks has been studied in the field of wireless
sensor networks or mobile sensor networks (" /. Researchers in urban engineering have a
keen interest in effectively arranging security cameras to obtain the most secure coverage with

[81-L10], Although these problems are for different applications or

the least number of cameras
regions of interest, essentially they are the same in terms of optimization of coverage. Thus,
the methodology presented in these fields can be suggestive in the efficient locating of a
fiducial marker.

The objectives of this chapter are as follows:
1. To compute the FOV of the auger camera based on the pinhole camera model.
2. To determine the optimal placement of the camera based on the simulation results.

3. To propose a fiducial marker searching method for efficiently searching and accurately

detecting the marker.

4. To examine the actual performance of the presented method on the combine robot.

4.2. Unloading Operation by Combine Robot

In the previous chapter, it was assumed that the fiducial marker had already been
detected. In fact, however, the combine robot requires a procedure to search for and detect the
fiducial marker. Before entering into detailed discussion, it will be helpful to summarize the
overall concept and the assumptions of the system. When the grain tank of the combine robot

is full, the robot is supposed to stop harvesting and autonomously return to the assigned point
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by GPS navigation, where it will unload grain into the grain storage container. This point will
be previously given as GPS data. Even if the combine robot can travel to the point
autonomously, the pickup truck may be parked at the position with some position errors.
Figure 4.1 illustrates an overview of the presumed situation after returning to this assigned
point. The combine is located in a paddy field alongside the pickup truck that is on a farm
road. As described in Chapter 2, the combine robot harvests rice crops in a counter-clockwise
fashion (see Fig. 2.9). Thus, in this study, the truck is supposed to be always located on the
right side of the combine robot.

Combine

harvester

Paddy field

Fig. 4.1. Assumed situation for autonomous unloading operation.
Figure 4.2 shows the actual arrangement of the combine with an auger camera (a

USB camera), the pickup truck with a grain storage container and a fiducial marker located on

its roof. In Fig. 4.3, the combine is actually unloading the grain.
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USB camera

\

Pickup truck

Fig. 4.2. Unloading auger, pickup truck with grain

container and fiducial marker on which ‘A’ is printed.

Fig. 4.3. Combine harvester unloading grains into grain container.
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To search for the fiducial marker as efficiently as possible, the FOV of the auger
camera needs to be considered. The system should search for the fiducial marker in such a
way that it does not need to retrace the same area repeatedly. In other words, the auger camera
is required to sweep over the whole operational area, without any overlap as far as possible, in
order to consistently and accurately locate the fiducial marker. It is necessary to exhaustively
examine the FOV in order to optimize the search procedure. Thus, in the following section,
the FOV of the auger camera is computationally simulated for various decisive parameters,

and the effective searching procedure is presented based on the simulation results.

4.3. Analysis of the Installation of the Auger Camera

4.3.1. Simulation Model for FOV of Auger Camera

The FOV of a camera represents the extent of its visible field. Since the fiducial
marker is placed on the roof of the truck (c.f. Fig. 4.2 and Fig. 4.3), the FOV at roof height
needs to be focused on. Usually, a rice paddy is enclosed by embankments and by at least one
farm road, the height of which is usually higher than the paddy ground. Although the height of
the adjacent farm road from a paddy field (denoted A hereafter) varies between fields, it is
sufficient to consider only two cases, which will be described below.

In this study, a 2-DOF manipulator was adopted as the kinematic model of the
unloading auger, as in Chapter 3, and the coordinate systems were assigned ' "' (see Fig. 3.5
to Fig. 3.7). An arbitrary position on these coordinate systems was calculated as the

12H4 " Some approximations are made for the model,

kinematics problem of the manipulator!
and these will be explained later. Let the height of the origin of X be 4. and the height of the
pickup truck be /4. More precisely, 4. is the height, above the ground, of the origin of 2, the
orthogonal coordinate system set on the combine. 4y, is the height of the roof of the pickup
truck above the ground of the farm road.

In general, the FOV can be represented by its angle of view (AOV), and depth of
field D. AOV is represented in terms of the vertical AOV and the horizontal AOV. The depth
of field represents the area of the visual scene that is acceptably sharp. Provided a target
object is of an acceptable level of sharpness, D of a camera spans from D, t0 D, (13,
Outside of this range, images are blurred. In fact, D depends on the focal length of the camera.
The focal length of the camera used in this study was kept constant, such that D falls within

an acceptable range of sharpness. D was empirically determined and at the same time, it is
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also experimentally confirmed that the target plane (i.e., roof of the truck, or fiducial marker)
forms an image with sufficient sharpness, as far as A varies within an expected range. The
range was assumed to be 0 m < /5 < 1.5 m in this study, based on actual and usual rice paddy
field conditions.

Further approximations were applied to the system model. In the following analysis,
the unloading auger was dealt with as a line, not a solid object. And the camera’s dimensions
were neglected. Hence, /,, /; and /, in the model could be equal to zero. Table 4.1 summarizes

the lengths of /,, /s, /., I; and /., in the following simulation. In addition, a pinhole camera

model ' 17 was used.
Table 4.1. Link parameters in simulation.
l, [mm] Iy [mm] [ [mm] lq [mm] Lo [mm]
0 4,280 3,195 0 0

Although it may be considered that /. is also a decisive variable for the FOV, in fact,
l. cannot be varied from the position shown in the table. Obviously, the camera needs to be
attached at the top of the unloading auger for obtaining as large a FOV as possible. When
attached to the spout, however, the camera cannot obtain a clear image because of the dust
that flows out of the spout during the unloading operation. Thus, the camera was attached at a
position as close to the auger spout as possible, but not being obstructed by dust from the
unloading operation. This position was empirically determined and regarded as constant in the

whole study.

a) Case 1

In the case that A, is longer than Ay + hj, the camera’s FOV and the associated
parameters are depicted in Fig. 4.4-(a) and Fig. 4.4-(b). Both figures represent the
cross-sectional view at Y-Z, plane. For the sake of ease in consideration, &, is kept at 90° in

these figures.
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S
Cd

Optical axis Camera

Zy 3 /
T
A Yo

Roof height ‘ > X

s =0 Y, min Y, maj
Pickup truck i

fhe . . j e
(Grain container)
9 Combine harvester ' @] o

Farm road

Fig. 4.4-(a). Cross-sectional view at Y-Z, plane when A, > hy, + hy.

In Fig. 4.4, « is the camera’s elevation angle and ¢y is half the vertical AOV. The
FOV at the height of the fiducial marker on the roof is divided by the optical axis (a point y.

in Fig. 4.4) into two parts, whose length along Y axis are Y,,;,, which is closer to the combine

and Y, which is far from it. L,,;, and L,,; are the distance between the upper or the lower

edge of the FOV at the roof height and the optical center, respectively. Regarding other

parameters in the figure, /. is the distance between the camera and the origin of 2. And g, y

and ¢ are defined as follows.

B=m—(6,+a).

y=m—(B+ ¢y).

§=m—(6,+a+ ¢py).
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p Iz

Fig. 4.4-(b). Cross-sectional view at Yo-Z, plane when h. > hy, + hy.

In Fig. 4.4-(b), H(6) is the height of the optical center above the roof. F(6) is
defined as the distance between the optical center and the roof height along the optical axis.
On the Y axis, ¥; denotes the coordinate of the intercept by the optical axis and Y, is defined
as y. — Yi. Lastly, when h. > hy, + hy, Al is calculated by A, — (hi + hp).

Under these definitions, the camera’s FOV is calculated based on the elementary
geometry: If h. > hy, + hy, H(6,) is described in Eq. (4.4).

H(Qz) - lC Sin 92 + Al
(4.4)
= lc sin 92 + (hC - hf-,- - hkt)'

Thus, Lyin, Lme and F(6) are represented using H(6») as follows.
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_H(6)
siny
_ H(6y)
~ sin(B + ¢y)
H(6;)
sin(6, + a — ¢y)’

min

H(6;)
siné
H(6,)
sin(6, + a + ¢y)

Lmaj -

H(6)
sinf8
H(6)

" sin(6, + a)

F(6,) =

And then, Y, and Y, are calculated as the following equations.

Yinin = \/{F(Qz)}z + Lmin2 — 2F(02) Linin cos ¢y .

o = [IF OO + Ly = 206, Ly cos

The value of y. is also obtained in Eq. (4.10).

ye=V"+Y

Al
N \/{F(QZ)}2 +1.* = 2F (8)lc cosa + tan 8

h. —he —h
=\/{F(62)}2+lcz _ZF(HZ)IC cosa + ¢ fr kt

tan(6, + a)
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Figure 4.5 shows the camera’s FOV and the parameters that are also illustrated in Fig.
4.4. To make the figure clearer, the plane that includes the line of L,,;, and the lower edge is
clipped and translated in the left side.

Optical axis

Upper edge

Fig. 4.5. Conceptual image of FOV.

Here, ¢y is half the horizontal AOV. X, is half the bottom length of the rectangular
triangle that consists of an angle of ¢y and a line segment whose length is L,,;,. Similarly, the
plane that includes the line of L,,; and the upper edge is depicted separately in the right side
and X, is defined as well as X,;,. Once L,;, and L, are known, X,;, and X,, can be

obtained as follows.

Xmin = Lmin tan d)H' (411)

Xmaj = Lma] tan¢H. (412)

Finally, the FOV at the roof height can be simulated using the parameters of y., Xin, Xinaj> Ymin

and V4.
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b) Case 2

It is necessary to consider separately the case when 4. is lower than Ay + hj. The
camera’s FOV and the associated parameters are illustrated in Fig. 4.6-(a). ' is the

supplementary angle of 7. As well as Fig. 4.4-(b), Fig. 4.6-(b) can be helpful.

/< & Yoin Yonaj

Fig. 4.6-(a). Cross-sectional view at Yo-Z, plane when A, < hy; + hy.

In this case, the roof height is located above the origin of 2, The
intersection of the unloading auger and the roof height is marked as a red square in the figure,
and the length between this point and the origin of % along the unloading auger is represented
by /4. Now, Al is defined as Ay + hs — h., and thus H(6) is described in slightly different
form.

H(Qz) = lC sin 92 + Al
(4.13)
= lC sin 92 - (hC - hf‘l‘ - h’kt)'

70



Searching for Fiducial Marker by Auger Camera

Fig. 4.6-(b). Cross-sectional view at Yo-Z, plane when A, < hy, + hy.

Moreover, a modification must be made to Eq. (4.5), although the form itself is finally equal.

_H(8,)
siny’
O HG)
~ sin(B + ¢y)
H(0,)
sin(6, + a — ¢y)’

min

(4.14)

Except for these changes, Ly, F(6), Yuin and Y, are calculated in the same manner as
represented in Eq. (4.6) to Eq. (4.9), respectively, although the value of y. requires different

consideration as shown in Fig. 4.6-(b).
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yve="+V
Al
= VP8P + (e — 1a)* = 2F(0) (e — L) cos @ + o, @15
where
Al
ba = sin 6,

Concerning X,;» and X, they are obtained in the identical form as the case of 4. > hy, + hy.
In the following description, the simulation result of the camera’s FOV is explained
with respect to a few decisive variables for FOV. Next, an appropriate assignment of the

variables is determined, and finally an effective fiducial marker searching procedure is

presented.

4.3.2. FOVs for Joint Angle of Unloading Auger

The simulation was performed under the parameter values shown in Table. 4.2.

Table 4.2. Parameters setting.

Parameter Default Variation Step
h, [m] 2.35 const. -
Height hy: [m] 1.79 const. -
hy [m] 0 0-1.5 0.5
a°] 60 or 90 const. -
Camera or[°] 24.79 const. -
ou [°] 19.11 const. -
Unloading auger 4l 0 0-150 01
& [°] 20 20-45 10 or 5
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Figure 4.7 shows the range of the FOV based on the combine-based coordinate
system (i.e., 2y in Fig. 3.5 and Fig. 3.6), when 6, of the unloading auger rotates from 0° to
180°. Note that the point (Xo, Yo) = (0, 0), which is marked as Origin in the following figures,
indicates the origin of . Figure 4.7 shows the results for the joint angle & of the auger: 20°,
30°, 40° and 45°. For the case of 8, = 0°, 90° and 180°, the corresponding FOVs are drawn in
the figure. In all cases, other variables are kept at = 60° and /4 = 0.5 m. The figure indicates
the whole area where the camera can physically observe for each value of &, although the
range of @, is limited from 0° to 180°. Similarly, the other exemplary FOVs are shown in Fig.
4.8, which is the case of & =90° and 44 = 0.5 m.

Obviously, it is clear that the case of a = 90° offers much larger FOVs than the case
of o = 60°. In general, FOV shifts centrifugally as « increases. An appropriate angle of «,
however, should not be determined based on only the largeness of FOV, because a larger FOV

is not always efficient for fiducial marker searching. This is discussed in next section.
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-8 -8
6 (a) 6,=20 6l (b) 6,=30
4 4
-2 2
E E)
o 0 . p 0 .
A Origin 8 Origin
2 2
4 4
6 6f
0 2 4 6 3 S0 2 4 6
Y, [m] ¥, [m]
-8 -8
6 (c) 6,40 6l (d) 0,-45
-4 -4
-2 2
E E)
o 0 . . 0 .
= Origin 8 Origin
2 2
4 4
6 6l
% 0 2 4 6 8 S 0 2 4 6
Y, [m] ¥, [m]

Fig. 4.7. Calculated FOV when o = 60° and A4 = 0.5 m.
(a). & =20% (b). & =30° (c). =40° 6 =45°.
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-8 -8
6 (a) 0,-20 6l (b) 6,-30
-4 -4
-2 2
E E)
o 0 . p 0 .
A Origin 8 Origin
2 2
4 4
6 A

% 0 2 4 6 8 5 0 2 4 6 8
Y, [m] ¥, [m]

Fig. 4.8. Calculated FOV when a =90° and A4 = 0.5 m.
(a). & =20% (b). & =30° (c). =40° 6 =45°.
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4.3.3. Optimal Camera Installation

In the following, the positional relation between the combine and the pickup truck is

as given in Fig. 4.9.

FOV at roof height

Combine harvester L
N— Fiducial marker

TN

Pickup truck
with

=
Ct]

e
Hid

: grain container
More than 2.0 m is required

Fig. 4.9. Positional relation between combine harvester and pickup truck.

In general, there is at least 2.0 m between the combine and the target point. This is
caused by physical obstacles such as an irrigation canal, the difference in ground level
between the paddy field and the farm road, and so on. Thus, in the actual unloading operation,
the joint angles are restricted. To ensure more than 2.0 m as a margin, the range of 6 is
required to satisfy 20° < 6, < 90°. In addition, & can be also confined by the value of /. In
the method presented in Chapter 3, a target point is preliminarily assigned and the joint angles
are determined such that the auger spout should be positioned at that point. %,, the height of
the target point from the roof (i.e., from the fiducial marker) is set to 0.5 m. In this case, &

must satisfy the following relation.

lb sin 62 + hC = hfr + hkt + ht (416)
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A

Y 4

v

Fig. 4. 10. Cross-sectional view at Y-Zj plane

when positioning has been ideally performed.

And considering the actual height of 4., A, and A, the joint angle & can be approximately
calculated as follows.

h
0, ~ sin~1 (%) (4.17)
b

Thus, the ideal 6 can be estimated for /4. Concerning the representative values, 45 = 0.0, 0.5,
1.0 and 1.5, the estimated 6 is presented in Table 4.3.
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Table 4.3. Ideal angle of & estimated for representative /.

hy [m] 6 [°]
0.0 0.0
0.5 6.7
1.0 13.5
1.5 20.5

Once an ideal & is provided, the area in which the fiducial marker should be detected
can be estimated in accordance with the & value. And, the value of « should be selected such
that the FOV could include the estimated area as much as possible. Conversely, if « is
determined in this manner, the fiducial marker is most likely to be covered by the camera’s
FOV, and then the tip of the spout (referred to as “the auger spout” or just “the spout”,
hereafter) can be ideally positioned to the target point based on the calculated & value
corresponding to the detected fiducial marker.

In the following figures, the outer and inner border of FOV is shown by the grey
finer lines. Let this FOV be the maximal FOV. It is generated from FOVs at every 6 value,
such as Fig. 4.7 or Fig. 4.8. In short, it shows the whole area the camera can view when 6
varies from 20° to 45°. The ideal spout position is denoted by a cross mark for each 5° in the
range of 20° < 6, < 90°. The two thicker lines indicate the outer and inner border of the
shaded area in which the fiducial marker is considered to exist corresponding to the ideal
spout position.

Again, when the fiducial marker is detected in this area, the target point that is
assigned with respect to the detected fiducial marker will be located at the ideal spout position,
denoted as a cross. Thus, the maximal FOV should include this shaded area as largely as
possible. And the more preferable o can give the larger overlapped region between the
maximal FOV and the shaded area.

Figure 4.11 to Fig. 4.14 show the fiducial marker coverage with the maximal FOV
when a = 60°, 70°, 80° and 90°, respectively. The overlapped region is shown with red line,
while the area that is not covered by the maximal FOV is shown with the black line. These
figures show the result for the representative 4y values, 0.0 m, 0.5 m, 1.0 m and 1.5 m,

respectively. They are summarized in Table 4.4.

78



Searching for Fiducial Marker by Auger Camera

Table 4.4. Parameters setting.

Parameter Default Variation Step
h. [m] 2.35 const. -
Height hy, [m] 1.79 const. -
hg. [m] 0 0-1.5 0.5
a[°] 60 60 - 90 10
Camera ov[°] 24.79 const. -
ou [°] 19.11 const. -
6 [°] 0 0-180 0.1
Unloading auger
& [°] 20 20-45 10or5

*The variation of &, does not appear in the following figures.

From a qualitative point of view, these figures suggest some apparent features. First,
the overlapped area decreases as the /. increases. This is natural because the maximal FOV
narrows according to increasing /.. Second, the maximal FOV itself becomes wider with the
increase of a. And as « increases, the maximal FOV, as a whole, shifts centrifugally relative
to the shaded area. More specifically, in Fig. 4.11, the black shaded area, which is not
included in the maximal FOV, appears outside of the exterior border of the FOV. On the other
hand, in Fig. 4.13-(a), (b), (c), or in Fig. 4.14, the black shaded area appears outside of the
interior border of the FOV. Figure 4.12-(a) and (b) do not have the black shaded area, which
means the shaded area is entirely covered with the FOV. Figure 4.12-(c) and (d) show the
similar feature to Fig. 4.14, although Figure 4.12-(d) also shows the same feature of Fig. 4.11.
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6 (@) a=60, hy, = 0.0 6 (b) a=60, h, =05
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E-;2 0 2 4 0 8 E}Z 0 2 4 6
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Fig. 4. 11. Fiducial marker coverage with maximal FOV when « = 60°.
(@). hs-= 0.0 m; (b). hs= 0.5 m; (c). by = 1.0 m; Ay = 1.5 m.
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6 (@) a=70, hy = 0.0 6 (b) a=70, h, =05

-2 0 2 4 6 8 §2 0 2 4 6 8
Y, [m] Y, [m]
-8 -8
6F (¢) a=70, hfrZI.O 6! (d) «a=70, hﬁZI.S
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Fig. 4. 12. Fiducial marker coverage with maximal FOV when o = 70°.
(@). hs= 0.0 m; (b). hg=0.5m; (c). hp=1.0m; hs=1.5m.
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Fig. 4. 13. Fiducial marker coverage with maximal FOV when o = 80°.
(@). hs= 0.0 m; (b). hg=0.5m; (c). hp=1.0m; hs=1.5m.

82



Searching for Fiducial Marker by Auger Camera

-8r
-6r
At
1
0,
2_
4+
6_
8
2 0 2 4 6 & 2 0 2 4 6 8
¥, [m] v, [m]
-8 8
6l (d) «=90, h =15
4t
2
E
CDO_
N
2_
4,
6_
S 0 2 4 6 8 % 0 2 a4 6 3
¥, [m] v, [m]

Fig. 4. 14. Fiducial marker coverage with maximal FOV when o = 90°.
(@). hs= 0.0 m; (b). hg=0.5m; (c). hp=1.0m; hs=1.5m.
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Figures shown in Table 4.5 also indicate these features.

Table 4.5. Ratio of each shaded area for representative o and /.

o ] Outer black Inner black shaded  Red shaded area Average of red
al° 5 (10
] / shaded area [%] area [%] [%] shaded area [%]
0.0 8.4 0.0 91.6
0.5 37.0 0.0 63.0
60
1.0 55.0 0.0 45.0
1.5 69.6 0.0 30.4 57.5
0.0 0.0 0.0 100.0
0.5 0.1 0.0 99.9
70
1.0 26.1 0.0 73.9
1.5 47.0 8.8 44.2 79.5
0.0 0.0 25.7 74.3
0.5 0.0 23.0 77.0
80
1.0 0.0 24.9 75.1
1.5 17.6 26.4 56.1 70.6
0.0 0.0 48.3 51.7
0.5 0.0 37.0 63.0
90
1.0 0.0 38.9 61.1
1.5 0.0 41.4 58.6 58.6

In Table 4.5, the outer black shaded area is the one that appears outside of the interior
border of the maximal FOV, which is typically seen in Fig. 4.11, while the inner black shaded
area appears outside of the exterior border of the maximal FOV as shown in Fig. 4.14. The
shaded area that is included in the maximal FOV is denoted as the red shaded area. And the
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figures in this table represent the percentage of each shaded area in the total shaded area that
represents, as described above, the area in which the fiducial marker is considered to exist
corresponding to the ideal spout position. For each « value, the average value of four red
shaded areas is shown in the rightmost column. The results for each « correspond to the each
figure such as Fig. 4.11 to Fig. 4.14. For example, the uppermost column, the case of = 60°
and /5 = 0.0 m, shows the data of Fig. 4.11-(a), which indicates that 91.6% of the shaded area
is included in the maximal FOV and the rest of the area is outside of the exterior border of the
FOV. And in the case of a = 60°, the shaded area can be covered, on average, 57.5% with the
maximal FOV.

As described above, Table 4.5 supports the qualitative consideration. First, the red
shaded, overlapped area generally decreases as the 4 increases, although in « = 80° and 90°,
the case of /5 = 0.0 m covers smaller area than that of /5 = 0.5 m. Second, in the case of o =
60° and 70°, the inner black shaded area is almost 0.0%, while there is a certain amount of the
outer black shaded area. In contrast, the inner black shaded area appears to some extent in the
case of a= 80° and 90°, while the outer black shaded area is almost 0.0%. This indicates that
the maximal FOV, as a whole, moves centrifugally relative to the shaded area according to
increasing a.

From the results shown in Fig. 4.11 to Fig. 4.14 and in Table 4.5, the value of o= 60°
is too small, that is the optical axis of the camera looks too inward (c.f. Fig. 4.4 or Fig. 4.6).
Similarly the value of = 90° is too large, that is the camera looks too outward. It is certain
that the larger « gives the larger FOV and thereby that the case of a = 90° gives the largest
FOV in the representative values of &, however, the camera results in searching wider area in
vain when o= 90°. As a result, the average value of fiducial marker coverage remains 58.6%,
which is almost equivalent to the 57.5% when a = 60°. The case of o = 70° or o= 80° gives
some different results. In both cases, the average value of red shaded area is over 70% and the
overlapped area is neither located too close to the interior nor the exterior border of the
maximal FOV. Thus, concerning the values between o = 71° and 79° (every 1°), the ratio of

each shaded area is computed and, in the same manner of Table 4.5, shown in Table 4.6.
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Table 4.6. Ratio of each shaded area for representative /4 and for « from 71° to 79°.

Outer black Inner black shaded Red shaded area Average of red
al’] hy, [m]

shaded area [%] area [%] [%] shaded area [%]
0.0 0.0 0.0 100.0
21 0.5 0.0 0.0 100.0
1.0 22.6 2.3 75.1
1.5 44.5 10.9 44.6 79.9
0.0 0.0 0.0 100.0
0.5 0.0 3.6 96.4
72
1.0 19.2 5.7 75.1
1.5 41.9 12.8 45.3 79.2
0.0 0.0 33 96.7
0.5 0.0 6.3 93.7
73
1.0 15.6 8.8 75.6
1.5 39.3 14.6 46.1 78.0
0.0 0.0 7.5 92.5
0.5 0.0 9.1 90.9
74
1.0 11.9 11.6 76.6
1.5 36.5 16.4 47.1 76.8
0.0 0.0 11.1 88.9
0.5 0.0 11.7 88.3
75
1.0 7.9 14.2 77.9
1.5 33.7 18.1 48.2 75.8
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Outer black Inner black shaded Red shaded area Average of red
a[°] hy (m]

shaded area [%] area [%] [%] shaded area [%]
0.0 0.0 14.4 85.6
0.5 0.0 14.2 85.8
76
1.0 3.6 16.8 79.6
1.5 30.8 19.8 49.4 75.1
0.0 0.0 17.4 82.6
0.5 0.0 16.5 83.5
77
1.0 0.0 18.9 81.1
1.5 27.7 21.6 50.7 74.5
0.0 0.0 20.4 79.6
0.5 0.0 18.8 81.2
78
1.0 0.0 21.0 79.0
1.5 24.5 23.2 52.3 73.0
0.0 0.0 23.0 77.0
0.5 0.0 20.9 79.1
79
1.0 0.0 22.9 77.1
1.5 21.0 24.8 54.2 71.8

Table 4.6 indicates that the FOV at o = 71° gives the largest overlapped area on

average. Therefore, the angle « is optimal to be 71°.

87



Chapter 4

4.4. Auger Control for Searching Procedure

4.4.1. Strategy of Auger Control

Figure 4.15 shows the maximal FOV when « is 71°. In the figure, especially for the
case of 6y = 0°, 90° and 180°, FOVs at & = 20°, 30°, 40° and 45° are also illustrated in
trapezoidal shape, in a widening order from the smallest to the largest. In Fig. 4.15-(a) and (b),
the maximal FOV consists of the FOV at &, = 20° for the smallest and that at & = 45° for the
largest. In Fig. 4.15-(¢c) and (d), the maximal FOV is generated only by the FOV at 6 = 45°
for both the smallest and the largest, since the FOV at & = 45° includes all the FOVs at other
6, values. Then, if searching is performed at & = 20° and & = 45°, the camera searches the
whole area that it can physically catch.

If the unloading auger rotates with & = 20°, however, physical interference possibly
arises between the auger and the grain storage container (c.f. Fig. 4.2 or Fig. 4.3). Table 4.3
also suggests that it will occur especially in A5 = 1.5 m, because the ideal & for unloading is
estimated to be 20.5° when /5 is 1.5 m. In the end, it seems to be preferable that the searching
procedure is performed at & = 30° and & = 45°. Taking into account the fact that the maximal
FOV can be almost entirely covered only with the FOV at 6, = 45°, the searching procedure
should be performed primarily at 6, = 45° and after that, it should be performed at & = 30°.
Hereinafter, let the former be the primary searching step and let the latter be the secondary

searching step.
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Fig. 4.15. Maximal FOV when «is 71°.
(@). hs-= 0.0 m; (b). hs=0.5m; (¢). hs=1.0m; Az = 1.5 m.
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In this study, a software program is developed for controlling the unloading auger
based on the target position obtained through image processing. The combine harvester is
controlled by several ECUs. The program runs on a laptop PC and communicates with the
combine via a RS-232C cable. It simultaneously performs the image processing in which
images are taken from the USB camera and the desired joint angles are calculated if the
fiducial marker is detected. The angles are sent to the ECU together with other commands
(see Fig. 2.6).

Figure 4.16 shows the algorithm of the software program. The right column is the
main flow of the algorithm, in which a series of data is received and sent in period of 100 ms.
And in the searching mode, searching procedure is performed until the fiducial marker is
detected. When the image processing program recognizes that the fiducial marker is detected,
the searching procedure is terminated and the auger stops moving for a few seconds to obtain
clearer images, and thereby to enable more precise computation of the joint angles. The joint
angles are obtained based on the method presented in Chapter 3. After a predefined period of
stopping, the calculated joint angles are defined as the target angles in the positioning mode.
The left column shows the flow of image processing. It is multi-threaded and is repeated

independently of the main flow.
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Fig. 4.16. Algorithm.
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4.4.2. Assumptions and Experimental Procedure

To confirm the efficiency and the validity of the presented method, a searching
experiment was conducted. In the experiment, a simple situation is assumed, but it seems
sufficiently reasonable because it is highly possible in the actual unloading operation.

Assumptions are as follows:

1. The combine harvester is parked in a paddy field almost alongside a pickup truck that

is located on the farm road alongside the paddy, as shown in Fig. 4.1.
2. The fiducial marker is attached to the roof of the truck.

3. The auger spout can be physically positioned to the given target point, which is

preliminarily assigned in the software program.

About the assignment of the target point, the details have already been explained in
Section 3.4 and will not be addressed here. The experiment was conducted in the following
manner: Two joints of the unloading auger were initialized at 6, = 192° and & = 3°,
respectively. Let this state be the default position. The auger starts to move from the default
position. After the fiducial marker has been detected, the spout positioning was performed (c.f.
Fig. 4.16).

Among tests, the positional relation between the combine and the fiducial marker
were slightly changed. Through the fiducial marker searching and spout positioning task, two
joint angles, € and 6, were recorded every 0.1 s. The required time for the searching and
positioning operation was measured to confirm the efficiency. Whether the combine robot can
detect the fiducial marker with the method and whether the presented searching steps are

sufficient were confirmed to validate the proposed method.

4.5. Results and Discussion

Following figures illustrate the trajectory of the auger spout and the transition of
auger joint angles (6, and 6). Note that for these figures, each trajectory is
three-dimensionally rotated to facilitate perceiving the whole trajectory. Thus, although the

graphs sometimes vary in appearance, this is just caused by different viewpoints.
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a) Case 1

Figure 4.17 shows an experimental result when the fiducial marker is detected during
the primary searching step. The grey dot line shows the locus of the auger spout during the
searching process, while the red circle indicates the positioning process. The red rectangle
represents the estimated position of the fiducial marker. As illustrated in Fig. 4.17-(a), the
primary step starts its path from the default position (i.e., 6, = 192° and & = 3°, and marked
as N in the figure). The unloading auger raises its joint angle & up to 45° (marked as N;) and
then rotates clockwise until reaching to the next node (Ns, but not shown). During this
rotation, the fiducial marker is detected at a spout position S; (6, = 37.5° and & = 45°). After
the calculation of the target joint angles, the unloading auger is positioned to that position. In
the positioning, the auger rotates counter clockwise from S;, via S, (6, = 44.6° and & = 45°),
to Sz (6) = 44.6° and 6 = 29.8°). In Fig. 4.17-(b), the transition of the joint angles is plotted
against time elapsed, the grey continuous line for &, and the black dashed line for 6. In this
instance, it takes 7.6 seconds until detecting the fiducial marker. After a 2.2 second lapse,
positioning commenced and took 2.0 seconds. As a whole, 12 seconds were needed for
searching and positioning. An additional two tests were conducted and the entire searching

and positioning procedure required 18 seconds and 17 seconds, respectively.

a) Case 2

Next, an experimental result is presented on the case when the camera finds the
fiducial marker not on the first searching step but on the second searching step. Figure
4.18-(a) shows a trajectory typical for this case. From the end of the primary searching step
(N3: 6, =0° and 6 = 45°), the unloading auger lowers its joint angle & down to 30° (marked
as Nj) and then it rotates counter clockwise to the point of 8 = 90°. The fiducial marker is
detected at a spout position S; (6, = 54° and & = 30°). After a few seconds, the auger is
positioned to the position &, = 27° and 6 = 0° (marked as Ss). These characteristic nodes are
also noted in Fig. 4.18-(b). It takes 9.6 seconds for the primary searching step and 4.6 seconds
from the end of the primary step to the detection of the fiducial marker. The positioning step
took 3.6 seconds in this case. As a whole, it took about 23 seconds until positioning has
finished. In the other two tests, it took 22 seconds and 16 seconds, respectively, for the

searching and positioning procedure.
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When an operator of the combine manually positions the unloading auger to the
appropriate point above the grain storage container, it took about 37 seconds on average,
which is the time taken for actual unloading operation performed by not only skilled but also
by unskilled operators. Table 4.7 summarizes the required time for spout positioning for both
unmanned and manned operation.

Although it is difficult to make a precise comparison of the measured time with
manual positioning and the elapsed time that is required for the presented autonomous method,
since the former was performed in a quite different manner from the latter, and the manner
itself depends on each operator, however, it is clear that the autonomous searching and
positioning method is not much more time-consuming than manual positioning.

Figure 4.18 shows the result when the fiducial marker is detected in the secondary
searching step. In this case, the combine and the fiducial marker are located in such a way that
the fiducial marker is not included in the FOV at 6 = 45° (i.e., the height of the primary
searching step), and at the same time, included in the FOV at &, = 30° (i.e., the height of the
secondary searching step). This, however, happened in only a few tests. In fact, the fiducial
marker was almost always detected in the primary step. Thus, the autonomous method will
seldom require more than 20 seconds. The secondary searching step serves as an auxiliary
searching procedure and it does not happen frequently. Nevertheless, the secondary searching
step is useful. Usually, it takes just an additional few seconds, and thereby the auger camera

can cover most of the maximal FOV.

Table 4.7. Required time for positioning operation.

Test Required time [s]

1 12

Case 1 2 18
3 17

. 1 23

Case 2 2 22
' 3 16

Manual operation 37 (on average)

96



Searching for Fiducial Marker by Auger Camera

4.6. Conclusions

For the installation of the auger camera, including fiducial marker searching, the
FOV of the auger camera was computed based on the variables that affect the FOV, the
camera’s elevation angle «, the height of farm road /., and the joint angle 6. The assumption
is that the fiducial marker is searched by the camera attached to the unloading auger. The most
suitable angle « was determined for the most effective fiducial marker search. An efficient
searching procedure was proposed based on the simulation results.

For each representative value of « and 4, the maximal FOV was obtained which
indicates the whole area the auger camera can mechanically incorporate when 6 varies from
20° to 45°. When the auger spout of the unloading auger is successfully positioned to the
assigned target point, then the ideal joint angle 6 is bound by the height of the farm road /.
With respect to the ideal 6, the area in which the fiducial marker should exist can be
simultaneously estimated. Then, & was determined such that the maximal FOV can cover this
area, as much as possible. The angle of a = 71° provided, on average, the largest fiducial
marker coverage 79.9%.

After the assignment of this « value, maximal FOVs at representative 6 values were
computed as shown in Fig. 4.15. This suggests that the maximal FOV can be covered by
searching at 6, = 45° (the primary searching step) and the rest of the maximal FOV is almost
covered by that at & = 30° (the secondary searching step). The experimental results also show
that the fiducial marker was detected mainly in the primary searching step. The secondary
searching step is still useful for achieving maximal FOV. The fiducial marker was certainly
detected, if it is located inside the maximal FOV, either during the primary searching step or
the secondary searching step, and additional searching steps are needless.

When the fiducial marker was detected in the primary searching step, it took 16
seconds for searching and positioning. It took 20 seconds for the whole process when the
fiducial marker was acquired in the secondary step. This figure is comparable to the time
needed in manual positioning.

Therefore, the presented method, the combine robot performs the searching,

detecting and positioning task with high efficiency and sufficient reliability.
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CHAPTER 5

AUTONOMOUS UNLOADING SYSTEM
FOR ACTUAL UNLOADING OPERATION

5.1. Introduction

For decades, vehicular robots have been eagerly studied and developed in various
fields. Recently, RTK-GPS has been widely used for autonomous navigation. Also in the field
of agricultural engineering, researchers have tried to develop autonomously guided machinery
using GPS navigation "'"*!, The RTK-GPS has an accuracy of within 20 mm. It is utilized as a
navigation sensor for the combine harvester robot, which has demonstrated to sufficiently
control path following performance and has successfully harvested crops in actual harvesting
experiments " P, This high accuracy could be applied for auger spout positioning.

After harvesting, the combine is required to unload grain into some kind of vehicle
for offsite transportation. Usually, a lightweight type of pickup truck is used as the
transportation means, especially in the main island of Japan. A grain storage container is,
generally, mounted on the truck. Under these assumptions, a machine vision based-method is
presented to determine the joint angles for positioning the auger spout of the unloading auger
to a target point to unload grain . This method provides the basis for autonomous unloading.
In the method, a planar fiducial marker is utilized to help locate a grain storage container,

using input images captured by a USB camera, and to estimate the positional relation between
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the combine harvester and the grain storage container.

The fiducial marker needs to be detected by the camera. In order to search and detect
it efficiently and certainly, the camera’s FOV is computed. Based on the analysis on FOV, the
camera was appropriately installed on the combine robot and an efficient and absolute fiducial
marker searching procedure is presented 7. 181,

Although the presented methods result in positioning with sufficient accuracy and
efficiency, the methods themselves assume simple conditions applied in actual unloading
operations.

The objectives of this chapter are as follows:

1. To present the vision-based method by which the auger spout of the unloading auger

can be positioned to an arbitrary target point with 3D accuracy.

2. To integrate the developed techniques, the combine control, the fiducial marker
searching and the vision-based spout positioning, into the autonomous unloading

system that is applicable in actual paddy field conditions.

3. To examine the performance of the presented autonomous unloading system in field

tests.

5.2. Autonomous Unloading System

In this section, first, the basic method (61 is summarized and the problems involved
are addressed. To solve these problems, the basic method is modified for more accurate spout
positioning P And then, a comprehensive method is presented for a more practical unloading
operation, which includes the searching procedure, the modified method and returning of the

combine’s auger to the unloading position.

5.2.1. 3D Positioning of Auger Spout

In the basic method, the unloading auger is modeled as a 2-DOF manipulator. Figure
5.1 shows the link structure of the unloading auger. Figure 5.2 is a schematic view of the

coordinates in the basic method.
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Fig. 5.1. Link structure of unloading auger.
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Fig. 5.2. Schematic view of basic method.
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With the homogeneous transformation matrices o1, (from 25 to 2}) and 'T, (from X3

to 23), the position vector of the auger spout at % is represented in Eq. (5.1).

0 _ 0 1 2
rSpout - Tl T2 rSpout

lp cosB; cos B, — 1, sin 6,
I, sin @, cos 8, + 1, cos 6, (5.1)
[, sin 6, '
1

Now, assume that the fiducial marker has already been observed by the camera. Then
T, and 'T are determined by the joint angles 6, and & corresponding to the present auger’s
position. *T¢amera is calculated based on the camera’s elevation angle o and Camera . is
estimated according to the image processing technique " "), Thus, the position vector of the

target point can be calculated as follows:

0 _ 0 Marker
Trarget = I Marker Trarget

0 1 2 Camera Marker
- Tl T2 TCamera TMarker rTarget (5 -2)
= (X0, Yo zo» 117,

Marker

where, Frurger 1S properly assigned beforehand. If the spout overlaps the target point, Orspom

and OrTarge, satisfy the following relation.

0 0
Yspout = Trarget- (5.3)

Finally, by solving Eq. (5.3) about x and y coordinates, the target joint angles are determined.
With the angles expressed in Eq. (5.4) and Eq. (5.5), the spout can be positioned at the target

point in horizontally 24,
6, = tan~ =2 — sin~1 <l—a> (5.4)
! Yo \/ sz + yOZ '
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9,  cos-t (\/xoz +l3;02 — la2>. 5

When the positioning to the position &, and & is accurately completed, Orspom should
be equal to [xy, Yo, lpsin@,, 1]7, however, I, sinf, =z, in general. Since the
unloading auger used in this study has 2-DOF, it cannot satisfy Eq. (5.3) simultaneously in the
x, y and z coordinates.

In the basic method, a simple condition is assumed that the harvester is located at the
point where the unloading auger can be ideally positioned. In this ideal state, the positional
relation between the combine and the grain storage container is as follows; when positioning
is performed based on the calculated joint angles, the position vector of the auger spout is xg
and ), almost exact in the x and y direction, respectively. In the z direction the spout position
could be either higher or lower than z,. In other words, if the positional relation is not ideal,
the auger spout could be positioned at too high or too low a point from the target point.

The position of the combine harvester relative to the grain container (or pickup truck)
is not always ideal. And in actual paddy fields, positioning accuracy is sometimes reduced by
various factors such as soil condition, stack of chopped straws, wind condition and so on.
Thus, it is essential for practical applications to develop a method that takes into account
accuracy in z direction.

Because of the constraint in the DOF, the positioning method must put less priority to
one of the three axes. Considering the fact that grain stream is almost vertically downward,
the acceptable error range in the horizontal direction is relatively restricted, while the error in
the vertical direction is more tolerable than that in the horizontal direction. The positioning
accuracy in the horizontal direction is ensured by the basic method. Thus, it is reasonable to
estimate and correct the vertical error at first, and then position the spout according to the
basic method. To correct the vertical error, the harvester can travel forward just a required
distance. In short, this forward traveling complements the lack of DOF of the unloading
auger.

Suppose that the fiducial marker has already been detected and the joint angles 6,
and & are calculated as described in Eq. (5.4) and Eq. (5.5). When the harvester now travels
just AL forward, then the spout can be ideally positioned also in the vertical direction. In
addition, it is presumed that the harvester’s orientation remains static during the forward
traveling. Then, the harvester-based coordinate system, 2 is translated just —AL along Xj axis

into 2y’. The position vector of the target point on 2y’ is thereby represented in Eq. (5.6).
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Oerarget = [xo + 4L, yo, 2o, 1]. (5.6).

Before traveling, the target joint angles 6, and 6 are calculated. After forward
traveling, they will be adjusted to the angles with which the spout again reaches the target
point. Let them be 8; and 8,. Figure 5.3 and Fig. 5.4 illustrate the schematic views of the
positional relation before and after forward traveling.

LA

Xo ~ Target point

Fig. 5.3. Combine robot before and after forward traveling (top view).

: before; : after

Figure 5.3 shows the view from above the combine before and after traveling. The
combine before traveling and its annotation are shown in grey, while those after traveling are
presented in black, although important parts are red colored. In both cases, the auger spout is

positioned at the target point horizontally.
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Zo, 2o’

Target point

Vertically aligned

Fig. 5.4. Combine robot before and after forward traveling (rear view).

: after

: before;

Figure 5.4 represents the cross-sectional view in the Yy-Zy plane. The drawing and
caption are similarly colored as in Fig. 5.3. In the state before and after traveling, the spout is
aligned with the target point along the vertical direction.

O’VSpom, the position vector of the spout on %’, is similarly obtained as Eq. (5.1). 8,
and 0, will be determined by the basic method such that they satisfy Eq. (5.3) about the x
and y coordinates. In addition, it is assumed that they satisfy the z coordinate due to the

forward traveling by AL. Finally, “Tgpoue = “Trarger gives the following equations.

Xo + AL = —l,sin@; + 1, cos 8, cos B;. (5.7)
Yo = lg cos B, + I, cos B, sin ;. (5.8)
Zo = I}, sin 6,. (5.9)
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Eq. (5.7) to Eq. (5.9) give 8;, 8, and AL as follows.

1 - Yo - la
0, = sin™1 —tan™ ! ———.
' ~ N2 2 l, cos 0, (5.10)
(lbcosez) + 1,
~ Z
6, = sin—ll—". (5.11)
b
ML= —xg+ 17 + (1 cos 82" — yo”. (5.12)

Thus, the required travel distance, AL, is calculated. Conversely, when the combine robot
travels just AL forward, it should be located at a point where the auger spout can be positioned
three dimensionally to a target point.

At the beginning, the fiducial marker is searched for. On detection of it, the joint
angles 6, and 6 are calculated according to the basic method. If the unloading auger was
positioned at these joint angles, there would be some vertical error between the actual spout
position and the target point. This positioning error in vertical direction, Zg,,,, can also be
estimated by Eq. (5.13), after the fiducial marker is first detected.

Zgrror = ”lb sin 92 - ZO”- (5-13)

If the vertical error is too large, forward travel will be required, while positioning
should be performed when the error is sufficiently small. To be more specific, an acceptable
error ¢ is assigned. If Zg,,, satisfies the inequality (5.14), then the harvester travels AL
forward, as calculated in Eq. (5.12). Otherwise, positioning is immediately performed

according to the values calculated in Eq. (5.4) and Eq. (5.5).

Zgrror > €. (5.14)

The modified method is implemented. Figure 5.5 shows the main part of the

algorithm.
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Fig. 5.5. Main flow of autonomous unloading.

The actual travel distance of the combine is estimated as a linear distance between
the coordinate of the initial state and that of the present state. They are obtained by RTK-GPS
within an accuracy of a few centimeters *- ). When the travel distance reaches around AL,
the combine stops and the fiducial marker is searched for again.

In practical application, it is difficult both to determine the travel distance with
exactness and to stop the combine precisely at the point where it is considered to have
traveled just AL from the initial state. Thus, 8; and 8, are utilised only for the calculation

of AL in Eq. (5.12). The joint angles used for actual positioning should be determined based
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on the final detection of the fiducial marker. Hence, the fiducial marker searching procedure!”

is newly performed after traveling, which will enable more precise positioning *). If there still
remains a vertical error despite the forward movement, the algorithm repeats this procedure

again, although the iteration is restricted to a maximum of three times.

5.2.2. Results of 3D Positioning

To verify the validity of the 3D positioning method, positioning experiments were
performed with the following assumptions. The combine robot is located in a paddy field
roughly parallel to a pickup truck that is parked on the farm road adjacent to the paddy. The
height of the farm road is around 1.0 m. In the initial state, the fiducial marker, which is
placed on the roof of the truck, is located inside the FOV of the auger camera. More precisely,
the fiducial marker is at least within the view of the camera attached to the unloading auger,
when the algorithm performs the searching procedure.

In the experiment, positioning was performed several times on an asphalt pavement
or on a gravel road. In the tests, the relative position between the combine and the fiducial
marker was varied. Figure 5.6 shows three resultant trajectories of the combine, which were
obtained from the tests carried out on an asphalt pavement. Figure 5.7 similarly represents
three exemplar trajectories during the tests performed on a gravel road. These graphs are
constructed based on RTK-GPS data, which are recorded at 10 Hz. Each recorded coordinate
is appropriately translated and rotated in order that the origin of each graph may correspond to
the initial state of the combine before traveling and that the positive direction along the x axis
indicates the traveling direction. Thus, in following trajectories, the x axis shows the travel

distance and y axis represents the lateral error.
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Fig. 5.6. Trajectory of combine robot on asphalt pavement.
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Fig. 5.7. Trajectory of combine robot on gravel road.
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Table 5.1. Estimated positioning error in vertical

direction, calculated AL and actual travel distance.

Test Before or after traveling Zgrror [M] AL [m] Travel distance [m]

before 0.77 0.93 0.00

AP-(a)
after 0.03 - 0.73
before 1.33 1.53 0.00

AP-(b)
after 0.34 - 1.13
before 1.17 1.70 0.00

AP-(¢c)
after 0.12 - 1.31
before 1.55 1.03 0.00

GR-(a)
after -0.07 - 0.73
before 2.02 2.79 0.00

GR-(b)
after 0.05 - 2.41
before 1.08 1.60 0.00

GR-(c)
after -0.10 - 1.22

Table 5.1 presents three important values; the vertical error Zg,,,, before and after
traveling that was estimated by Eq. (5.13), the required traveling distance AL that was
calculated according to Eq. (5.12) after the fiducial marker was detected and the actual travel
distance of the combine. The tests on an asphalt pavement are named as AP-(a), AP-(b) and
AP-(c). Figure 5.6 shows the resultant trajectory of the combine in the case of AP-(a).
Similarly, GR-(a), GR-(b) and GR-(c) represent the results obtained on a gravel road. The
trajectory of GR-(a) appears in Fig. 5.7.

In the test AP-(a), the Zg,,. was 0.77 m when the fiducial marker was detected for the
first time, which does not satisfy the restriction (5.14). Note that &£ was set to 0.5 m in the
experiment. Then, the calculated AL was 0.93 m. After traveling 0.73 m, the search procedure
was performed again. When the fiducial marker was newly detected, the Zg,,, was reduced to
0.03 m, which is sufficiently less than the acceptable error, & Positioning was successfully
performed at this location. Also in other tests AP-(b) and AP-(¢), the Zg,,.,, was reduced from
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1.33 m to 0.34 m and from 1.17 m to 0.12 m, respectively. These values satisfy the inequality
(5.14).

In the tests GR-(a), GR-(b) and GR-(c), the Zg.,  was quite close to zero after
traveling. This may be because the lateral error of the combine. Table 5.2 presents the
maximum lateral error and RMSE from the target path (i.e., x axes in Fig. 5.6 and Fig. 5.7).
The tests performed on a gravel road appeared to result in a relatively small lateral error as a
whole. Compared to Fig. 5.6, Fig. 5.7 also shows the closer trajectories along the target paths.
As described in Section 5.2.1, the modified method assumes that the orientation of the
combine remains constant during forward traveling. Whatever the case may be on an asphalt
pavement or gravel road, Table 5.2 suggests that the assumptions were reasonable. Especially
in the test GR-(¢), traveling 2.79 m was required to correct the Zg,,,,. After actually traveling
2.41 m, the indices for the lateral error during this test were still small. This fact also ensures

the validity of the assumption in case of relatively longer forward traveling.

Table 5.2. Maximum error and RMSE against target path during traveling.

Test MAX [m] RMSE [m]
AP-(a) 0.04 0.02
AP-(b) 0.09 0.03
AP-(c) 0.02 0.01
GR-(a) 0.01 0.01
GR-(b) 0.02 0.01
GR-(c) 0.01 0.01
5.2.3. Homing

The experimental results show that the modified method enables the auger spout to
be positioned to a target point not only horizontally but also vertically. There remains another
issue to be addressed. As explained in Section 5.2.2, the modified method assumes that the
fiducial marker can be observed by the camera when the searching procedure is executed,

without the combine needing to travel.
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When the grain tank of the combine robot is full, the combine is required to return to
the position where it unloads the grain into a grain storage container. Hereinafter, this position
is called the home position and the combine’s return to this position is called homing. To be a
practical application, the autonomous unloading system needs to include a homing function. A
part of this function was also incorporated into the present system and tested in actual field
conditions. Figure 5.8 illustrates the homing operation simulated and tested in the field

Start position of Combine harvester Pickup truck
homing simulation with grain container

experiments.

Homing
.<IIIIIIIIIlllIIIIllIllIIIIIIIIIIIIIIIIIIIIIIIIA
+ |
[ ) ; >

Harvesting
Home position
Paddy field

Fig. 5.8. Schematic view of homing operation.

Black arrows indicate the harvesting path. The home position is marked by a solid
red circle. Assume that the grain tank of the combine has become full at the end of the black
arrow and the combine is returning to the home position along the red line. In the following
test, the red continuous line is simulated. The combine harvester starts from the position of
homing simulation that is marked by the black circle. The combine robot travels along the
target path (i.e., red line) to the home position. When it reaches the destination, the combine

stops traveling and the autonomous unloading starts.

113



Chapter 5

5.3. Field Test

The presented methods have been simulated virtually or verified under reasonable
assumptions. Finally, these methods must be integrated into an autonomous unloading system,
and it must be validated as a whole for the entire actual unloading operation. Consequently,
field tests were performed in rice paddy fields. Two different districts were selected as test
fields.

The first tests were conducted in a paddy field near Yagi town, Nantan city, Kyoto
Prefecture, Japan. It is shown in Fig. 5.9. The test field is enclosed by a black rectangle. The
red line indicates the adjacent farm road on which the pickup truck was parked.

Fig. 5.9. Experimental paddy field in Yagi town.

In this field, 44 is 0.9 m. The combine and the truck were parked roughly parallel to
each other. In this test, the homing operation was not used and the combine harvester was
returned by an operator to the home position. In this state, the autonomous unloading was
performed. The speed of the combine was set to 0.3 m/s.

The autonomous unloading system was also demonstrated in another field, an
experimental field that is located in the National Agricultural Research Center (NARC),
Tsukuba City, Ibaraki, Japan. Figure 5.10 shows the experimental field. /4 is 0.2 m. Also in
this test, the combine and the truck were parked roughly parallel to each other.
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In this test, homing was performed as described in Section 5.2.3. The speed of the
combine was set to 0.4 m/s in the homing operation and to 0.3 m/s in the forward traveling

process.

5.4. Results and Discussion

5.4.1. Test in Yagi Town

First, the results in Yagi town are shown. As in Section 5.2.2, the combine’s
trajectories are shown in Fig. 5.11. Table 5.3 presents the vertical error Zg,,,, before and after
traveling, the required traveling distance AL, and the actual distance traveled. It also includes
maximum error and RMSE against the target path during forward traveling. Rows Y-(a) and
Y-(b) in Table 5.3 correspond to Fig. 5.11-(a) and (b), respectively.
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Fig. 5.11. Trajectory of combine robot for autonomous unloading (Test in Yagi town).

In both cases, the indices for lateral error were quite small, which were all less than
0.01 m. They had been expected to be much larger than those shown in Table 5.2, because of
the muddy ground in the rice paddy could cause a large lateral error compared to an asphalt or
gravel surface. This might be due to the shorter distance traveled, 0.77 m in Y-(a) and 1.16 m
in Y-(b). After the combine had travelled forward and the fiducial marker had been detected
again, the vertical error was reduced to -0.12 m and -0.28 m in each case, which satisfied the
constraint (5.14). Then, the unloading auger was positioned to the target location based on the
newly calculated joint angles. Finally, grain was unloaded successfully into the grain storage

container without running over the container edges, as shown in Fig. 5.12.
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Table 5.3. Estimated positioning error in vertical direction,

calculated AL and actual travel distance (Test in Yagi town).

ZError AL Travel distance
Test Before or after traveling

[m] [m] [m]
before 0.71 0.96 0.00

Y-(a)
after -0.12 - 0.77
before 1.21 1.36 0.00

Y-(b)
after -0.28 - 1.16

Fig. 5.12. Combine robot unloading grain into grain storage container.
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5.4.2. Test in Tsukuba City

Next, the resultant trajectories are similarly shown in Fig. 5.13 concerning the test
conducted in Tsukuba City. In this test, homing was conducted as explained in Section 5.4.
The black line indicates the trajectory during homing. More precisely, this is the path from the
start position of the test to the position near home at which the combine stops traveling (c.f.

Fig. 5.8). The red line indicates the trajectory during the forward travel to correct for vertical
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Fig. 5.13. Trajectory of combine robot for autonomous unloading (Test in Tsukuba City).

118



Autonomous Unloading System for Actual Unloading Operation

Table 5.4 also shows Zg,,,-, AL, travel distance, maximum error and RMSE. Note that
the two indices for the lateral error are calculated based on the data during the forward travel
from the home position (i.e., red line in Fig. 5.13). Rows T-(a) and T-(b) represents each result
related to the trajectories in Fig. 5.13-(a) and (b).

Table 5.4. Estimated positioning error in vertical direction,

calculated AL and actual travel distance (Test in Tsukuba City).

Zyror AL Travel distance
Test Before or after traveling

[m] [m] [m]
before 1.30 0.72 0.00

T-(a)
after 0.24 - 0.63
before 1.37 0.90 0.00

T-(b)
after -0.12 - 0.81

Among tests, the distance from the start position to the home position was varied. In
both tests, the combine traveled to the vicinity of the home position and then stopped. After
forward traveling, the auger spout was appropriately positioned and grain was successfully
unloaded into the grain storage container. Figure 5.14 shows the snapshots of the autonomous
unloading operation by the combine robot in Tsukuba City.

The combine starts from an initial position (a) and travels until reaching a point near
the home position (b). At this location (c), the searching procedure is performed (d). After the
fiducial marker is first detected (e), the combine travels the required distance AL forward (f)
and the fiducial marker is searched for and detected again (g). Since the estimated Zg,,,, s less
than the acceptable error & positioning is executed (h) and then the grain is unloaded (i). After
unloading, the unloading auger returns to the default position (j). The video is also available

at http://elam.kais.kyoto-u.ac.jp/misc/Autonomous_grain_unloading.html. In the experiment,

the combine robot positioned the auger spout to the target position that the machine vision
system determined, and it discharged the grain into the grain storage container without any

loss.
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(a) Start potision

(k}*Spout positioning
——-

(1 Uiifoadin g _ ' {i) Return to default position

Fig. 5.14. Scenery of autonomous unloading system actually working.
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5.5. Conclusions

In this study, a machine-vision based method was developed to position the auger
spout of the unloading auger to an assigned target point. First, the proposed method calculates
the initial joint angles of the combine’s unloading auger to position its spout to the target point
horizontally. Second, it estimates the vertical error of the spout position from the target point
assuming that the positioning would have been performed according to the initial joint angles.
In this method, the vertical error is then corrected by the forward travel of the combine. If the
estimated error exceeds the acceptable error in the vertical direction, the method estimates the
required travel distance to correct the estimated vertical error. The method then calculates the
required joint angles in the new position of the combine. The experimental results indicate
that the combine positioned its auger spout to the target point and the vertical error was
reduced by this method. Thus, the auger spout can be positioned to the target point with
sufficient accuracy in three dimensions.

The searching procedure, spout positioning and homing operation were integrated
into an autonomous unloading system. Field tests were conducted to examine the performance
of this system in two different districts.

In actual rice paddy fields, the combine robot searched and detected the fiducial
marker, and traveled forward to reduce estimated vertical positioning error. After positioning
the auger spout, the combine robot discharged the grain into the grain storage container,

without any loss.
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CHAPTER 6

CONCLUSIONS

6.1. Introduction

In this thesis, the development of an autonomous unloading system for a
head-feeding combine robot was discussed. This chapter summarizes the major contributions
made by this research and concludes the thesis. Then, several remaining challenges are

discussed for future progress of the combine robot.

6.2. Summary of Contributions and Conclusions

A commercialized four-row head-feeding combine harvester was remodeled into a
combine robot. It was equipped with a RTK-GPS and a GPS compass as navigation sensors. A
VRS system was used to obtain an accurate position of the combine. To control the robot, the
software of ECUs was reprogrammed and additional ECUs were newly designed for
processing navigation data and control commands, and communicating with a laptop PC. By

modification of the speed control mechanism, the combine robot can be fully controlled by
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the software running on the main PC.

For autonomous harvesting, the combine robot is required to follow a target path and
to turn without running over the crop. Thus, a steering controller was designed and a turning
algorithm was developed, and then the performance of the path-following algorithm and the
turning algorithm were examined in actual trials of rice harvesting. The experimental results
show that the combine robot followed the target path with sufficiently small lateral error and
heading error, and successfully harvested the rice crop.

A machine vision system was developed for obtaining the relative position between
the spout of the unloading auger and the grain storage container. Based on the visual
information captured by a USB camera, the system detected a fiducial marker and identified
its relative position. The unloading auger was modeled as a 2-DOF manipulator and the target
joint angles for positioning were determined by solving an inverse kinematic problem. The
acceptable error range for auger positioning was defined. The experiment was conducted to
measure the positioning accuracy of the auger spout. The results show that the spout was
positioned to the assigned target point with sufficient accuracy, which satisfied an acceptable
error range in the horizontal plane.

An efficient fiducial marker searching procedure was identified through the
numerical analysis of the auger camera FOV. Based upon a pinhole camera model, the FOV
was computed against various sets of decisive parameters for the FOV: namely the camera’s
elevation angle ¢, the height of farm road /4, and the joint angles & and 6. The ideal range
where the fiducial marker should be to the combine was, at the same time, numerically
estimated. If the fiducial marker is detected in such an ideal range, the auger spout is expected
to be positioned to the target point that is defined relative to the fiducial marker.

Through the simulation, the optimal angle a was determined, such that the
corresponding FOV may provide the largest coverage of the ideal range. An efficient
searching procedure was proposed based on the obtained «. Incorporated with the combine
control program, the fiducial marker searching and spout positioning algorithm was verified
in field experiments. For the whole procedure; searching, detecting and positioning operations,
the combine robot required a comparable time to that of manual operation. The results show
that the combine robot efficiently searched and absolutely detected the fiducial marker.

The machine-vision-based method was presented by which the auger spout of the
unloading auger was positioned to a defined target point, accurate in all three dimensions. In
the method, the vertical error was estimated at the state in which the fiducial marker was
firstly acquired by the camera. Then, the combine travelled forward just the required distance
for reduction of the estimated vertical error. After traveling, the searching procedure was

executed again and the vertical error was also estimated. The actual positioning was
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performed only when the estimated vertical error was less than the acceptable error in vertical
direction. The experimental results show that, according to the presented method, the spout
was positioned to the target point not only horizontally but also vertically with sufficient
accuracy.

The presented techniques were integrated into an autonomous unloading system, and
the performance of the presented system was examined in field tests. The combine robot
searched and detected the fiducial marker, and then positioned its auger spout to a suitable
point for unloading grain once it had travelled forward the required distance. Unloading of the
grain was also successfully performed without any loss. After the completion of the unloading,
the auger was returned to its default position. A homing operation was also incorporated into

the system and the combine robot performed a series of tasks successfully.

6.3. Future Perspective

This thesis presents an autonomous unloading system. The combine robot
demonstrated the unloading operation in which the system successfully worked. There are,
however, some challenges that remain to be solved for the development of a fully autonomous
combine robot, or for the development of more intelligent farming systems. Thus, a brief
summary of these challenges and their prospects are presented below for future progress with

the combine robot.

1. As described in Chapter 2 and Chapter 5, robotic harvesting and autonomous
unloading have been developed. The combine robot autonomously harvests a rice crop
and discharges the grain into a grain storage container under actual paddy field
conditions. However, these functions work independently. It is absolutely necessary to

integrate both of these functions into a fully automated combine robot.

2. In Section 2.3.2, the turning control was explained. The head-feeding combine
requires a wide area for turning, and human operators have to manually harvest at
least four laps of crops before starting the robotic harvesting. Obviously, this
preparation procedure for autonomous harvesting should be reduced or eliminated as

far as possible, with the use of a more sophisticated combine robot.
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3. The analysis on the auger camera FOV allowed the combine robot to search and detect
the fiducial marker efficiently and absolutely. Discussion made in Section 4.3.3, at the
same time, suggests the difficulties and limitations of searching by the auger camera.
Simulation results indicate that it becomes more difficult for the auger camera to
detect the fiducial marker as the height of the adjacent farm road increases. For more a
reliable and absolute searching procedure, researchers may be required to review the
camera installation itself, such as the position to which the camera is attached, and the

posture of the camera.

4. In the autonomous unloading system presented in this thesis, ARToolKit was utilized
in the development of the machine vision system. It works with sufficient speed,
accuracy and robustness, however, it contains a major drawback. It is essential for the
camera in the developed machine vision to acquire the whole fiducial. When there are
occlusions or only a partial view of the fiducial marker in the input images, the
machine vision cannot identify it. To solve this problem, other image features, such as
Speeded-Up Robust Features (SURF) [ could be helpful. Apart from these planar
fiducial methods, a promising direction for object recognition and tracking is 3D
model based methods . They are worth exploring for application to autonomous

unloading functions in a combine robot.

5. Grain is discharged into the grain storage containers and piles up or mounds (see Fig.
6.1). In general, when a human operator controls the unloading auger the grain is not
allowed build up to a pile; the discharge position is moved to disperse the grain. To
automate this operation is also a challenge that needs to be addressed for a more
intelligent combine robot. In order to automate the dispersion operation, the combine
robot will need to obtain 3D information of the discharged grain in the container using,

for instance, a range image sensor.

128



Conclusions

Fig. 6.1. Discharged grain piling up.

6. In the future, with advanced robotic farming systems, as introduced in Chapter 1.2, the
dispatch control of transporters will be a critical factor for an efficient and
comprehensive system. In actual harvesting, the combine harvester, with its tank full
of grain, often has to wait for the transporter to return from the rice processing facility.
Even if, in the future, fully autonomous combine robots work effectively in respective
paddy fields, the efficiency of the whole harvesting system could be significantly
diminished by sub-optimal dispatch control of the transporter.
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