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Kimitaka Asano

Abstract In Japan, expectations for the automation of construction machines are
increasing to solve labor shortage in the construction industry. In this research, a
robotization method by retrofitting a robot to conventional construction machines
is introduced to lower the introduction barrier for regional construction companies.
The target machine is a six-wheeled dump truck. With a retrofitted internal sensor
unit and derived kinematics of six-wheeled articulated dump truck, a conventional
Global Navigation Satellite System (GNSS)-based path tracking method was im-
plemented on it. In addition, to ensure safety during operation, an emergency stop
function was installed on the dump truck with three-dimensional Light Detection
and Ranging (3D LiDAR). Initial experiments of forward and backward path track-
ing with an actual dump truck confirmed the validity of the method, and the maxi-
mum tracking error was 1 m. Further, in an emergency stop experiment, the dump
truck detected the obstacle and stopped immediately after obstacle detection within
the emergency-stop region, i.e., 25 m x 3 m in front of the dump truck. Based on
the initial experiments, the authors concluded that even the retrofitted conventional
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Fig. 1 Six-wheeled dump truck and equipment for autonomous driving.

dump truck could perform basic functions for autonomous driving, such as path
tracking and emergency stop.

1 Introduction

Currently, the declining birthrate and aging population have become social problems
in Japan. In the construction industry, this problem is serious and labor shortage due
to aging will occur. Therefore, expectations for autonomous construction machines
are increasing. Currently, in Japan, promoting the automation of construction ma-
chinery is a national policy. The Ministry of Land, Infrastructure, Transport and
Tourism (MLIT) has established policies such as information construction and i-
Construction [1]. According to the above background, major construction machine
manufacturers and major construction companies are researching and developing
the automation of construction machinery [2], [3]. However, in local companies,
only a few cases exist where autonomous construction machines, or smart construc-
tion machine, are introduced to regional construction companies.

Therefore, the authors aim to realize automated construction machines owned by
regional construction companies. Particularly, in this research, the target is a 30-ton
six-wheeled dump truck. The task to realize is earth and sand transportation from a
certain loading position to an unloading position. This article reports an examination
of functions required for the autonomous driving of the existing six-wheeled dump
trucks, development of control modules, and verification using an actual truck with
the modules. It includes the following four topics:



Autonomous Driving of Six-Wheeled Dump Truck with Retrofitted Robot 3

1. development of robotic control module for conventional dump truck,

2. development of in-vehicle sensor modules according to vehicle characteristics,

3. construction of control system to integrate the above and derivation of kinematics
for a six-wheeled dump truck, and

4. consideration of a method to detect obstacles with three-dimensional (3D) Light
Detection and Ranging (LiDAR).

The effectiveness of the above was confirmed by initial experiments on an actual
30-ton dump truck.

2 Robotization of existing six-wheeled dump truck

This research aims to realize autonomous driving for conventional six-wheeled
dump trucks owned by regional construction companies. The target task for the
dump trucks is earth and sand transportation from a certain loading position to an
unloading position. Functions to realize autonomous driving are classified into the
following four categories:

Vehicle operation to handle steering wheel, accelerator, and brake
Acquisition of vehicle information for vehicle control such as speed and position
of a dump truck

e Acquisition of environmental information to recognize surrounding environ-
ments such as obstacles and driving road surface

e Control system to integrate the above functions

The authors’ approaches to realize the above functions are introduced in the follow-
ing subsections.

2.1 Development of retrofitted robot: SAM

To realize the functions for the vehicle operation of dump trucks, it is necessary
to handle the steering wheel, accelerator, and brake pedal. Some methods can be
used to operate a vehicle directly by controlling its hydraulic system or electric
signals such as CAN communication [4], [5]. However, it is difficult because vehicle
information is not disclosed by construction companies, typically.

Therefore, in this research, a robot is retrofitted to the vehicle to physically drive
the dump truck. Consequently, a significant modification of the vehicle is not re-
quired, and the robot can be developed by the physical vehicle information. In this
paper, the development of a robot on the driver’s sheet, particularly to enable the
operations of steering, accelerator, and the brake pedal, is focused in the following.

Fig.1(A) shows the robot, called SAM. SAM is commercialized as a retrofitted
system that enables the remote control of an existing hydraulic excavator [6], [7].
In this research, we reconfigured a commercialized SAM to control a dump truck.
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Fig. 2 Retrofitted robot, SAM, which is located in passenger’s seat.

SAM includes a pneumatic servo system that exhibits mechanical compliance from
the compressibility of air such that it is considered effective against disturbances
such as vibration and shock to construction machines. In field experiments, as shown
in section 4, the main body of SAM was installed on the passenger seat such that
the person in the driver’s seat can operate the brake for an emergency stop.

2.1.1 Operation unit for the steering wheel

In the steering of the six-wheeled dump truck, the articulated angle changes accord-
ing to the amount of rotation of the steering wheel. However, the neutral position of
the steering is not constant. This is because the control amount of the steering wheel
is that of the hydraulic pressure that controls the articulation mechanism, and not
the articulation angle itself. In addition, the handle is structured to rotate infinitely.
Therefore, a radial piston air motor with no limit in rotation range was adopted for
the steering wheel operation. The air motor is operated by compressed air; there-
fore, it is resistant to overloads and external impacts during steering. In the steering
drive mechanism, an air motor installed at the top of the steering wheel rotates the
steering shaft directly. The rotational speed can be controlled by changing the air
flow rate of the air motor.

2.1.2 Operation unit for accelerator and brake pedals

The vehicle speed of a six-wheeled dump truck is controlled by the amount of de-
pression of the accelerator and brake pedals. Therefore, a pneumatic servo system
was built on the pneumatic cylinder for the operation of the accelerator and brake
pedal. For safety reasons, when all the power in the system is lost, the air in the
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Fig. 3 Schematic diagram of the measurement method of bending angle.

cylinder is exhausted, and the spring-push-type pneumatic cylinder is configured to
depress the brake pedal automatically.

2.2 Sensing unit for acquisition of vehicle status

In recent dump trucks, their speed and steering angle are measured in the system.
However, practically, it is difficult to obtain information for researchers/operators
because it is not disclosed. Therefore, the authors developed a sensor unit that ob-
tains the position, heading, and articulated angle of the vehicle, and can be installed
easily on the dump truck.

Fig.1(B) shows the GNSS unit (manufactured by Hemisphere: ssV-102) [8]. The
system is equipped with two GNSS such that it acquires the position and heading of
the dump truck. Further, the velocity of the vehicle is calculated from the difference
between the measured positions and times. The GNSS was located at the center of
the front wheel shaft of the vehicle.

To acquire the articulate angle, which is equivalent to the steering angle, a wire-
type linear encoder (manufactured by MUTOH: DE-04-C)[9] was used, as shown
in Fig.1(C). Fig.3 shows a schematic diagram of the measurement method of bend-
ing angle. From the measurement results, it was confirmed that there was linearity
between the wire length obtained by the linear encoder and the articulated angle.
However, since the wire-type sensor is not reliable enough for operation at con-
struction sites such as rocky or dirt environments, it is assumed to be a tentative
method. Another better method, e.g. using laser range sensor, will be replaced in the
future.

2.3 Path tracking method for six-wheeled dump truck

To realize the autonomous driving of a dump truck that does not collide with ob-
stacles, path planning is important. In this study, it is assumed that the path is
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Fig. 4 Path planning method.

planned, and mainly the method of path tracking control is focused. The path track-
ing method, which the authors chose in this project, is Pure Pursuit method [10],
[11] applied to autonomous vehicles for an easy gain tuning.

Fig.4(a) shows the conceptual diagram of the pure pursuit path tracking algo-
rithm. The target point is determined from the current vehicle velocity V and a gain
parameter d. The radius of the circle to search for the target point from the current
position is expressed as follows:

L=Vd (1

The angle & between a straight line passing through the target point (X.f,yrer)
and the current position (= coordinate origin) and the heading line of the vehicle is

expressed as follows:
o =tan”! (yr€f> : )
Xref

The reference path is generated as a tangential line to the current vehicle heading
and passes through both the target point and current position. Subsequently, the
rotation radius of the vehicle r is expressed as the following equation from geometric
relationships:

L
r= .
2sina

3)

Therefore, the reference rotational velocity of the vehicle £, is expressed as
follows:

v 2V sino

-Qref = 7 = L (4)
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2.3.1 Kinematics of the six-wheeled dump truck

The kinematics of the six-wheeled dump truck was derived to calculate the rota-
tional velocity, which is the operation input for a vehicle, from the articulated angle
of the vehicle. Fig.4(b) shows the kinematics of the six-wheeled dump truck. The
geometrical relationship of the vehicle is expressed as follows:

R+ =R3+15=R3, (5)
Ry =Rjcos@+Ising, (6)

where R| denotes the length between the center of the front axle and the rotational
center; R, the length between the center of the rear axle and the rotational center;
R; the length between the hinge point and rotational center; /; the length between
the front axle and hinge point; /, the length between the rear axle and hinge point;
and ¢ the articulated angle.

According to equations 5 and 6, R; is expressed as follows:

licos@+1
R, = cos@th

7
! sin @ 7
Then, the rotational velocity £2,,,,, is expressed as follows:
\% Vsing
Qnow = (8)

R, - licosp+1

Thus, the relationship between the rotational velocity and the articulated angle of
the six-wheeled dump truck is derived. Therefore, the values for vehicle control are
obtained by the kinematics.

2.3.2 Forward and backward path tracking

In the target task, for transporting soil from the loading position to the unloading po-
sition, both forward and backward driving are required for a dump truck. In forward
driving, the center of the front wheel shaft is defined as a reference point. However,
in backward driving, the center of the rear wheel shaft of the vehicle is regarded as
the reference point. This reference point is regarded as the current position of the ve-
hicle in Pure Pursuit method. The position and heading of the rear wheel center are
derived using the position and heading of the GNSS, articulate joint angle, length
l1, and length /.
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3 Obstacle detection

3.1 Acquisition function of environmental information based on
3D LiDAR

For the safe driving of an autonomous dump truck, it is necessary to confirm the
condition of the road surface and the existence of obstacles. Acquiring a 3D topog-
raphy map and updating the map is effective to enable the above. Therefore, a 3D
LiDAR is typically used to acquire environmental information [12],[13]. In this re-
search, a safety function based on the 3D LiDAR is introduced to confirm the safety
in front of the dump truck where human entry cannot be completely restricted in a
relatively common construction site.

First, a suitable installation configuration of the 3D LiDAR is examined for the
six-wheeled dump truck and the driving environment in construction sites. Next, an
algorithm for obstacle detection with the LiDAR was implemented. In the initial
examination, verification of the forward obstacle detection was carried out, and rear
obstacle detection is in future works.

3.2 Examination of suitable installation configuration of 3D
LiDAR

In this research, the device to obtain environmental information is the 3D LiDAR,
manufactured by Velodyne (VLP-16) [14]. Fig.1(D) shows the LiDAR installed on
the vehicle. Obstacles are detected as point cloud data acquired from the 3D Li-
DAR. In the measurement range of the 3D LiDAR, 16 lasers are emitted at intervals
of 2° in the vertical direction, and the measurement range is 30°. In the horizontal
direction, the laser is emitted at an interval of 0.2° in all directions. The LiDAR was
installed on the roof because the front can be sufficiently overlooked without being
affected by the road surface irregularities and it can be easily detached. Typically,
the LiDAR (VLP-16) is installed horizontally to obtain the environmental informa-
tion of all surroundings. However, in this research, the installation direction of the
LiDAR was vertical to increase the resolution of the traveling direction.

3.3 Derivation of unmeasurable region

To confirm the limitation of the measurement region when LiDAR is placed verti-
cally, the unmeasurable region is calculated geometrically from the positional rela-
tionship between the LiDAR and ground. Fig.5(a) shows the measurement of obsta-
cles from the road surface upwards. Here, 4 m denotes the installation height of the
LiDAR from the ground; A,,; m the height of the measurable obstacle; 6° the angle
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(a) Diagram of positional relationship between 3D LiDAR installed in dump
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Fig. 5 Diagram of LiDAR installation position and unmeasured area.

between the perpendicular drawn from the LiDAR to the ground and the straight
line of the emitted laser; d6° the angular resolution of the LiDAR; and D,;; m the
distance between the point at which the emitted laser crosses the ground and the
obstacle in the x-axis direction. From the triangle approximation, the height of the
detectable obstacle &, is expressed as follows:

h:htan (0 4+dO) = hyps : htan (0 +dO) — htan 6 — D, 9)

htan (0 +d6) — htan 6 — D,
tan (6 +d0)

hops = (10)

The parameters in this verification test are # = 3.5 m, d0 = 0.2°. Fig. 5(b) shows
an unmeasurable region calculated from the measurable height. The unmeasurable
height is approximately 0.2 m at 50 m.
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3.4 Obstacle detection method

In this research, for a simple and robust obstacle detection, an obstacle is assumed if
the gap dz in the z-axis direction between adjacent point cloud data is larger than the
threshold dz;;,. The calculation is performed independently for each of the 16 lasers
to be emitted. In the lateral direction, each laser gap is the minimum recognition
width. For example, at the point of 10 m from laser range finder, minimum recogni-
tion width is 0.35 m. Because this method involves a simple comparison of height
between two points, it is effective for long objects such as people and signboards
targeted in this verification.

4 Initial field experiments

To confirm the effectiveness of the proposed method, two initial field experiments
were conducted using the developed device and an articulated dump truck.

Both experiments were conducted in Sato Koumuten’s field in Kami-gun, Miyagi
prefecture. The environment was a flat surface. The target vehicle in both experi-
ments was HM300-5 (manufactured by Komatsu)[15]. The details are introduced in
the following subsections.

4.1 Experiments of forward and backward path tracking

4.1.1 Purpose of experiment and conditions

In this experiment, the performance of the path tracking system shown in section
2 is evaluated by comparing the error between the reference path and the executed
path. The reference path of the dump truck, which is a list of GNSS coordinates,
was generated by manually driving the vehicle in advance. The translational refer-
ence velocity was 6 km/h for forward path tracking and 4 km/h for backward path
tracking. The distance from the current position obtained by GNSS to the closest
point on the reference path is defined as the tracking error. In this experiment, the
gain parameter d was determined by trial and error.

4.1.2 Experimental results and discussions

Figures 6(a) and 6(b) show the experimental results of forward and backward path
tracking. The starting point is the coordinate origin(0,0). The dotted line is the
reference path, and the solid line is the path trajectory estimated by the GNSS.
Based on Fig.6(a), the maximum error between the reference path and the actual
path was 0.5 m for forward path tracking. However, based on fig.6(b), the maximum
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(b) Experiment results of backward path tracking.

Fig. 6 Results of autonomous path tracking experiment.

error between the reference path and the actual path was 1.0 m for backward path
tracking.

The magnitude of the error is considered to be within the acceptable range. How-
ever, the error between the target path and the actual trajectory for backward path
tracking was larger than that for forward path tracking. The reason is as follows. In
backward path tracking, the (x,y) position of the origin of the dump truck is located
at the middle of the rear wheels. The position is calculated by the position of the



12 Authors Suppressed Due to Excessive Length

Obstacle
(H:1.5mxW:0.55m

(a) Camera image. (b) Measurement  (c) Measurement screen en-
screen. larged with changing view-
point.

Fig. 7 Obstacle detection result in case of emergency stop.

GNSS installed on the front roof of the dump truck and the bending angle of the
articulate mechanism. The measurement of the articulate angle is now performed
by wire linear encoders, but includes errors. Therefore, the angular error affects the
positioning error of the origin of the dump truck in backward path tracking.

4.2 Emergency stop experiment by detection of obstacles

4.2.1 Purpose of experiment and conditions

To realize the safe driving of the six-wheeled dump truck, an obstacle detection, as
shown in section 3.4, and an emergency stop function were implemented. The pur-
pose of the experiment is to confirm whether the simple proposed method operates
correctly in a real field with a real dump truck.

The LiDAR was installed at the top of the roof of the driver’s seat. The height
was 3.6 m from the ground. The target obstacle was a signboard of a construction
site with a height of 1.5 m and width of 0.55 m. The translational reference speed of
the dump truck was 6 km/h. The threshold dz;, was set to 0.7 m. In this experiment,
a dump truck executed forward path tracking motion on a road where obstacles were
placed in advance. The detection region of the obstacles was set as 0 to 25 m in the
depth direction and -3 to 3 m along the width of the road, in the horizontal direction
from the LiDAR. When an obstacle is detected within this range, the vehicle stops
autonomously.

4.2.2 Experimental results
Before the emergency stop experiments, a static capability verification of the 3D Li-

DAR was conducted. The target obstacle was set 50 m away from the dump truck,
and the detection function replied detection of it correctly. Therefore, in considera-
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tion of the margin, it was concluded that the system was acceptable for the detection
of obstacles within 25 m.

Fig.7 shows the experimental results. The results of the emergency stop exper-
iments are introduced in the following. Fig.7(a) shows the image obtained by the
camera installed on the roof of the dump truck, fig.7(b) shows the point cloud data
drawn from the top of the vehicle, and fig.7(c) shows the point cloud data drawn
from the side of the vehicle. The mesh width of Figs. 7(b) and 7(c) is 1 m. In
Fig.7(b), the dotted green line shows the scanning line of the LiDAR, the red frame
shows the obstacle detection range, the red circle shows the point where the obsta-
cle is detected, and the solid yellow line shows the scanning line blocked by the
obstacle. According to Figs. 7(b) and 7(c), changes due to the obstacles were con-
firmed in the point cloud data obtained from the LiDAR. Subsequently, the dump
truck stopped autonomously as soon as the detected part was located in the obstacle
detection range. In addition, it was confirmed that the dump truck also stopped by
detection of a human as an obstacle.

Consequently, it was confirmed that the obstacle detection algorithm was op-
erating effectively. However, in the current implementation, the obstacle detection
algorithm works excessively for vegetation on the outside of the driving area. In fu-
ture works, the detection algorithm should work within the driving area of the dump
truck.

5 Conclusions

In this research, the authors proposed a method of robotization of a conventional
six-wheeled dump truck with simple modifications and performed some initial ex-
periments. This research involved the (1) proposal of a retrofitted control module to
robotize a dump truck, (2) development of an internal sensor module to enable path
tracking motion by the dump truck, (3) derivation of the six-wheeled dump truck
kinematics and implementation of path tracking method, and (4) obstacle detection
with a 3D LiDAR.
Based on the initial field experiments, the following results were obtained:

1. It was confirmed that the retrofitted robot operated the accelerator, brake, and
steering of the dump truck.

2. The integrated system enabled path tracking motion by vehicle-mounted sensors
that detected the vehicle’s speed, heading, and articulate angle.

3. Under flat road conditions, the maximum path tracking error was 0.5 m for for-
ward path tracking (6] km/h]) and 1.0 m for backward path tracking (4 km/h).

4. During the autonomous driving (6 km/h) of the dump truck, the obstacle detec-
tion method with the 3D LiDAR detected an obstacle (1.5 m high, 0.55 m wide);
when the dump truck entered the emergency stop region, the vehicle stopped
immediately.
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Based on the above, it is possible to perform autonomous driving and enable emer-
gency stop by applying the proposed method to the conventional six-wheeled dump
truck.

In future works, to apply the autonomous dump to real construction sites, the
authors plan to implement a combination of functions, such as gear change, for-
ward/backward path tracking, and path planner. Further, the performance evaluation
of path tracking and obstacle detection in different vehicle speeds are potential fu-
ture works.
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