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Summary

Studies on Autonomous Traveling Robot for Tilling Operations
Osamu Yukumotoe, Yosuke Matsuo, Noboru Noguchi, Masato Suzuki

1. Review, background, purpose and the elements
of the research on autonomous traveling robot

Japanese farmers will soon be able to reduce their agricultural production cost by expanding
management size and increase their profitability by upgrading its agricultural products. Automatization
and unmanned operation of agricultural machines are necessary to reduce production cost in large-scale
operations.

Agricultural vehicle operation can be divided into three categories: "vehicle operation"
(maneuvering the vehicle itself); "implement operation" (adjusting the implement and replenishing
materials); and "planning and management" (establishing a work strategy that is suitable for a particular
field or performing maintenance and inspection of the machines). Implement operation is currently
used for the automatization and unmanned operation of newer agricultural machines, while the only

‘remarkable achievement in vehicle operation is the equipment of automatic steering control with raw
tracking on head-feeding combine harvesters.  There are few automatization examples in planning and
management. As a result, while the operator's workload is significantly reduced in the newer
agricultural machines, unmanned operation has not yet been achieved, and labor cost remains at their
previous levels.

The purpose of this study is to substantially reduce labor cost by automatizing a portion of
planning and management area, such as planning the operating path for a particular field, and
implementing unmanned vehicle operation.  This paper summarizes a series of studies that has been
conducted since 1987 under the title of "Studies to Develop Intelligence in Autonomous Tilling
Robots."

Previous related studies reveal that developments in unmanned travel began overseas in 1962
and in Japan around 1972. While methods to operate the steering mechanism directly by mechanical
sensors were used in early studies, the fixed route navigation system, free route navigation system by
internal information were subsequently reported, along with the development of sensor technology and
control technology. Many studies using GPS as the navigation sensor are recently reported. However,
many reports still indicate problems, such as an incomplete navigation system, a poorly established path
planning method, and insufficient work stability and/or reliability. Therefore, this study aimed at
achieving the following objects through free route navigation system, which is applicable to many types

of field operations:
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1) autonomous generation of work path plans;

2) unmanned processing of an entire field; and

3) assurance of high reliability and stability of unmanned operation through flexible adaptation to fields
that are exposed to severe changes in environmental conditions.

Agricultural vehicles for unmanned operation require functional elements that are nearly on a
level with those of the human body. These elements are similar to the five main elements of common
mechatronics systems. Among these elements, the motion mechanics function and energy supply
function can be attained through the accumulation of existing agricultural vehicle technology.
However, the navigation sensor for the sensing function and the operating software for the decision
making functions can be achieved only after new engineering developments are achieved in agricultural
work machines. Operating conditions for agricultural vehicles differ from those in other industries; low
cost and enhanced reliability and handling ability are necessary from the start of research and

development.

2. Manufacture of Vehicle System Prototypes

The work methods and the effects of robotized agricultural vehicles are as follows:

1) In autonomous straight operation, improved efficiency results from the reduced halt time required by
the agricultural vehicle to replenish materials; labor-saving effects can be expected if the operator can
concurrently play the role of the assistant.

2) In autonomous vehicle following, the number of operators can be reduced with multiple agricultural
vehicles doing combined work and thus reduce the labor.

3) In full autonomous operation, the whole field area can be processed by fully unmanned operation, so
a single operator can operate multiple robotized agricultural vehicles simultaneously and thus
demonstrate extreme labor saving effects.

This paper sets full autonomous operation as the target and designates autonomous straight
operation and autonomous vehicle following as secondary goals. ,

Prototypes of the vehicle system from the No. 1 machine, ALVA-I, to the No. 3 machine,
ROBOTRA, were developed with relatively simple configurations to enable the following vehicle
properties:

1) each part can be operated by means of electrical signals from the controller;

2) it is equipped with the minimum required highly reliable internal information sensors;

3) the manual operating function enables movement from one field to another; and

4) there are safety devices, such as the emergency stopping mechanism.

These vehicle systems were successfully subjected to various types of tests without any serious
problems and met the expected requirements. The ROBOTRA, in particular, displayed fully

satisfactory controllability, endurance, and reliability.
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3. Navigation System

There are various formulas for the navigation system, a basic element of the tilling robot;
existing navigation systems have advantages and disadvantages depending on the method they use.
Considering the characteristic operating conditions and costs of agricultural vehicles, no existing
navigation system should be adopted for a tilling robot. Therefore, it is necessary to configure a new
navigation system that is suitable for agricultural vehicles. The tilling robot has certain target
specifications, including an operating area of 100 m > 50m or more, a positioning error of 5 cm or less,
and an azimuth detection error of 0.1° or less, which make it applicable to most farms in Japan and
assure a work performance exceeding that of conventional methods. Given these operating conditions
and accuracy requirements, the following features are suitable for a navigation system for use on tilling
robots:

1) detection of the vehicle heading using a terrestrial magnetism sensor, which is low in cost but
produces few drifting errors;

2) positioning by means of a beacon system, which is free of accumulated errors; and

3) use of composite sensors to compensate for rolling and pitching errors of the vehicle and ensure
safety performance.

We examined the use of a flux-gate type terrestrial magnetism sensor (TMS) for the azimuth
detecting sensor. The TMS uses very weak magnetism on an agricultural vehicle exposed to rolling
and pitching, as well as being a magnetic substance, which required the development of high-precision
inclination calibration techniques and magnetism calibrations. We discovered that compensation along
the Z axis was not necessarily required in inclination calibrations and that obtaining the calibrated value
by approximating a circle of the measured values was adequate for calibrating the magnetism
environment. After devising these calibration methods, a repeatability accuracy of 0.3 ° during
autonomous returning operation was successfully assured. Although this was below the target
specification of 0.1°, this sensor was judged applicable to tilling robots. We noted the importance of
the mounting position of the TMS body, the influences of surrounding structures for which magnetism
environments cannot compensate, and the method for selection and use of the inclination sensor to
measure rolling and pitching.

Autonomous traveling can be implemented to some extent using the TMS alone as the
navigation sensor. To accurately control the start and end positions of a path and the pitch between
paths, it was necessary to develop a navigation system that could obtain absolute position information
without relying on internal information.

We therefore developed the XNAV system with a beacon and traverse surveying that uses a
laser range sensor as the main component. The prototype of XNAV-I constantly tracks the target,
consisting of a strobe light and a light-reflecting target that is mounted on the vehicle (mobile station),
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using a TV camera mounted on the transit of the reference station. While the horizontal and elevation
angles of the transit are automatically controlled so that the target is always in the center of the TV
screen, the laser range sensor, with its optical axis aligned with that of the TV camera, measures the
diagonal distance to the target. The position of the target is calculated from this diagonal distance using
the horizontal and elevation angles. The performance of the XNA V- is described below.
1) An average position detection error of 4.6 cm in absolute value was assured at a data update cycle of
0.52 s and with no compensation for rolling and pitching at the target point.
2) During continuous measurement for 15 min, the sight of the target was lost six times due to a steep
turn by the vehicle.
3) While re-tracking was made automatically by the automatic target searching finction in four out of
the six times in 2), re-tracing by manual operation was required for the other two instances.

We began modifying the system, primarily to further improve the target tracking reliability.
During that modification, an auto-tracking surveying system, AP-L1, with the same basic measurement
principle as our system, was put on the market by a measuring instrument manufacturer. Tests
performed on the AP-L1 revealed that, apart from some cost problems, the performance and reliability
of this system fully meet the requirements of the tilling robot. We suspended our modification of the
XNAV-I and configured a position measuring system for the agricultural vehicle, XNAV-II, using the
AP-L1 as the main component. ' We confirmed that the XNAV-II enables position measurement at the

error of a few cm or less and at the cycle of 0.5 s from the distance of 500 m.

4. Development of Traveling Control Programs

We developed an operating software, called ASR, which uses the TMS. A certain level on
returning operation was enabled by the ASR, but the pitch performance was unstable due to large
fluctuations in the turning radius arising from the ground conditions, which resulted in considerably
large untilled areas or overlapping work areas. ~Although the turning positions were relatively well
aligned on a certain line, sometimes the turning positions, i.e. the start and end positions of a path,
deviated from such a line due to slippage or dash of the vehicle and, due to the navigation principle,
such deviations would not be corrected until the last path is finished. The straight operating control
described in this section, whereby the vehicle travels autonomously by maintaining the given target
heading direction, has the running heading control accuracy of 0.3° at the running speed of 0.5 m/s; this
accuracy allows for the lateral deviation of 50 ¢cm after running the distance of 100 m.  Although the
accuracy of autonomous work achieved by the ASR is the result of optimal use of the TMS by adopting
various compensating methods, further improvements in the accuracy of the azimuth detection by the
TMS may not lead to further improvement of the autonomous traveling accuracy for the following
circumstances.

1) The ASR is a dead-reckoning system based on internal information and can not accommodate lateral
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slippage of the vehicle due to ground conditions.
2) Limited controllability of the vehicle (particularly the steering control speed) restricts improvements
of accuracy.

The largest value of autonomous traveling using the TMS is that its navigation sensor system
is low in cost and simple and can be implemented to complement systems that use other types of

navigation equipment, or as partially automatized straight operating control in manned operations.

Operating software using the XNAV system is based on the assumption that the vehicle

heading is obtained successively from the TMS, which is used concurrently. The objective is to perform
fully unmanned tilling of an entire field (assuming a nearly horizontal rectangular field) in a
conventional manner using a returning operation method in the central portion of the field and a
roundabout operation on the peripheral area, including the headland portion. The operating software
consists of a task planning section and a traveling control section.

The size and shape of the lot are taught during the first manual run around the field, starting
and ending at the entrance of the lot boundary. The target operating path is generated before work
commences, based on the target heading information and the taught boundary position information, i.e.,
path planning is performed. The task planning section consists of the teaching module and the path
planning module.

In the traveling control section that controls the vehicle, the target operating path is divided
into the transference module, returning operation module, roundabout operation module, etc. Each
module is composed of the following:

1) a straight operating control routine to perform straight operating control to maintain the target
~operating path;

2) a 180° turning routine to perform a turn at the end of each returning operation path;

3) a sideways movement routine to perform lateral positioning of the vehicle at the starting end of each
operating path;

4) an outer peripheral 90° turning routine to perform 90° turns on the outermost path of roundabout
operation so that the vehicle does not exit the field lot; and

5) an inner peripheral 90° turning routine to perform 90° turns on inner paths other than the outermost
path of roundabout operation so that the total length of wheel tracks on the tilled area is minimized.

The following were taken into consideration when the software was configured:

1) Additional precise control is implemented through the position estimation by dead reckoning by
further dividing the position information acquisition cycle of 0.5 s on the XNAV.

2) The relationship between the controlled variable and the trace of movement is learned during the first
turning operation, since the relationship between the steering angle and the movement of the vehicle is
not constant due to changes in ground conditions. A properly controlled variable is obtained thereafter

based on the result of the learning.
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Early detection of any failure or problem in the sensor, control system, actuator, the vehicle
itself, or the implements is difficult during unmanned operation, and it is possible that a minor failure
will induce other failures and ultimately result in a serious problem. The operating software incorporates
a self-diagnosis and abnormality alarm system for early detection of such failures and problems. The
functions of each system are as follows:

1) The self-diagnosis system checks various functions by activating respective sensors and actuators and
further checks the propriety of the initial setting for unmanned operation using internal sensors. Self
diagnosis is executed automatically upon the completion of the initial setting of the operating software.
If a fault is detected, the content of the fault is conveyed to the operator by an alarm sound and display.
2) The abnormality alarm system detects any failure or problem based on the navigation data obtained
during the execution of unmanned operation, as well as the values detected by internal sensors and
constant functions during work. ~Any abnormality in the navigation system will be detected from the
acquired position information and positional fluctuation, where any problems, such as slippage, dash, or
engine overload will be detected based on the speed calculated from the position information.  If any

‘abnormality is detected, the system will notify the operator by alarm sound, alarm light, and display, and,

depending on the situation, will either wait for a return to the normal state while continuing work or
automatically stop to wait for measures to be taken by the operator. If measures are required by the
operator, work will be restarted after such measures have been taken.

Repetitive tests and modifications in the field have enabled this operating software system
using the XNAV to execute work of almost the same quality as conventional manned operation, and
thus the expected goal has been sufficiently met.

' S. Evaluation of the Tilling Rebot

The tilling robot described above was subjected to tests in cultivated fields to evaluate its
practicability.

At the time of evaluation there were no available test methods or evaluation criteria to enable
proper assessment of tilling robots under unmanned operation. While we established new test methods,
we also determined evaluation criteria applicable to common unmanned operation of agricultural
vehicles.  The test methods consist of the following;

1) work performance tests to evaluate work efficiency, labor saving effects, and work accuracy;

2) handling tests to evaluate initial settings, ease of operating each part, and ease of installing each
device; and

3) reliability tests to evaluate environmental resistance and durability as well as any problems that may
arise due to bugs in operating software and/or changes in field conditions. Work performance tests
included evaluation items for operator efficiency and the operator binding time ratio to evaluate the

labor saving effects. They also included evaluation items for straight operating performance, average
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deviation in a straight operation, and parallelism of a straight operation to evaluate the straight operating
control performances of the vehicle.

According to the test methods thus established, tests were conducted in (No. 1) a plowed field
at the Hokkaido University experimental farm (test area: 24 a), (No. 2) a paddy field at a farm in
Yamagata Prefecture (test area: 50 a), and (No. 3) a paddy field at the IAM-BRAIN experimental farm
(test area: 50 a). Conventional operation was also performed in No. 2 and 3 by a skilled operator under
the same conditions as those for unmanned operation. The target tilling depth for rotary tilling was set at
12 cm, the PTO speed was set at the minimum speed on the assumption of fall tillage, and the
maximum work speed was selected within a range that prevents engine overload.

The test results are as follows:

1) Although the work efficiency was almost equal to that of conventional work, it took more than ten
minutes to install the reference station and execute the initial settings, regardless of the size of the test
area, so the total work time was extended. However, the operator was required only during this initial
period, and he was required only during a few minutes per 10 a in a lot of 50 a, so substantial labor
saving was achieved in tilling work.

2) In regard to work accuracy, although the remaining untilled area was almost equal to that of
conventional work, the total length of wheel tracks on the tilled area was larger than, and thus mferior to,
that of conventional work. The tilling robot was superior to conventional work under almost every
condition of straight operating performance, average deviation in straight operation, and parallelism of
straight operation.

3) A poor view of the display during the initial setting and some errors in the instruction manual were
noted in the operating tests.

4) No problems occurred in the reliability tests and there were no problems in the operation of devices
or control of the vehicle, even after/under a rainfall or under soft ground conditions in No. 1 and No. 2.

Apart from the evaluation tests described above, unmanned tilling work was performed over
an area of 10 ha using the same system as used in these tests for various demonstrations and tests.
During these operations, a minor problem arose when an observer obstructed the beam of the XNAV
and the tilling robot was stopped automatically by the abnormality alarm function and then restarted
work automatically when position information was obtained again from the XNAV. This was the
only problem that occurred. The work speed varied from 0.1 to 1.1 m/s while the tests were being
performed; smooth work was possible although the work accuracy decreased slightly at higher speeds.
In summary, the expected target was achieved by this tilling robot.

In addition to improving the poor display view and making other adjustments, the following
measures will be taken in the future for the tilling robot itself:

1) Tests will be performed under more contrasting conditions so that the robot can take precise

measures against any abnormalities that were not encountered during our performance tests.
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2) Although all of the current abnormality alarm functions and emergency stopping mechanism
functions are effected by the vehicle controller, verification tests will be performed and necessary
measures taken to assure safety even if the vehicle controller fails.

3) Considering the management size of farms and working integration, demonstration tests will be
performed to establish efficient ways to utilize tilling robots, such as simultaneous operation of multiple

robots and the types and methods for other work to be performed by the operator after the initial setting

s completed.

In addition, substantially increased labor saving will be possible for farmers if the following are
implemented:

1) development of work methods unique to unmanned operation;

2) development of software that enables unmanned operation on declined lands and irregularly formed

fields; and

3) development of soﬁware that enables expansion of the applicable range of unmanned operation to

work other than tilling.
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Summary

Development of a Milk Volume Measurement Method
Using the Detection of Resonance Frequency

Takashi FURUYAMA , Naoaki DOSHU, Isao FUKUMORI, Yasuo NAKAGAWA

Precision management of individual cows is essential for dairy farms to produce high-quality milk at
low cost. A simple method for milk volume measurement of individual cows is one important factor.

We developed a milk volume measurement method to obtain the milk volume of individual cows.
Our method uses a non-contact sensor that allows easy attaching, detaching and cleaning.

Permeability and permittivity generally vary from one substance to another. ~ When milk and air,
which have differing permeability and permittivity, flow through a coil as a mixture at a constant
velocity, the electrostatic capacity of the coil varies in proportion with the volume of milk. Therefore,
the volume of milk that flows with bubbles contained in it can be measured by detecting the variation of
the electrostatic capacity of the coil.

A coil is wound around a pipe made of non-magnetic material; a LC oscillator is prepared by
combining this coil (L) with capacitor (C), a resonance circuit is prepared by combining this LC
oscillator , and this resonance circuit is configured. ~ The electrostatic capacity of the coil varies in
proportion with the volume of milk and causes the resonance frequency of the resonance circuit to vary
proportionally. Because the velocity of the milk flowing in the pipe is roughly constant, variations of
resonance frequency are added up a certain period. The volume of milk that passes through the coil can
be estimated from the correlation between the added resonance frequencies and the volume of raw milk
that flows during that period.

The circuit is composed of a detecting oscillation circuit using a LC oscillator, a reference oscillation
circuit incorporating a SMHz crystal oscillator, a wave detector, a low-pass filter, and a comparator .

The prototype milk meter uses a thermal compensating capacitor for the circuit to reduce the
influence of external temperatures. Teflon pipe is used for the coil mounting pipe to prevent milk from
sticking to the inner wall of the pipe. The milk meter is mounted on and united with the distributor
connected to the pipeline. We utilized a frequency counter and a personal computer for the data
processing section. Power (DC 9V) must be supplied from the outside; we used a stabilized power
source.

The results of average error in the reduced milk volume immediately after measurement completion
was +0.55kg (-1.63 to +2.48 kg), and the average error rate was +5.0% (-11.6 to 21.4%, standard
deviation:9.4).

Although the average error rate was somewhat large at +5.0%, the reduced milk volume per unit
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length of time included many cases where the value of the practical milking volume and that of the
reduced milk volume were comparable . Differences between the practical milking volume and the
reduced milk volume occurred when the milking volume became extremely low near the end of
milking. But there were many instances when the practical milking volume and the reduced milk
volume were nearly in accord during the period from irﬁmediately after the start of milking to the
decrease in milking volume. This indicated the feasibility of milk volume measurement using this
method. ; ; |

In our tests, there were only 14 'sample cows, and they were limited to Holsteins. Therefore, it is
necessary to perform milking tests under more diverse conditions in the future. Further, the influence
of the inflow of air as well as the insufficient stability of the test equipment was cited as problems during
these tests and requires rectification.

Although data collection and modifications must be performed under various cow breeding and
management of conditions to improve the accuracy and stability of this measurement method, the
feasibility of using this method for milk volume measurement is apparent, and research into putting this

method to practical use is expected.
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