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Chapter 1

Introduction

1.1 Background and Purpose

In recent years, the automation of various machines advanced by the develop-
ment of technologies such as artificial intelligence and the internet of things.
However, the scene in which humans mainly operate machines from complexity
and diversity of the work such as surgical robots and construction machines
also remains. The operation of these machines is often special, and advanced
skill is required in order to operate at will. For example, the operation of a hy-
draulic excavator, which is a typical construction machine, is complicated since
it is necessary to operate four joint motions using two levers simultaneously.
As a means of operation skill improvement of the operator, operation training
and operability improvement of the machine are mentioned. There is a case
in which the problem in cost and safety arises when the operation training is
carried out using the real machine. The environment in which safety training
can be carried out at low cost such as a simulator is effective. Quantitative
evaluation of operation skills is also important for operation training. By dig-
itizing the operation skill and visualizing the proficiency of the operator, the

optimum training in proportion to the proficiency is possible. On the other



hand, it is also important to improve the machine’s operability because extra
time is required for the mastery of the operation when the operability is bad.
As a means of improving the operability, optimization of the machine control,
partial assist of the operation, and improvement of the operation interface are
mentioned. The skill required for operation can be reduced by adopting these
techniques.

This study focuses on hydraulic excavators, which are used in many cases
among machines operated by humans. We aim at the operation skill im-
provement of the operator from three viewpoints: developing a safe training
environment at low cost, quantitative evaluation of the operation skill, and
improvement of the operation interface. Hydraulic excavators are representa-
tive construction machinery, and they occupy about half of the construction
machinery market in Japan. As a countermeasure to the productivity lowering
caused by the labor shortage in the construction industry, it is important to
offer a training environment that can safely raise the operator at a low cost

and improve the operation interface of the hydraulic excavator.

This dissertation addresses the following topics:

e Development of the operation training system of hydraulic excavator
e Verification of operation skill evaluation indices of hydraulic excavator

e Force feedback design of operation levers to improve hydraulic excavator

operability

The first topic is the development of low cost and safe operation training
system for hydraulic excavators. Operation training with a real excavator
may be difficult due to cost and safety issues. Simulators can be effective for

training in situations wherein it is difficult to train using an actual machine in
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a real environment. Training can be performed safely by using a simulator and
with lower operating cost than that incurred when using the actual machine.
However, there exists a challenge in the case of excavator simulators: It is
difficult to reproduce the behavior of soil excavated in real time because of the
calculation cost. We think that this problem can be solved by using a training
system using an remote controlled (RC) toy excavator. However, a general RC
toy excavator is not suitable for training because the viewpoint and operation
system are different from the real excavator. In this study, we developed a by
using an RC toy excavator and virtual rearity (VR) technology with the same

viewpoint and operating interface as a real excavator.

The second topic is the verification of operation skill evaluation indices of
a real excavator by the training system which we developed. It is important to
visualize an operator’s proficiency level by quantitatively evaluating operation
skills in operation training. However, it is unclear whether the skill evalua-
tion indices used in the real excavator can be applied when using the RC toy
excavator that does not completely reproduce the characteristics of the real
excavator. We verify the indices which can evaluate the operation skill of the
real excavator using the proposed system.

The third topic is the force feedback design of operation levers to improve
hydraulic excavator operability. Various studies on the feedback of the machine
information as one of the improvement methods of the operation interface are
carried out. Among them, force feedback is noticed as a technique to directly
present contact force with the outside which is important in excavation work
which is the main application of hydraulic excavators. However, the force
characteristics perceived by a human when operating these levers are unknown.
It is unclear whether the reaction force characteristics of the conventional lever

without active force feedback and devices that present the machine’s physical
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information in terms of sense of force are optimal for humans. We clarify
human force perception characteristics in lever operation and propose a lever

force feedback design based on it.

1.2 Related Work

1.2.1 Operation Training Simulators of Hydraulic Ex-
cavator

Simulators can be effective for training in situations wherein it is difficult
to train using an actual machine in a real environment. Training can be
performed safely by using a simulator and with lower operating cost than
that incurred when using the actual machine. Various studies have dealt with
training using simulators, and several training simulators have been developed
for construction machinery [1-3]. Some studies have considered the dynamics
of the hydraulic excavator in simulators [4-6]. There exists a challenge in the
case of excavator simulators: It is difficult to reproduce the behavior of soil
excavated in real time because of the calculation cost. We think that this

problem can be solved by using a training system using an RC toy excavator.

1.2.2 Quantitative Evaluation of Operation Skill of
Hydraulic Excavator

Quantitative evaluation of operation skills is useful for training. Typically,
the time spent on a work is used to evaluate the operating skills of hydraulic
excavators, but this parameter is not sufficient for detailed skill evaluation.
Research has been conducted on quantifying the operation skills of an excava-

tor [7-9]. It is unknown, however, whether the skill evaluation method applied



for a real excavator can be applied when using an RC toy excavator that can-
not completely simulate the characteristics of actual excavators. Therefore, it
is necessary to verify the indices that can quantitatively evaluate the operation
skill regardless of whether the operation target is a real excavator or an RC

toy excavator.

1.2.3 Cockpit View Presentation by Virtual Real-
ity in Teleoperation Systems and Training Sys-
tems

In order to increase the presence in a teleoperation system, a method of pre-
senting images captured by a camera placed on the operation target to the
user via a head mounted display (HMD) is adopted. For example, HMD-based
mixed reality is used to enhance telepresence during the teleoperation of road
vehicles and UAVs [10,11]. It is also used for a teleoperated excavator [12].
The same method is also used for training systems using alternative machines
such as RC toys and smaller machines. An operation training system using
an RC helicopter has been developed [13]. This system provides a viewpoint
from a cockpit in the helicopter by projecting images from a camera attached
to the RC helicopter on an HMD and thus helps improve the reality of the
operation. Override Ship Maneuvering Simulator is an actual training ship,
and augmented reality (AR) technology has been developed [14]. This system
gives the sensation of being on a large ship by displaying a three-dimensional
(3D) model of a large ship superimposed on the HMD image using an AR
marker installed at the bow. In this study, this technique is used to reproduce

the field of view as if riding an RC toy excavator.



1.2.4 Feedback Design of the Operational Interface
to Improve the Operability

It is essential to improve the excavator’s operability. The feedback design of
the operational interface of a tool or machine is directly linked to its operabil-
ity. Conventional studies have shown that appropriate feedback design using
graphics, sound, and vibration improves operability [15-17]. Tto et al. up-
graded the operability of a teleoperated excavator by presenting the machine
instability during excavation with visual information [18,19]. The reaction
force design of the operator interface also increases operability. Various stud-
ies have been conducted on force feedback devices to improve the operability
of construction machinery by compensating for the lack of information when
operating the excavator [20-22]. Some recent studies have logically dealt with
the force feedback control to present stable forces under the influence of exter-
nal factors [23-25]. However, the force characteristics a human perceives when
operating these levers are unknown. It is unclear whether the reaction force
characteristics of the conventional lever without active force feedback and de-
vices that present the machine’s physical information in terms of force sensors
are optimal for humans. Therefore, we clarify human force perception charac-
teristics in lever operation and propose a lever force feedback design based on

it.

1.2.5 Perceived Force Characteristics by Human

The operability of a vehicle’s steering wheel changes when the reaction force
characteristics vary. Takemura et al. reported that the subjective percep-
tual force obtained by psychophysical experiments correlated more with the

steering wheel operability than the quantitative physical force measured by



sensors [26]. Jones reported that the perceived force is affected by the physical
characteristics of an object and the human psychophysical characteristics [27].
Furthermore, Takemura et al. reported that the perceptual force bias was af-
fected by differences in posture while steering a vehicle [28]. McCloskey et al.
revealed that the magnitude of effort is strongly correlated with the judgment
of force and heaviness [29]. Cafarelli and Bigland-Ritchie discovered that the
muscle activity could be used to estimate the effort [30]. Morree et al. provided
neurophysiological evidence of the correlation between muscle activity and ef-
fort sensing [31]. These studies propose that the sense of effort can be predicted
by estimating the muscle activity intensity. Kishishita et al. constructed a per-
ceived force prediction model for steering operations by estimating the muscle
activity based on posture, external force, and a three-dimensional (3D) muscu-
loskeletal model [32]. They also explained the postural bias in the perception
of the steering reaction force [33]. Thus, these previous studies advocate that
the appropriate design of the perceived force can also enhance the operability
of operational interfaces other than the steering wheel. Therefore, we tried to
estimate the perceived force during lever operation by the same method and

apply it to lever reaction force design.

1.3 Content Outline

The thesis is organized as follows:

In Chapter 2, the operation training system for a hydraulic excavator is
described. We developed a training system by using an RC toy excavator
with the same viewpoint and operating interface as a real excavator. Next,
the dynamic characteristics, operability, and visual presence of the proposed

system are verified.



In Chapter 3, the quantitative evaluation of operation skills that is essential
in operation training is described. We verified indices that can quantitatively
evaluate the operation skill of a real excavator using the proposed training
system using the RC toy excavator. The results suggest that the operating skill

of a real excavator can be partially evaluated by using the proposed system.

In Chapter 4, the force feedback design of operation levers considering the
characteristics of human force perception to improve hydraulic excavator op-
erability is described. We constructed a perceived force estimation model in
the lever operation and evaluated the estimation accuracy. Next, we designed
the lever reaction force considering the force perception characteristics using
the proposed model and evaluated the operability of the designed lever. The
operation skill evaluation indices examined in Chapter 3 and subjective eval-
uation indices on the operability are used to evaluate the operability. The
results suggest that the operability of the excavator is improved by the lever

reaction force design considering human force perception characteristics.

Finally, Chapter 5 concludes the dissertation and outlines the limitations

and future work.



Chapter 2

Development of the Operation
Training System for Hydraulic
Excavator

2.1 Introduction

In Chapter 2, we describe the development of an operation training system
for hydraulic excavators. Operation training with a real excavator may be
difficult due to cost and safety issues. Simulators can be effective for train-
ing in situations wherein it is difficult to train using an actual machine in a
real environment. Training can be performed safely by using a simulator and
with lower operating cost than that incurred when using the actual machine.
However, there exists a challenge in the case of excavator simulators: It is
difficult to reproduce the behavior of soil excavated in real time because of the
calculation cost. We think that this problem can be solved by using a training
system using an RC toy excavator. In this study, we developed a simulator
that can measure each joint angle in real time by using an RC toy excavator

with the same viewpoint and operating interface as a real excavator.

The rest of the Chapter is organized as follows. Section 2.2 describes an

operation training system developed using an RC toy excavator and VR tech-
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HMD Laptop Omni-directional
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Arduino
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Fig. 2.1:  System using RC toy excavator and VR technology. (A) Sys-
tem appearance and (B) System configuration. Written informed consent was
obtained from the individual for the publication of this image.

nology. Section 2.3 describes the measurement of dynamic characteristics of
the developed system. Section 2.4 describes the subjective evaluation of the
operability and visual presence of the developed system. In Section 2.5, we

discuss each result. Finally, Section 2.6 presents our conclusions and future

work.

2.2 Operation Training System using an Re-
mote Controlled Toy Excavator and Vir-
tual Reality

Fig. 2.1 shows the overview and configuration of the developed system using
an RC toy excavator and VR technology. This system consists of an RC toy
excavator, an omnidirectional camera (RICOH, RICOH THETA S), an HMD
(Oculus VR, Oculus Rift CV 1), two joysticks (Logitech, Extreme 3D Pro),
four variable resistors (Linkman, R1610N-QB1-B103), a microcomputer board
(Arduino SRL, Arduino Uno; hereinafter, referred to as Arduino), and a laptop

computer.
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B Synthesis of the spherical panorama image
and the cab 3D model

Fig. 2.2: Reproduction of field of view from cab.

The field of view from the cab of the excavator was reproduced in this
system. Fig. 2.2 shows the method of reproducing the field of view from the
cab. The omnidirectional camera was mounted on the RC toy excavator. The
obtained images were transmitted to the laptop over HDMI, and spherical
panoramic images were generated. A three-dimensional (3D) model of the cab
of a hydraulic excavator was arranged at the center of the spherical panoramic
image. The field of view from the 3D model of the cab was projected onto
the HMD and it corresponded to the orientation of the user through the head-
tracking function of the HMD. In this way, the user can experience a field of
view as if he were on the RC toy excavator. A series of processing of image
presentation was performed using the game engine Unity. The delay time of
the visual system was about 170 ms. We modified the RC toy excavator so that

it could be operated with the two joysticks. Thus, it was possible to perform
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Fig. 2.3: Mounting position of each potentiometer. (A) Swing joint, (B)
Boom joint, (C) Arm joint, and (D) Bucket joint.

the same operation as that for the real excavator. Moreover, it was possible
to measure each joint angle of the RC toy excavator during the operation. As
shown in Fig. 2.3, potentiometers were attached to the joints of the RC toy
excavator. The control of the RC toy excavator and the measurement of the

joint angles were realized by using the laptop and Arduino.
2.3 Measurement of Dynamic Characteris-
tics of the Proposed System

2.3.1 Experimental Protocol

To confirm the dynamics of the RC toy excavator used in the proposed system,
we measured the time response of each joint angular velocity of the RC toy
excavator and real excavator (SK135SR-5, Kobelco Construction Machinery)

shown in Fig. 2.4. Fig. 2.5 and Table 2.1 present the initial joint angles.
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Q

Fig. 2.5: Excavator geometry. [y, lo, and I3 are the lengths of the boom, arm,
and bucket, respectively. 6, 65, and 03 are the angles of the boom, arm, and
bucket, respectively.

The lever operation performed manually for the real excavator was used as the

input to the RC toy excavator.
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Table 2.1: Initial joint angles of the excavator (°).

Operating target | 6, | 0y | 03
Boom 45 145 0
Arm 30[60| O
Bucket 30 | 45 | 45

2.3.2 Result

Fig. 2.6 shows the results of the time response of joint angular velocity. The
blue dashed lines represent the lever operation normalized so that the maxi-
mum value becomes 1. The cyan and red solid lines represent the joint angular
velocity of the real excavator and the RC toy excavator, respectively.

We assumed the system as a first-order system with a dead time and esti-
mated the system parameters. The gain K was the final value of the angular
velocity, and the dead time L and the time constant 7" were calculated by the

following formulas.

L=t,— 2 (1)

T=t,— L. 2)

Here, (t,;v,) is the inflection point of the joint angular velocity during the
acceleration. R is the slope at the inflection point. Further, ¢, is the time
when the angular velocity reaches 63.2 % of the final value, and ¢, and ¢, are
the times based on the time when the lever input starts.

Table 2.2 lists the calculated system parameters of each link of the real

excavator and the RC toy excavator, respectively.
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Table 2.2: System parameters of each link of excavator.

Type Operating target | K T L
Boom 29 | 0.31 | 0.22
Real excavator Arm 39 10.16 | 0.12
Bucket 43 1 0.12 | 0.07
Boom 63 | 0.21 | 0.11
RC toy excavator | Arm 43 1 0.10 | 0.12
Bucket 143 | 0.09 | 0.15

2.4 Subjective Evaluation of the Operabil-
ity and Presence of the Proposed Sys-
tem

2.4.1 Experimental Protocol

The subjects were 8 individuals who had operated an excavator and 12 indi-
viduals who had never operated one; informed consent was obtained from the
subjects before the experiment. The subjects performed repeated continuous
excavation for 3 min. Continuous excavation consisted of four steps: excavat-
ing, turning, dumping, and returning. Moreover, continuous excavation began
with the extension of the arm of the excavator, and the excavation was per-
formed by digging into the ground. Turning was performed by turning the
excavator by 90° while raising its bucket. Dumping was performed by dis-
charging the soil into the bucket. Returning was defined as the operation of
returning to the initial state of the excavation. After completing the task, we
conducted a subjective evaluation of the operability of this system and the
presence of the images by using a questionnaire. The operability was evalu-
ated using six scales of the Japanese version of NASA-TLX [34], which is a
subjective evaluation method for a mental workload. The overall workload

was calculated using Raw TLX, which uses the average value of all scales.
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The presence of the images was evaluated using four scales by referring to an
evaluation questionnaire for the presence of a wide-field still image [35]. The

questionnaire items are shown below.
e Operability

— How much mental and perceptual activity was required?
— How much physical activity was required?

— How much time pressure did you feel due to the pace at which the

tasks or task elements occurred?
— How successful were you in performing the task?

— How hard did you have to work to accomplish your level of perfor-

mance?
— How irritated, stressed, and annoyed versus content, relaxed, and
complacent did you feel during the task?

e Presence of the images

— How much do you feel the presence?
— How much did you feel the powerfulness?
— How much did you feel the comfort?

— How much did you feel the depth?

Each item was answered with 0 to 100 points.

2.4.2 Result

Fig. 2.7(a) shows the questionnaire results of the subjective evaluation of op-

erability. This radar chart means that the larger the area, the greater is the
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(a) Subjective burden (b) Subjective image perception

Fig. 2.7: Assessment results for subjective burden and image perception (*:
p < 0.05, n.s.: not significant).

operational burden. As seen from the graph, the experienced subjects tended
to give higher scores than the inexperienced ones for the items other than “ef-
fort.” The t-tests between the experienced and inexperienced subjects for each
item shows that there is no significant difference in “mental demand,” “phys-
ical demand,” “temporal demand,” “poor work performance,” and “effort,”
but a significant difference was confirmed for the item “frustration.” Fig. 2.8
shows the overall workload by Raw TLX. This result confirms that the experi-
enced subjects find operating the RC toy excavator more difficult. Fig. 2.7(b)
shows the questionnaire result of the subjective evaluation of the presence of
the images. This radar chart shows that the larger the area, the better is the
presence of the images. The graph shows that the experienced subjects tend
to give lower scores than the inexperienced subjects for all items. The t-tests
between the experienced and inexperienced subjects for each item show that
there is no significant difference in terms of “powerfulness” and “depth,” but

there is a significant difference in the case of “presence” and “comfortable-
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Fig. 2.8: Results of overall workload (Raw TLX, *: p < 0.05).

ness.” This result confirms that the experienced subjects tend to give lower

scores for presence and comfort.

2.5 Discussion

Fig. 2.7(a) and Fig. 2.8 indicate that the experienced operators find it more
difficult to operate the RC toy excavator. Fig. 2.7(b) indicates that the experi-
enced operators tend to give lower scores for presence and comfort. The reason
for this may be that the experienced operators felt a sense of incongruity in the
RC toy excavator that differs in operability and visibility from real excavators.
Actually, the dynamic characteristics of the proposed system were greatly dif-
ferent from those of the real excavator as shown in Fig. 2.6 and Table 2.2.
The operation interface was reproduced with the gaming joysticks that have
different stiffness from the real lever. Therefore, the operability of the RC toy
excavator was not exactly the same as that of the real excavator. Moreover, we
replaced the original human vision by the HMD and omnidirectional camera

with much lower resolution than the human eye. The current system was not
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capable of providing depth information. Nevertheless, the evaluation of depth
perception was not much worse because the depth was perceived in a monocu-
lar image with the help of environmental conditions such as lighting, shadows,
etc. In addition, the latency of the visual system has a great influence on
visual immersion. In order to enable more effective training, it is necessary
to closely reproduce the operability and visibility of real excavators in the RC

toy excavator.

The importance of sense of embodiment (SoE) and embodiment of cog-
nition (EoC) in a VR environment [36,37] was emphasized. Improving SoE
and EoC will extend the completeness of the operation training. Multimodal
information such as vision, hearing, and haptic sensations can be also used
for gaining a better understanding of more advanced skills when operating
real excavators. Multimodal information is very important for enhancing EoC
and SoE. As future work, we plan to improve the proposed system to display

sounds and vibrations during operations.

2.6 Conclusion

In this section, we developed the operation training system using an RC toy
excavator and VR technology with the same viewpoint and operating interface
as a real excavator. We investigated the dynamic characteristics of the RC toy
excavator used in the developed system. The results showed that the dynamic
characteristics of the RC toy excavator are significantly different from those
of the real excavator. Next, we evaluated the operability and presence of the
developed system by questionnaire. The results indicate that the experienced
operators find it more difficult to operate the RC toy excavator and tend to

give lower scores for presence and comfort. The reason for these results may
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be that the experienced operators felt a sense of incongruity in the RC toy
excavator that differs in operability and visibility from real excavators.

In the future, in order to enable more effective training, we will attempt to
closely reproduce the operability and visibility of a real excavator in the RC
toy excavator. Specifically, we will adopt the control of the motor in which the
dynamic characteristics of the RC toy excavator become equal to those of the
real excavator. And also, we will replace the joysticks with the same levers as
those of the real excavator and improve the visual system using an industrial

camera with high resolution and low delay.

21



Chapter 3

Verification of Operation Skill
Evaluation Indices of Excava-
tor

3.1 Introduction

In Chapter 3, we describe the quantitative evaluation of operation skills that
is essential in operation training. In general, the time spent on work is used
to evaluate the skills required to operate a hydraulic excavator, but this index
is not sufficient for detailed skill evaluation. Therefore, various studies have
been conducted on the quantitative evaluation of operation skills of excavators.
However, it is unclear whether the skill evaluation indices used in the real
excavator can be applied when using the RC toy excavator that does not
completely reproduce the characteristics of the real excavator. We verified
indices that can quantitatively evaluate the operation skill of a real excavator
using the RC toy excavator.

The rest of the Chapter is organized as follows. Section 3.2 describes the
calculation method of operation skill evaluation indices. Section 3.3 explains

skill evaluation of excavation operation using the RC toy excavator and the
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real excavator. In Section 3.4, we discuss the results of the skill evaluation.

Finally, Section 3.5 presents our conclusions and future work.

3.2 Calculation Method of Operation Skill
Evaluation Indices

The evaluation indices were the operation time ¢, dispersion of bucket trajecto-
ries d;, length of bucket trajectory [, average bucket velocity v, and dispersion
of lever operations d,. Fach index was calculated for one cycle of the con-
tinuous excavation, excavating section, turning section, dumping section, and

returning section.

The operation time was calculated because it is typically used as an evalu-
ation index. The dispersion of the bucket trajectory and the dispersion of the
lever operation were calculated based on the fact that experts excavate with an
approximately unique trajectory, regardless of the excavation order [8]. The
trajectory length of the bucket was calculated by considering that the experts
had shorter trajectories with more compact operation. The average bucket ve-
locity was calculated by considering that experts performed faster operations.
Each index was calculated using the methods described below.

The dispersion of the bucket trajectories represents the degree of differ-
ence among the trajectories, when the same operation was performed multiple
times. Fig. 3.1 shows the calculated dispersion flow for the bucket trajecto-
ries. First, the average of these trajectories was calculated. However, it was
impossible to calculate the average trajectory because the data length was
different for each trajectory. Therefore, the average of the trajectories with
different data lengths was calculated using the DTW barycenter averaging

(DBA) method [38]. Then, the dissimilarity between each trajectory and the
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Fig. 3.1: Method of calculating dispersion trajectories.

average trajectory was calculated. For this purpose, the dynamic time warping
(DTW) method [39], which can calculate the dissimilarity between two time
series with different lengths, was adopted. Finally, the average dissimilarity

was calculated, and this was considered as the dispersion of the trajectories d.

The bucket trajectory length [ was calculated using the following equation:
| =
n—1 (3)
> V(@i — ) + Wi — 3:)? + (2101 — 2)2.

i=1

Here, (z;,y:, 2;) is the i-th coordinate of the bucket trajectory with n elements.

The average velocity of the bucket 7 was calculated as follows:

U= % (4)

The dispersion of the lever operations d, was calculated in the same manner
as d; for the swing operation, boom operation, arm operation, and bucket
operation. Here, the distance function d(a;, b;) of the lever operation is defined

as follows:
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d(a;, bj) = |a; — byl. (5)

3.3 Operation Skill Evaluation of Excava-
tion Performed by the Toy Excavator
and Real Excavator

3.3.1 Experimental Protocol

The RC toy excavator and real excavator (SK135SR-5, Kobelco Construction
Machinery) considered in this study are shown in Fig. 2.1 and Fig. 2.4,
respectively. The subjects were three expert and five non-expert operators.
Informed consent was obtained from them before the experiment. In this study,
an operator who typically evaluates the operability of a hydraulic excavator
was considered as an expert. The subjects performed the following task five
times after sufficient practice using the RC toy excavator and real excavator.
The measurement task consisted of three continuous excavation cycles. The
second and third cycles were analyzed, and the first cycle starting from the
stopped state was excluded. The operation time, operation amount of each
lever axis, and each joint angle of the excavator were measured. The angle
of the boom, arm, and bucket of the real excavator were calculated from the
measured length of the hydraulic cylinder of the excavator, and the swing angle
was measured using an angular acceleration sensor. The pilot pressure of each
lever of the actual excavator was used as the operation amount of each lever
axis. For the RC toy excavator, the sampling rate of the measurement data
was 100 Hz. For the real excavator, the sampling rate of the measurement

data was 1,000 Hz, and this was reduced to 100 Hz. The 3D trajectory of the
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bucket tip was calculated from the joint angle of the excavator by calculating

the forward kinematics as follows:

x (lis1 + la512 + 135123) 54
y | = licr + lacrg + 13c123 : (6)
Z (l1s1 + las12 + 135123)ca
(s, =sinf;, i =1,4
Ci =cosl;, i1 =1,4

S12 = sin(0; + 05)
c12 = cos(0; + 0,)
sin(0; + 02 + 03)
cos(01 + 02 + 63)

5123

( C123
Here, the rightward, upward, and forward directions of the excavator were set
as the positive directions of the x, y, and z axes, respectively, as shown in Fig.
2.5. Here, [; is the length of the line segment connecting the rotation axis
of the boom and the arm’s rotation axis; ls is the length of the line segment
connecting the rotation axis of the arm to the rotation axis of the bucket; I3
is the length of the line segment connecting the rotation axis of the bucket
to the bucket tip; 0, is the angle between the line segment /; and the vertical
direction; 6 is the angle between the line segment [; and segment [y; 03 is
the angle between the line segment [, and line segment [3; and 6, is the angle
of the upper revolving body with respect to the lower traveling body. The
parameters of the real excavator and the RC toy excavator as listed in Table

3.1 were used to calculate the trajectory.

3.3.2 Result

Fig. 3.2 shows examples of the measurement trajectory, and the lever operation

during one excavation cycle with the RC toy excavator and real excavator.
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Table 3.1: Length of each link (mm) and movable range of each joint (°) of
excavator.

Type ll l2 l3 91 92 93
Real excavator 5,650 | 2,940 | 1,440 | 28-137 | 30-159 | -41-142
RC toy excavator 255 125 90 | 30-100 | 44-115 0-90

— Swing — Arm  — Boom  — Bucket

Lever operation

Time (s)
(b) Lever operation of RC excavator

| — Swing — Arm  — Boom  — Bucket

Lever operation

. Time (s)
(c) Trajectory of real excavator bucket (mm) (d) Lever operation of real excavator

Fig. 3.2: Measurement data during excavation (Expert 1, Task 3, Cycle 1).

Here, the lever operation is represented by the time series of the value obtained
by normalizing the inclination degree of the turning, boom, arm, and bucket
operation levers, from -1 to 1. It was assumed that the excavators differed
in terms of the trajectory shape and waveform of the lever operation amount
owing to the difference in the ratio of the length of the links and the behavior
of the excavator’s behavior. These data were calculated using the operation

skill evaluation indices.
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1. Operation time 2. Length of bucket trajectory

3. Average velocity of bucket

4. Dispersion of bucket trajectory

5-8. Dispersion of lever operation (swing, boom, arm, bucket)
— RC excavator — Real excavator

(SD) 1
3 -

2
1

(e) Non-expert 2
(SD) 1
3

5 5
(g) Non-expert 4 (h) Non-expert 5

Fig. 3.3: Radar chart of evaluation indices. The standardized reciprocal of
each evaluation index was used such that the area of the radar chart became
larger for a highly-skilled subject. The dotted line represents the average for

all the subjects.

28



Fig. 3.3 shows the evaluation indices of the RC toy excavator and the real
excavator on the radar chart for each subject. The first axis represents the
operation time; the second axis represents the length of the bucket trajectory;
the third axis represents the average velocity of the bucket; the fourth axis
represents the dispersion of the bucket trajectory; and the fifth to eighth axes
represent the dispersion of the lever operation for the swing, boom, arm, and
bucket. The standardized reciprocal of each evaluation index was used such
that the area of the radar chart was greater for a highly-skilled subject. The
dotted line represents the average for all subjects. The figure shows that the
average is better than the average in the case that the evaluation index is
outside this line. It was confirmed that the experts tended to have a larger
radar chart area than the nonexperts for both the RC toy excavator and the
real excavator. The radar chart area for non-expert 3 was larger than that
for the other nonexperts, because non-expert 3 had more working experience
on operating a hydraulic excavator than the other nonexperts. These results
suggest that it is possible to distinguish the skill differences for an expert or
non-expert and to distinguish the length of working experience of the hydraulic
excavator operator by using the RC toy excavator. However, the outline of
the radar chart of the RC toy excavator was different from that of the real
excavator. This may have been caused by the fact that the behavior of the RC

toy excavator considered in this study differed from that of the real excavator.

The correlation of each evaluation index between the RC toy excavator and
the real excavator was investigated for each section of the continuous excava-
tion. Table 3.2 lists the calculated result of the correlation between the real
excavator and the RC toy excavator for all evaluation indices. Each row repre-
sents an evaluation index, while each column represents the section considered

in the calculation. Each value represents the correlation coefficient between
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Table 3.2: Correlation between real excavator index and RC toy excavator
index (*: p < 0.05, **: p < 0.01). t is the operation time. d; is the dispersion
of bucket trajectories. [ is the length of bucket trajectory. v is the average
bucket velocity. d, is the dispersion of lever operations.

Index One cycle | Excavating | Turning | Dumping | Returning
t 0.09 —0.10 0.08 —0.26 0.56
dy *0.80 —0.04 *0.82 **0.87 0.31
[ *0.73 0.06 *0.80 0.35 *0.78
v 0.23 *0.76 0.15 0.68 —0.36
d, (swing) 0.51 —0.38 0.26 0.32 0.60
d, (boom) 0.35 0.40 *0.80 —0.01 —0.29
d, (arm) —0.33 —0.25 0.46 0.37 0.02
d, (bucket) —0.64 —0.60 0.02 0.63 —0.49

the real excavator and RC toy excavator for each evaluation index. The values
with significant correlation are shown in boldface. No significant correlation
between the real excavator and the RC toy excavator data was found in any
section of the operation time and dispersion of the swing, arm, and bucket
operations. However, in several sections, significant correlation was confirmed
for the dispersion of the bucket trajectories, length of the bucket trajectory,

average velocity of the bucket, and dispersion of the boom operations.

3.4 Discussion

Table 3.2 lists the calculated result of the correlation between the real excavator
and the RC toy excavator for all evaluation indices. It was thought that the
correlation of the dispersion of the bucket trajectories and length of the bucket
trajectory is higher because it was unaffected by the difference in the behavior
of the excavator. The results suggest that it is possible to partly evaluate

the operation characteristics of a real excavator by using an RC toy excavator

whose dynamics differed from those of a real excavator.
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However, significant correlations could not be confirmed between the RC
toy excavator and real excavator on the other indices. The reason for this
may be that the RC toy excavator differs in operability and visibility from real
excavators as described in Chapter 2. In order to enable more detailed skill
evaluation, it is necessary to closely reproduce the operability and visibility of

real excavators in the RC toy excavator.

3.5 Conclusion

In this section, we verified indices that can quantitatively evaluate the op-
eration skill of a real excavator using the RC toy excavator. We calculated
evaluation indices for lever operation and bucket movement during excavation
using the proposed system and a real excavator. Although the dynamics were
largely different, the results showed a high correlation between the RC toy ex-
cavator and real excavator in some operations and suggested that the proposed
system could evaluate the operational skills with regard to the correspondence
between the direction of the lever and the joint angle of the excavator.
However, not all the operation skills of the real excavator can be learned
by training with the RC toy excavator system developed in this paper. In the
future, in order to enable more accurate skill evaluation, we will attempt to
closely reproduce the operability and visibility of a real excavator in the RC
toy excavator. Specifically, we will adopt the control of the motor in which
the dynamic characteristics of the RC toy excavator become equal to those
of the real excavator. And also, we will replace the joysticks with the same
levers as those of the real excavator and improve the visual system using an
industrial camera with high resolution and low delay. This study is limited to

the evaluation of the operation skills of hydraulic excavators using the RC toy
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excavator, and it has not been verified whether effective training can actually
be performed using it. Therefore, we plan to verify the training effect of the
RC toy excavator by observing the changes in the operation skills over time

with such training.
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Chapter 4

Force Feedback Design of Op-
eration Levers Considering the
Characteristics of Human Force
Perception to Improve Hydraulic
Excavator Operability

4.1 Introduction

In Chapter 4, we describe the force feedback design of operation levers con-
sidering the characteristics of human force perception to improve hydraulic
excavator operability. Various researches on the feedback of the machine in-
formation as one of the improvement methods of the operation interface have
been carried out. Among them, force feedback is noticed as a technique to di-
rectly present contact force with the outside which is important in excavation
work which is the main application of hydraulic excavators. However, the force
characteristics a human perceives when operating these levers are unknown. It
is unclear whether the reaction force characteristics of the conventional lever
without active force feedback and devices that present the machine’s physical

information in terms of force sensors are optimal for humans. We proposed a
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perceived force prediction method for the lever operation based on a muscu-
loskeletal simulation. Moreover, we developed the lever such that the perceived
force varied linearly with the lever angle and verified the effect of the proposed
lever reaction force on the operability when performing the leveling task with

the excavator.

The rest of the Chapter is organized as follows. Section 4.2 describes the
construction of a perceived force prediction model for the lever operation.
Section 4.3 describes the verification of of lever reaction force design consid-
ering force perception character. Section 4.4 discusses the results. Finally,

Section 4.5 presents our conclusions and future work.

4.2 Construction of Perceived Force Predic-
tion Model during Lever Operation

4.2.1 Methodology

In this study, a perceived force prediction model was constructed for the lever
operation following the perceived force prediction method for the steering op-
eration of a car, as proposed by Kishishita et al. [32]. Their estimation method
is explained below. The perceived force when a reaction force is applied while
holding the steering wheel is measured. The relationship between the applied
force F,, and the perceived force F), follows the Weber—Fechner law [40] and is

approximated by the following equation:

F, = aglog F, + by, (8)

where ag and by are coefficients when the steering angle is 0°. Here, the force

perception-change ratio P is defined as follows:
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Here, P is determined uniquely using F,. However, Takemura et al. reported
that the perceived force changes depending on the body posture [28]. As de-
scribed in the Introduction, a human judges the force based on the sense of
effort [29]. The applied muscle varies according to posture, even when the
hand outputs the force in the same direction and with identical magnitudes.
Therefore, the sense of effort also changes when the posture varies. Cafarelli
and Bigland-Ritchie revealed that the muscle activity could be used to es-
timate the effort [30]. This fact suggests that describing the change in the
perceived force depending on the posture can be actualized by expressing the
force perception-change ratio using the muscle activity instead of the applied
force. Kishishita et al. explained the force perception-change ratio using the
muscle activity estimated by a 3D musculoskeletal simulation. They confirmed
the linear relationship between the applied force F, and muscle activity « in

the steering posture. « is expressed by the following equation:

a:kjFa—i—mj, (10)

where k; and m; are coefficients when the steering angle is j. (10) expresses
the relationship between F, and a when the reaction force is applied while
the steering angle is maintained at j. k; and m; are determined according
to the posture in which the muscle activity is estimated because they change
depending on the steering angle j. Furthermore, (10) shows that the postural
effect on the muscle activity varies according to the steering angle and cor-
relates with the human sense of force. The following equation is obtained by

rearranging (10):
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F, = O‘;‘mf‘. (11)

J

Then, the following equation is obtained by substituting (11) into (9):

o B kj <ao log <a27j> + bo>. 2)

F, o —my;
This equation demonstrates that the force perception-change ratio can be ex-
pressed as a function of the muscle activity based on the posture when the
steering angle is 7. The muscle activity can be obtained via optimization cal-
culations using a musculoskeletal model with the posture and external force
as inputs. Thus, P for a particular posture can be computed from the repre-
sentative value of a. Finally, F), is given as a function of F, by the following

equation:

F,=P-F,. (13)

In this study, we constructed a perceived force prediction model for the lever
following the above method. However, it was unconfirmed whether (8) and
(10) are satisfied during the lever operation. Therefore, we investigated the
perceived force and muscle activity characteristics for the applied force during

the lever operation.

4.2.2 Muscle Activity Estimation Method by Mus-
culoskeletal Simulation

In this study, we estimated the muscle activity using OpenSim, an open-source
software for biomechanical modeling, simulation, and analysis [41]. The 3D

musculoskeletal model was developed based on the previously reported body
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model [42]. Moreover, the muscle force was calculated using the muscle con-
traction model based on the Hill-type muscle model with elastic and contrac-
tile components proposed by Thelen [43]. The maximum isometric force F™,
optimal muscle-fiber length ™, and pennation angle of the muscles were deter-
mined based on the parameters reported by Holzbaur et al. [44]. The muscle
activity was obtained from the motion and external force data via optimization
computations in OpenSim. First, the joint angle and torque were estimated by
inverse kinematics and inverse dynamics calculations from the external force
and marker position data measured using the motion capture system. Then,
the muscle force that balances the joint torque was determined by optimizing
the muscle activity. Here the muscle activity of the m-th muscle satisfies the

following equation:

n

> (@) =, (14)

m=1

where F is the maximum isometric force, 7; is the joint torque of the j-th joint,
and 7, ; is the moment arm parameter. « is a continuous variable bounded
by (0 < ay, < 1); it can be viewed as the controls to the musculoskeletal
system [41]. By using the relationship between the motor unit firing rate
and muscle activity, the muscle activity (muscle excitation) is increased by
increasing the motor unit firing rate [45]. The moment arm parameters were
determined using the muscle length of the m-th muscle /,, and joint angle of

the j-th joint 6; [46,47]:

dl,,
Tm,j = W

J

(15)

The relationship between the muscle force F;, and the muscle activity «,, are

given as follows:
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Fig. 4.1: Force presentation lever.

Fo = amFOF (1) + FOF " (1), (16)

where I,,, is the normalized fiber length, f,(I,,) is the normalized active force—

length relationship, and FPE(lm) is the normalized passive force-length rela-

tionship; for this study, f;(l,,) and FPE(lm) were obtained from a previous

study [43].

4.2.3 Perceived Force Characteristics for Applied Force

When the applied force was applied in the posture of holding the lever at
the neutral position, the perceived force was measured to investigate the per-
ceived force characteristics for the applied force in the lever operation. Fig. 4.1
shows the force presentation lever used in the experiment. This equipment has
three components: a commercially available force feedback steering controller

(Thrustmaster, T500RS), a grip part of the lever of an excavator, and a 3D
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Laptop | "

Current lever angle

Target lever angle

Force presentation lever

(a) Displayed screen (b) Experiment environment

Fig. 4.2: Measurement experiment of perceived force characteristics for the
applied force. The image shows the subject with force applied while looking at
the lever angle gauge displayed on the laptop. Informed consent was obtained
from the individual for publishing this image.

printed part for attaching the grip to the steering shaft. The operation di-
rection was switched by rotating the mounting direction of the grip 90° and
rotating the sitting orientation with respect to the equipment 90° in the op-
posite direction. The game engine Unity was used to control the equipment’s
applied force and perform the experiment. It was confirmed in advance that
the equipment accurately outputs the force using the force sensor. Fig. 4.2
shows an image taken while measuring the perceived force characteristics for
the applied force. The subjectively perceived force was measured using the

magnitude estimation method [48]. The experimental procedure is as follows:

1. The subjects sit on the seat and hold the lever at the neutral position
with their left hand. Afterward, a standard stimulus is given through

the lever. The subjects hold the lever stationarily and memorize the
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standard stimulus.

2. Next, a comparison stimulus is given through the lever. Subsequently,
the subjects report the magnification of the comparison stimulus relative

to the standard stimulus.

3. The standard stimulus is 9 N, and the comparison stimuli range from 6
to 13 N with a 1-N increment. The comparison stimuli are presented at
random, and steps 1 and 2 are repeated until each comparison stimulus

is presented five times.

The above experimental tasks were conducted in four directions following the
operation directions of the lever: forward, backward, outward, and inward.
The applied force was gradually increased for 4 s and afterward for 5 s more
with a fixed force to avoid habituation error [49]. Three male subjects (aver-
age age: 22.7 + 0.5 years) participated in the experiment. Informed consent
was obtained from the subjects, and their health conditions were verbally en-
quired. The subjects practiced the experimental task for about 5 min before
the experiment.

Fig. 4.3 shows the perceived force characteristics with respect to the ap-
plied force for each operating direction. Here, the applied force acts opposite
to the operation direction. The error bar represents the standard deviation of
the perceived force of all subjects, and the dotted line represents the approxi-
mate curve. These results show that the perceived force is proportional to the
logarithm of the applied force. The characteristics shown in this figure indi-
cate that the relationship between the applied and perceived forces follows the
Weber—Fechner law [40] and that (8) is satisfied even in the lever operation.

The slope ag and intercept by of the following equation that replaced (8) were
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Fig. 4.3: Perceived force characteristics for the applied force in each postural
direction when the lever angle is 0°.

calculated by the least-squares method from the measured perceived force for

each applied force:

Fp = CLOF(; + bg, (17>

where
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Table 4.1:  Coefficients ay and by, and the coefficients of determination R2.

Direction ag bo R?
Forward 8.63 | —9.54 | 0.965
Backward | 13.40 | —19.90 | 0.964
Outward 9.13 | —10.50 | 0.953
Inward 9.21 | —11.00 | 0.985

F. =log F,. (18)

The coefficient of determination R? was calculated employing the following

equation:

~

2 4 > (Y — i)
=l o (19)

Here, y; is the i-th measured value, 3 is the average value of the measured val-

ues, and g; is the ¢-th calculated value using the regression equation. Table 4.1

lists the coefficients ay and by, and the coefficient of determination R?.

4.2.4 Muscle Activity Characteristics for the Applied
Force

When the force was applied in the posture of holding the lever at a certain
angle, the muscle activity was estimated to investigate the muscle activity
characteristics for the applied force during the lever operation. The muscle
activity was estimated using OpenSim, an open-source software system for
biomechanical modeling, simulation, and analysis [41]. Moreover, the station-
ary postures were obtained when holding the lever with the left hand at 0°-25°
forward and backward and 0°-20° outward and inward with an interval of 2.5°.

The postural data were obtained using seven motion capture cameras (Acuity

42



Fig. 4.4: Motion-capturing system and model postural conditions. Informed
consent was obtained from the individual for publishing this image.

Inc., OptiTrack PrimeX 13 W) installed around the subject. Fig. 4.4 shows
the posture when holding the lever at the neutral and mounting positions of
the motion capture markers. A force ranging from 0 to 12 N with a 2-N inter-
val was directly applied to the capitate bone at the wrist because the muscles
from the wrist to the fingertip were not considered. Herein, the average muscle
activity was defined for the following muscles, which were especially active for

each operational direction.

e Forward direction: the anterior head of the deltoid (DELT1), medial
head of the deltoid (DELT?2), infraspinatus (INFSP), and long head of
the biceps brachii (BIClong)

e Backward direction: the posterior head of the deltoid (DELT3), sub-
scapularis (SUBSC), teres major (TMAJ), and long head of the triceps
brachii (TRIlong)

e Outward direction: the posterior head of the deltoid (DELT3), supraspina-
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Fig. 4.5: Muscles applied to estimate muscle activity.

tus (SUPSP), infraspinatus (INFSP), long head of the triceps brachii

(TRIlong), and extensor carpi ulnaris (ECU)

e Inward direction: the subscapularis (SUBSC), teres major (TMAJ), ster-
nocostal head of the pectoralis major (PECM2), abdominal head of the

pectoralis major (PECM3), and pronator teres (PT)

Fig. 4.5 shows the muscles in the musculoskeletal model in OpenSim.

Fig. 4.6 shows an example of the muscle activity characteristics with re-
spect to the applied force for each operating direction. The circles indicate the
result at 0° of the lever angle, whereas the triangles indicate the result at the
maximum lever angle in each operation direction. The dotted lines indicate ap-
proximate lines. These results suggest that the muscle activity is proportional
to the applied force and that (10) is satisfied even during the lever operation.
The slope k; and intercept m; of (10) were calculated using the least-squares
method from the estimated value of the « for each F, value at the lever angle
j. R? was calculated using (19). Table 4.2 lists the coefficients k; and m;, and

the coefficient of determination R2.
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Representative estimation results of activities of muscles that are

actively involved when holding the lever. Circles and triangles indicate the
results for 0° and the maximum lever angle in each operation direction, re-

spectively.

4.2.5 Perceived Force Estimation during Lever Op-
eration

The muscle activity was calculated when a force of 6 N was applied at each

lever angle using (10) and the coefficients listed in Table 4.2. Also, the force

perception-change ratio was determined by substituting the muscle activity at
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Table 4.2:  Coefficients k; and m;, and the coefficient of determination R?.

Forward Backward
j k?j mj R2 ]fj mj R2
0 | 0.00150 | 0.00159 | 0.992 | 0.00432 | 0.00088 | 1.000
2.5 1 0.00124 | 0.00317 | 1.000 | 0.00428 | 0.00096 | 1.000
51 0.00125 | 0.00343 | 1.000 | 0.00423 | 0.00132 | 1.000
7.5 1 0.00127 | 0.00315 | 1.000 | 0.00402 | 0.00298 | 0.999
10 | 0.00156 | 0.00218 | 0.988 | 0.00402 | 0.00262 | 0.999
12.5 1 0.00145 | 0.00246 | 0.981 | 0.00401 | 0.00262 | 0.999
15 | 0.00133 | 0.00350 | 1.000 | 0.00392 | 0.00302 | 0.999
17.5 1 0.00140 | 0.00330 | 0.999 | 0.00387 | 0.00320 | 1.000
20 | 0.00145 | 0.00344 | 0.999 | 0.00381 | 0.00338 | 1.000
22.5 |1 0.00152 | 0.00347 | 0.999 | 0.00376 | 0.00348 | 0.999
25 | 0.00159 | 0.00337 | 0.999 | 0.00365 | 0.00366 | 1.000
Outward Inward
j kj m; R2 kj m; R2
0 | 0.00874 | 0.00246 | 0.999 | 0.00455 | 0.00033 | 1.000
2.5 1 0.00876 | 0.00088 | 1.000 | 0.00463 | 0.00012 | 1.000
5 1 0.00860 | 0.00085 | 1.000 | 0.00464 | 0.00050 | 1.000
7.5 1 0.00854 | 0.00085 | 1.000 | 0.00474 | 0.00018 | 1.000
10 | 0.00846 | 0.00083 | 1.000 | 0.00477 | 0.00020 | 1.000
12.5 1 0.00837 | 0.00082 | 1.000 | 0.00486 | 0.00023 | 1.000
15 | 0.00832 | 0.00082 | 1.000 | 0.00492 | 0.00022 | 1.000
17.5 1 0.00832 | 0.00084 | 1.000 | 0.00496 | 0.00021 | 1.000
20 | 0.00812 | 0.00084 | 1.000 | 0.00502 | 0.00021 | 1.000

each lever angle into (12) (j = 0). Fig. 4.7 shows the muscle activity and the
force perception-change ratio with respect to the lever angle. Evidently, the
muscle activity and force perception-change ratio change slightly according to
the posture even when the same force is applied. The perceived force can be
calculated using the force perception-change ratio and (13). Fig. 4.8 shows the
relationship between the calculated perceived force, lever angle, and applied
force. Evidently, the perceived force increases logarithmically as the applied
force increases. Furthermore, the posture-changing effect according to the

lever angle on the perceived force is comparatively small. We calculated the
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estimated perceived force for each angle of the conventional lever using this

model and compared it with the measured perceived force.

The perceived force was measured using the magnitude estimation method

[48]. The experimental environment was the same as described in Section 4.2.3

and shown in Fig. 4.2. However, the excavator lever was used instead of the

force presentation lever. The experimental procedure is as follows:
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Fig. 4.8: Predicted perceived force with respect to lever angle and applied
force.

1. The subjects sit on the seat and hold the lever with their left hand.
Then, the subjects operate the lever to the target angle while looking at
the displayed gauge, which shows the present and target angles of the
lever, and holds the lever stationarily at the target angle for 5 s. Also,
the subjects memorize the magnitude of the perceived force at that time.

The first target angle is set to a standard angle. The display position
of the target angle on the gauge is always set to the center to prevent

the subject from judging the target angle using the gauge as much as
possible.
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2. The target angle is changed to the comparison angle, and the subject
operates the lever as in step 1. Afterward, the subject reports the mag-
nification of the perceived force for the comparison angle relative to the

perceived force for the standard angle.

3. The standard angle is 12° forward and backward and 10° outward and
inward. The comparison angles range from 6° to 20° forward and back-
ward and from 4° to 16° outward and inward with an interval of 2°.
The comparison angles are randomly displayed, and steps 1 and 2 are

repeated until each comparison angle is displayed five times.

The above tasks were performed forward, backward, outward, and inward.
The subjects were the same three subjects who participated in the experiment
described in Section 4.2.3, and informed consent was obtained. The subjects
practiced the experimental task for about 5 min before the experiment.

Fig. 4.9 shows the estimated and measured values of the perceived force for
each lever angle. The circles indicate the estimated perceived force, the trian-
gles indicate the measured perceived force, and the crosses indicate the reaction
force of the lever. The root mean square percentage error (RMSPE) between
the estimated and measured perceived force was determined to confirm the es-
timation accuracy. The cubic spline interpolation was used for the estimated
values because the ranges and intervals of the estimated and measured values
differed due to the experimental environment variation. The following are the
RMSPE values: 5.7% for 6°-20° forward, 6.0% for 6°-20° backward, 7.8% for
4°-16° outward, and 14.3% for 4°-16° inward.
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Fig. 4.9: Estimated and measured perceived forces of conventional lever.
Each value was normalized by the maximum value of the estimated perceived
force in four directions.

4.3 Verification of Lever Reaction Force De-
sign Considering Force Perception Char-
acteristics

4.3.1 Design of Lever Reaction Force

The reaction force of the lever was designed considering the force perception

characteristics using the constructed prediction model of the perceived force.
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Fig. 4.10: Proposed perceived and calculated reaction force characteristics.
Each value was normalized by the maximum value of the perceived force in
four directions.

Fig. 4.9 shows that the conventional force perception characteristics are non-
linear and asymmetric in all four directions: forward, backward, outward, and
inward. These unreasonable and complicated characteristics may cause dis-
comfort during the lever operation and make the excavator operation more
difficult. Thus, we propose linear and symmetric reaction force characteristics

in the forward, backward, outward, and inward directions. The reaction force
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characteristics were calculated numerically from the target perceived force us-
ing the constructed model, as described in Section 4.2. Furthermore, the max-
imum value of the target perceived force equivalent was set to that of the
conventional lever. Fig. 4.10 shows the proposed target perceived force and
the calculated reaction force necessary to realize it. The circles and crosses

indicate the proposed perceived and reaction forces, respectively.

4.3.2 Operating simulator of hydraulic excavator used
for operability evaluation

The operability of the proposed reaction force design was evaluated using the
operating simulator of a hydraulic excavator (Fig. 4.11). This simulator is
similar to the simulator used in the previous study [19] except for the lever,
seat, and display. The simulator was built using the game engine Unity, and the
excavator could be operated with the force presentation levers (Fig. 4.1). The
system of each operated joint of the hydraulic excavator was approximated as
the first-order lag system with the dead time in the simulator. The 3D model
of the excavator was created based on the CAD data of the 13-ton hydraulic
excavator manufactured by Kobelco Construction Machinery Co., Ltd. The
cab view of the excavator in the simulator was displayed on the screen. It has
been reported that the results were similar to those of the real excavator when
evaluating the digging work [19].

We investigated the presence of the cab view displayed on the screen and
system usability when using the simulator instead of a real excavator. The
reaction force characteristics of the force presentation lever were those of the
conventional lever of a hydraulic excavator. Four male subjects (average age:
23.5 + 1.7 years) who had experience operating a real excavator participated

in the experiment. Informed consent was obtained from the subjects, and their
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Fig. 4.11: Evaluation of the proposed perceived force characteristics using
the simulator. The image shows the subject performing the leveling task.
Informed consent was obtained from the individual for the publication of this
image.

health conditions were verbally enquired. The subjects performed the leveling
tasks by the simulator and answered the questionnaire. The leveling task
entails moving the bucket tip parallel to the ground (Fig. 4.12). Herein, the
bucket angle was fixed, and the leveling work was performed only by operating
the boom and arm. The leveling task, which involved pulling and pushing, was
repeated 10 times. The presence of the cab view displayed on the screen was
evaluated using four items (“presence,” “powerfulness,” “comfortableness,”
and “depth”) by referring to an evaluation questionnaire for the presence of
a wide-field still image [50]. Each item was answered with a 7-point scale
from 1 to 7, corresponding to “Bad,” “Poor,” “Fairly poor,” “Fair,” “Fairly
good,” “Good,” and “Excellent.” The system usability was evaluated using
the System Usability Scale (SUS) [51]; a 10-item questionnaire for measuring

a system’s usability with a score ranging from 0 to 100.

23



Boom

Arm

=

$o
éb -

Fig. 4.12: Lever operation during the leveling task.

Table 4.3: Mean scores (standard deviation in parenthesis) for the presence
of the cab view and system usability.

Item Mean score (standard deviation)
Presence 5.00 (1.22)
Powerfulness 4.25 (0.83)
Comfatableness 5.50 (0.87)
Depth 3.75 (0.83)
SUS 80.00 (4.68)

Table 4.3 shows the mean scores for the presence of the cab view and system
usability. Each number in parentheses represents the standard deviation. The
mean scores of “presence” and “comfortableness” exceeded five points, corre-
sponding to “Fairly good.” The mean score of “powerfulness” exceeded four
points, corresponding to “Fair,” and that of “depth” was below four points.

By performing the Student’s one-sample ¢-test for the SUS score, a significant
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difference from the test value of 68 (the standard average of SUS score) was
confirmed. Although there was no room for improvement in the presence of
the cab view, the system usability was high enough that the simulator could

be used to evaluate the lever’s operability instead of the real excavator.

4.3.3 Experimental Protocol

The operability of the excavator was evaluated using the simulator to verify the
effectiveness of the proposed reaction force design. The leveling task, involving
pulling and pushing, was repeated 10 times in the experiment. Fig. 4.11 shows
a subject performing the leveling task. Seven male subjects (average age: 23.1
+ 1.4 years) who had no excavator experience participated in the experiment.
Informed consent was obtained from the subjects, and their health conditions
were verbally enquired. Before the experiment, the subjects underwent one
training session, in which the operating speed was controlled by reproducing
the leveling operation performed by the expert on the simulator with the gauge
of the lever operation amount assigned to the subjects. The leveling task
was practiced 10 times by each of the inexperienced subjects. Three reaction
forces were randomly applied for each subject: the proposed, conventional, and
zero reaction forces. The conventional reaction force characteristics are the
reaction force characteristics of the conventional hydraulic excavator’s lever
(Fig. 4.9). Herein, the operability of an excavator is considered from the
following viewpoints: 1) how accurately the operators can operate, 2) how
not tired they are during the operation, and 3) how much they can operate as

they wish. The evaluation indices for operability are as follows.

e Mean bucket trajectory and dispersion of bucket trajectories: These in-

dices were calculated using dynamic time warping (DTW) [39], a method
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for calculating the dissimilarity between two time-series data, and DTW
barycenter averaging [38], a method for calculating the average time-

series data.

e Time: The time required for one leveling task was considered. This index

was used to confirm whether the operation time was controlled.

e Mean absolute error (MAE): The mean absolute distance between the
bucket tip and ground during one leveling task was calculated using the

following equation.

N
1
MAE =3 lul, (20)

i=0
where |y;| is the absolute distance between the bucket tip and the ground,

and N is the number of samples of data measured in one leveling task.

e Workload: The workload is the average score of six items in the Japanese
version [34] of NASA-TLX [52]. The items were measured on a 101-point

scale from 0 to 100.

e Sense of agency (SoA): The average score of 11 out of 21 items in the
SoA scale for heavy machine operation [53], excluding items unrelated
to the leveling task of the experiment, was considered. The items were

measured on a 7-point scale from 1 to 7.

The questions for examining the workload and SoA are listed in Tables 4.4 and

4.5, respectively.
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Table 4.4: Questions for examining the workload.

No. | Item

1 | How much mental and perceptual activity was required?

2 | How much physical activity was required?

3 | How much time pressure did you feel due to the pace at which
the tasks or task elements occurred?
4 | How successful were you in performing the task?
5 | How hard did you have to work to accomplish your level of
performance?
6 | How irritated, stressed, and annoyed versus content, relaxed,
and complacent did you feel during the task?

Table 4.5:  Questions for examining the sense of agency.

No. | Item

I operate the machine instinctively without thinking.

I operate the machine as if moving my arms and legs.

I can control and grasp the position of the machine’s attach-
ment or blade.

4 |1 feel the machine moves in correspondence to my lever
operation.

5 | I can operate according to the work process or goal I
anticipated.

6 | I can operate based on the machine’s characteristic (inertia of
the machine’s movement, the machine’s width, etc.)

7 | I feel my operation is good.

I feel as if I could cause movement of the machine.

9 | I feel as if I could control the movements of the machine.

10 | The machine is obeying my will and I can make it move just
like T want it.

11 | I operate the machine carefully.

W N =

oo

4.3.4 Result

Fig. 4.13 shows the mean bucket trajectory and dispersion of the trajectory
during the leveling task (pulling direction) for subjects A, B, F, and G as an

example. The solid gray lines indicate the mean trajectory with no reaction
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Fig. 4.13: Mean bucket trajectory in leveling task for each subject (pulling
direction).
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force, and the solid blue lines indicate the mean trajectory as per the con-
ventional reaction force. Furthermore, the solid red lines indicate the mean
trajectory as per the proposed reaction force. The semitransparent areas in-
dicate the bucket trajectory dispersion. Also, the black dotted lines indicate
the ground level. The results show that the trajectories achieved by applying
the proposed reaction force are smooth curves and tend to be the closest to
the ground. Fig. 4.14 shows the dispersion of the bucket trajectories in the
pulling direction of the leveling task for each subject and the mean dispersion
for all subjects. The asterisks on the graph indicate significant differences (*:
p < 0.05, ¥ p < 0.01, one-way analysis of variance [ANOVA] followed by
the Student’s t-test with adjusted p values by the Holm method [54]). The
dispersion for the proposed reaction force was the smallest though there was

no significant difference between the three conditions in the mean dispersion

of the trajectories of all subjects.

Fig. 4.15 shows the averages of the time, MAE, workload, and SoA for all
the subjects. The error bar represents the standard deviation of the values for
all subjects. The p values on the graph indicate significant differences at the
5% level (one-way ANOVA followed by the Student’s ¢-test with adjusted p
values by the Holm method [54]). There was no significant difference in the
time between the three conditions because the operating speed was controlled
in the experiment. It was confirmed that the MAE for the proposed reaction
force was significantly less than that for the other. There was no significant
difference in the workload between the three conditions, but the workload
for the proposed reaction force was the least. Furthermore, the SoA for the
proposed reaction force was significantly lower than that for the other. These
results suggest that the linear and symmetric reaction force design improves

the working accuracy and SoA.
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Fig. 4.15: Evaluation results for each reaction force characteristics in the
leveling task.

4.4 Discussion

In this study, we conducted an experiment in which subjects answered their
perceived force during the lever operation. We also constructed a model to
predict the perceived force from the muscle activity estimated based on the
posture and reaction force during the lever operation. This method has been
proposed to estimate the perceived steering wheel operation force [32]. It has
also been shown to be capable of explaining the force perception bias during
the steering wheel operation [33]. We considered that this method could be
applied to estimate the perceived force during the lever operation and designed

the experiment for this study.

The perceived force differs depending on the operating direction, even for
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identical magnitudes of the lever reaction force (Fig. 4.3). Meanwhile, Fig. 4.8
shows that the perceived force is less affected by the lever angle in all operating
directions. Fig. 4.6 indicates that muscle activity has the same tendency as
the perceived force. These results are supported by the fact that the magni-
tude of effort is strongly correlated with the judgment of force, as reported
by McCloskey et al. [29], and by the neurophysiological evidence that muscle
activity and sense of effort are correlated, as reported by Morree et al. [31].
Fig. 4.9 shows the estimated and measured values of the perceived force for
each lever angle. The perceived force can be estimated with RMSPE values of
5.7% and 6.0% in the range of 6°-20° forward and backward, respectively, and
7.8% and 14.3% in the range of 4°~16° outward and inward, respectively. This
result indicates that the subjectively perceived force during the lever operation
can be predicted computationally. When using conventional techniques, it is
necessary to conduct an experiment in which the subjects report the perceived
forces for all lever angles to conventionally obtain the force perception charac-
teristics during the lever operation. Furthermore, the perceived force can be
computationally estimated from musculoskeletal simulation without subject
experimentation using the proposed method. The proposed method allows us
to obtain the force perception quantity at a lower experimental cost than the
conventional method. Fig. 4.10 shows the proposed perceived and calculated
reaction forces. As mentioned above, the perceived force characteristics dif-
fer depending on the operating direction. The reaction force characteristics
vary directionally when the force perception characteristics are identical in all
directions. Furthermore, the relationship between the reaction and perceived
forces can be roughly explained by the Weber—Fechner law [40], regardless of
the lever angle because the effect of the lever angle on force the perception is

small. Therefore, the calculated reaction force is approximately proportional
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to the exponential function of the lever angle. In this study, we hypothesized
that the reaction force design in which the perceived force varies linearly with
the lever angle improved the operability of the leveling operation of the exca-
vator. Indeed, our results verify this hypothesis. Fig. 4.13 shows an example
of the bucket trajectory. As per the proposed force perception characteristics,
the trajectory is the closest to the ground and is a smooth curve. The results
in Fig. 4.15 indicate that the linear and symmetric reaction force design im-
proves the working accuracy and SoA in the leveling operation. These results
may be attributed to the proper design of the force perception characteristics

of the lever. Consequently, this finding supports the study’s hypothesis.

However, the perceived force estimation method used for the reaction force
design in this study has some limitations. First, the proposed method does
not consider individual differences, such as the operator’s physique and opera-
tional proficiency. The perceived force was estimated in the fixed posture using
a standard human musculoskeletal model. However, the parameters, such as
bone length and origin of each muscle, differ per person, and the operating pos-
ture also changes depending on the physique. Since the method adopted in this
study depends on the simulation accuracy of the muscle activity, if the human
body model is hugely different from the operator’s physique, the estimation
accuracy of the perceived force may decrease. Moreover, we did not verify the
effectiveness of the proposed reaction force characteristics for operators who
are accustomed to the lever of the conventional reaction force characteristics.
The skilled and nonskilled operators may operate the same lever in different
postures and with varying usages of muscles. Muscle co-contraction controls
the joint stiffness [55] and helps humans realize accurate movements [56, 57|.
Osu et al. showed that co-contraction gradually decreases during the learn-

ing process of a new motor task [58]. This finding suggests that the skilled
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operator operates the lever with less muscle force. Since co-contraction is not
considered in the musculoskeletal simulation used in the proposed method, the
estimation accuracy of muscle activity may decrease, especially for operators
who are unaccustomed to operating excavators. Using a musculoskeletal model
suitable for the operator’s physique and considering muscle co-contraction is
essential for improving the estimation accuracy of muscle activity. Also, it
is necessary to verify the effectiveness of the proposed perceived force char-
acteristics for an operator who is sufficiently accustomed to the lever of the
conventional perceived force characteristics. Second, only static musculoskele-
tal simulations were performed in this study. However, in reality, the lever
operation involves dynamic postural changes. Mitchell et al. reported that
dynamic exercises involve changes in muscle length and joint movement with
rhythmic contractions, resulting in reduced intramuscular forces compared to
those involved in static exercises [59]. Muscle activity characteristics differ
depending on whether the movement is dynamic or static. Dynamic muscu-
loskeletal simulations require sophisticated algorithms. Third, although the
results of efferent signals, i.e., muscle activity, were used to estimate the force
perception in this study, afferent signals from muscle spindles and peripheral
skin receptors are also essential factors in determining a sense of force [60-62].
As described in Section 4.1, muscle activity as a sense of effort can be used to
predict the sense of force. However, Phillips et al. proposed that the sense of
force should be predicted based on the sense of effort and the afferent feedback
from the periphery [63]. Monjo et al. proposed that humans do not perceive
only efferent or afferent signals as a sense of effort; in fact, the sense of effort
is perceived by changes in the balance of the two signals according to the ex-
perimental conditions [64]. The sense of force may be altered by the influence

of afferent signals from peripheral skin receptors due to skin vibration and
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deformation in the case of a lever in the cab to which the engine vibration
transmits, or a lever implemented with vibration feedback [65,66] or skin de-
formation feedback [67-69]. Hence, it is essential to consider afferent signals
from muscle spindles and peripheral skin receptors to improve the estimation
accuracy of force perception. Fourth, the force perception in the combined op-
eration of the longitudinal and lateral directions remains unverified. It may be
difficult to perceive the reaction force in the longitudinal and lateral directions
independently due to the duplication between the active muscles when operat-
ing the lever in these directions. Building a lever corresponding to two axes is
necessary because the force presentation lever used in this study has only one
axis. A lever reaction force design more suitable for determining the human
force perception characteristics can be realized by solving these problems.
Moreover, in this study, only the simulator was used to verify the operabil-
ity of the proposed reaction force lever, and it is uncertain whether the same
results can be obtained in the real excavator. The verification using a real

excavator will be included in future work.

4.5 Conclusion

In this study, we proposed a lever reaction force design considering human
force perception characteristics. We estimated the force perception character-
istics in operating a lever of an excavator by muscle activity estimation using
musculoskeletal simulation. The results showed that the perceived force in the
lever operation could be computationally predicted. We evaluated the lever
reaction force characteristics designed based on the clarified force perception
characteristics. Furthermore, we confirmed that the reaction force design in

which the force perception characteristics are linear and symmetric in each
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direction improved the operability of the excavator’s leveling operation. In the
future, we will estimate the perceived force considering the combined operation
of the longitudinal and lateral directions of the lever and evaluate the oper-
ability in other tasks, such as excavation work. Furthermore, we will verify

the operability of the proposed reaction force lever with a real excavator.
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Chapter 5

Conclusions

In this paper, we worked on the development of the operation training sys-
tem and the improvement of the operability of hydraulic excavators in order
to improve the operators’ skills of hydraulic excavators. The followings are
summaries and conclusions for each chapter of the dissertation.

In Chapter 2, we developed the operation training system using an RC toy
excavator and VR technology with the same viewpoint and operating interface
as a real excavator. We investigated the dynamic characteristics of the RC toy
excavator used in the developed system. The results showed that the dynamic
characteristics of the RC toy excavator are significantly different from those
of the real excavator. Next, we evaluated the operability and presence of the
developed system by questionnaire. The results indicate that the experienced
operators find it more difficult to operate the RC toy excavator and tend to
give lower scores for presence and comfort. The reason for these results may
be that the experienced operators felt a sense of incongruity in the RC toy
excavator that differs in operability and visibility from real excavators.

In Chapter 3, we verified indices that can quantitatively evaluate the op-
eration skill of a real excavator using the RC toy excavator. We calculated

evaluation indices for lever operation and bucket movement during excavation
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using the proposed system and a real excavator. Although the dynamics were
largely different, the results showed a high correlation between the RC toy ex-
cavator and real excavator in some operations and suggested that the proposed
system could evaluate the operational skills with regard to the correspondence

between the direction of the lever and the joint angle of the excavator.

In Chapter 4, we proposed a lever reaction force design considering human
force perception characteristics. We estimated the force perception character-
istics in operating a lever of an excavator by muscle activity estimation using
musculoskeletal simulation. The results showed that the perceived force in the
lever operation could be computationally predicted. We evaluated the lever
reaction force characteristics designed on the basis of the clarified force percep-
tion characteristics. In addition, we confirmed that the reaction force design
in which the force perception characteristics are linear and symmetric in each
direction improved the operability of the leveling operation of the excavator.

However, the operation training system and the lever reaction force design
method proposed in this paper have some limitations. There are following two
limitations to the proposed training system. First, the proposed system does
not completely reproduce the operability of the real excavator. The dynamic
characteristics of the RC toy excavator are significantly different from those of
the real excavator. Moreover, the operation interface was reproduced with the

gaming joysticks that have different stiffness from the real lever.

Second, the proposed system does not completely reproduce the field of
view from the operator’s seat. We replaced the original human vision by the
HMD and omnidirectional camera with much lower resolution than the hu-
man eye. The current system was not capable of providing depth information.

Nevertheless, the evaluation of depth perception was not much worse because
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the depth was perceived in a monocular image with the help of environmental
conditions such as lighting, shadows, etc. In addition, the latency of the visual
system has a great influence on visual immersion. In order to enable more effec-
tive training and accurate skill evaluation, it is necessary to closely reproduce

the operability and visibility of real excavators in the RC toy excavator.

Third, this study is limited to the evaluation of the operation skills of
hydraulic excavators using the RC toy excavator, and it has not been verified
whether effective training can actually be performed using it. It is necessary
to verify the training effect of the RC toy excavator by observing the changes

in the operation skills over time with such training.

There are following four limitations in the proposed lever reaction force
design method. First, the proposed method does not consider individual dif-
ferences, such as the operator’s physique and operational proficiency. The
perceived force was estimated in the fixed posture using a standard human
musculoskeletal model. However, the parameters, such as bone length and ori-
gin of each muscle, differ per person, and the operating posture also changes
depending on the physique. Since the method adopted in this study depends
on the simulation accuracy of the muscle activity, if the human body model is
hugely different from the operator’s physique, the estimation accuracy of the
perceived force may decrease. Moreover, we did not verify the effectiveness of
the proposed reaction force characteristics for operators who are accustomed
to the lever of the conventional reaction force characteristics. The skilled and
nonskilled operators may operate the same lever in different postures and with
varying usages of muscles. Muscle co-contraction controls the joint stiffness [55]
and helps humans realize accurate movements [56,57]. Osu et al. showed that
co-contraction gradually decreases during the learning process of a new motor

task [58]. This finding suggests that the skilled operator operates the lever
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with less muscle force. Since co-contraction is not considered in the muscu-
loskeletal simulation used in the proposed method, the estimation accuracy of
muscle activity may decrease, especially for operators who are unaccustomed
to operating excavators. Using a musculoskeletal model suitable for the opera-
tor’s physique and considering muscle co-contraction is essential for improving
the estimation accuracy of muscle activity. Also, it is necessary to verify the
effectiveness of the proposed perceived force characteristics for an operator
who is sufficiently accustomed to the lever of the conventional perceived force

characteristics.

Second, only static musculoskeletal simulations were performed in this
study. However, in reality, the lever operation involves dynamic postural
changes. Mitchell et al. reported that dynamic exercises involve changes in
muscle length and joint movement with rhythmic contractions, resulting in re-
duced intramuscular forces compared to those involved in static exercises [59].
Muscle activity characteristics differ depending on whether the movement is
dynamic or static. Dynamic musculoskeletal simulations require sophisticated
algorithms.

Third, although the results of efferent signals, i.e., muscle activity, were
used to estimate the force perception in this study, afferent signals from muscle
spindles and peripheral skin receptors are also essential factors in determining
a sense of force [60-62]. As described in Section 4.1, muscle activity as a
sense of effort can be used to predict the sense of force. However, Phillips et
al. proposed that the sense of force should be predicted based on the sense of
effort and the afferent feedback from the periphery [63]. Monjo et al. proposed
that humans do not perceive only efferent or afferent signals as a sense of effort;
in fact, the sense of effort is perceived by changes in the balance of the two

signals according to the experimental conditions [64]. The sense of force may
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be altered by the influence of afferent signals from peripheral skin receptors
due to skin vibration and deformation in the case of a lever in the cab to
which the engine vibration transmits, or a lever implemented with vibration
feedback [65,66] or skin deformation feedback [67-69]. Hence, it is essential to
consider afferent signals from muscle spindles and peripheral skin receptors to

improve the estimation accuracy of force perception.

Fourth, the force perception in the combined operation of the longitudinal
and lateral directions remains unverified. It may be difficult to perceive the
reaction force in the longitudinal and lateral directions independently due to
the duplication between the active muscles when operating the lever in these
directions. Building a lever corresponding to two axes is necessary because
the force presentation lever used in this study has only one axis. A lever
reaction force design more suitable for determining the human force perception

characteristics can be realized by solving these problems.

Finally, the future prospects are described. In recent years, telework will be
promoted from the perspective of workstyle reforms and infectious disease con-
trol. And also, with the development of I'T systems, digital matching services
that are different from conventional industries such as Uber have appeared,
and the variety of working styles is expanding. In the construction industry, it
is essential to secure and retain new employees due to the effects of the declin-
ing birthrate and aging population. It is expected that the system that enables
telework will transform the construction industry into a site where anyone can
work anywhere. Therefore, the teleoperation of construction equipment is no-
ticed in the construction industry. Ito et al. have developed a cross-platform
cockpit system for teleoperated excavators [12]. We would like to construct an
environment that can easily carry out the operation training of the teleoper-

ated excavator by enabling the operation of the RC toy excavator using this
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cockpit system. And also, since there is less information to be fed back in the
teleoperation of the excavator in comparison with the boarding operation, the
technology which supplements these is necessary. We would like to propose
a more intuitive force feedback method using the lever reaction force design

method considering force perception characteristics proposed in this study.
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Chapter 6

Appendix

6.1 DTW

The DTW is a method of calculating the distance between two time series of
different lengths. An example of using the DTW algorithm to calculate the dis-
tance of two time series data (A = {ay, a9, ,a;}, and B = {by,ba,--- ,bs})

is presented below.

Step 1 The distance d(aq, b;) between a; and b is calculated; this is the

DTW distance D(1,1).

Step 2 The DTW distance D(i, 1) is calculated in order as follows:
D(i,1) = D(i — 1,1) + d(a;, by). (21)
i=23,- I (22)

Step 3 The DTW distance D(1,7) is calculated in order as follows:
D(1,5) = D(1,7 — 1) + d(a1, b;). (23)
Jg=2,3,---,J. (24)
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Step 4 The DTW distance D(i,7) is calculated in order as follows:

D(Zaj - 1)
i=2,3, I, j=23-,J (26)

Then, D(I,J) is the DTW distance of time series A and B. The smaller this
value, the more similar will the two time series data be. The correspondence
between the points of time series A and B was obtained by calculating D(I, J)
and is called the warping path.

In this study, the distance function d(a;,b;) could be varied according to
the type of time series data. The distance in 3D Euclidean space, which is
expressed by the following equation, was used to handle the 3D trajectory

data.

d(ai, b]) =
(27)
\/(Gil —bj1)? + (aig — bj2)? + (@3 — bj3)*.
a; = (ail, a2, Gz‘3), bj = (bjh bj2, bj3)- (28)

The value obtained by dividing the calculated DTW distance by the number
of elements of the warping path was considered as the dissimilarity between
the two trajectories to eliminate the influence of the number of elements in the

trajectory data.

6.2 DBA

The DBA is a method of calculating the average time series of multiple time
series data. An example of using the algorithm to calculate the average of
the three time series (A = {ay,a9,--- ,a;}, B = {b1,ba,--- ,b,}, and C =

{c1,¢2,+++ ,ci}) is presented below.
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Step 1 Let us consider the arbitrary time series data as the provisional

average time series data M = {my,ma, - ,mpy}.

Step 2 The warping path of the average time series data and each time

series data are calculated using the DT'W method.

Step 3 Each point in the average time series is updated to the average
value of points in each time series correlated by the warping path.

For example, m;, is updated with the warping path using the following
expression with respect to data points a;, b;, and ¢, associated with data point

mp.

ai+bj+ck

3 (29)

mp =

Step 4 Steps 2 and 3 are repeated until the average time series converges.
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