robotics

Article

Optimization of Link Length Fitting between an Operator and a
Robot with Digital Annealer for a Leader-Follower Operation

Takuya Otani 1.#(  Atsuo Takanishi 2, Makoto Nakamura 3 and Koichi Kimura 3

check for
updates

Citation: Otani, T.; Takanishi, A.;
Nakamura, M.; Kimura, K.
Optimization of Link Length Fitting
between an Operator and a Robot
with Digital Annealer for a
Leader-Follower Operation. Robotics
2022,11,12. https://doi.org/
10.3390/robotics11010012

Academic Editor: Thomas Bock

Received: 3 December 2021
Accepted: 5 January 2022
Published: 8 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Waseda Research Institute for Science and Engineering, Waseda University, Tokyo 169-8555, Japan
Department of Modern Mechanical Engineering, Waseda University, Tokyo 169-8555, Japan;
takanisi@waseda.jp

3 Fujitsu Ltd., Tokyo 105-7123, Japan; marumakan@fujitsu.com (M.N.); k.kimura@fujitsu.com (K.K.)
Correspondence: t-otani@aoni.waseda.jp

Abstract: In recent years, the teleoperation of robots has become widespread in practical use. How-
ever, in some current modes of robot operation, such as leader-follower control, the operator must
use visual information to recognize the physical deviation between him /herself and the robot, and
correct the operation instructions sequentially, which limits movement speed and places a heavy
burden on the operator. In this study, we propose a leader-follower control parameter optimization
method for the feedforward correction necessitated by deviations in the link length between the robot
and the operator. To optimize the parameters, we used the Digital Annealer developed by Fujitsu
Ltd., which can solve the combinatorial optimization problem at high speed. The main objective was
to minimize the difference between the hand coordinates target and the actual hand position of the
robot. In simulations, the proposed method decreased the difference between the hand position of
the robot and the target. Moreover, this method enables optimum operation, in part by eliminating
the need for the operator to maintain an unreasonable posture, as in some robots the operator’s hand
position is unsuitable for achieving the objective.

Keywords: robot; teleoperation; optimization; quantum annealing; Digital Annealer

1. Introduction

During the last few decades, the demand for robot teleoperation in various workspaces
has been increasing across a number of fields: from industry to service robotics [1,2].
Teleoperation is useful in complicated environments, including surgical procedures in
humans, because it is still difficult for a robot to recognize the environment, avoid collisions
with some furniture and humans, and perform tasks automatically.

Several studies have been conducted to improve the teleoperation quality of robots.
Some researchers have used controllers to measure the target values of the robot. Sian et al.
proposed a whole-body motion generator with joysticks for commanding walking [3].
Shi et al. proposed inverse kinematics-based trajectory planning of a serial robotic arm with
a simplified leader robot for measuring surgical operation [4]. Gonzalez et al. proposed a
teleoperation method with augmented reality and a haptic feedback device for a car body
surface treatment [5]. More precise and operable teleoperation requires more inputs from
an operator. Therefore, a leader-follower controller (previously known as a master-slave
controller) is used in various teleoperation. With a leader-follower controller, link positions,
orientation or joint angles of the operator were measured and used as commands for the
robot. However, with the conventional leader-follower controller, an operator must pay
careful attention to the movement of the robot and must sequentially visually recognize and
modify the robot’s movement. Wang et al. investigated the reaction times between joint
space and task space inputs with an exoskeletal motion-capture device, and confirmed that
most subjects adapted to task space mapping faster than joint space mapping after similar
amounts of practice [6]. Without practice it was impossible to increase the movement speed
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above a certain level due to delays both in the operation of the robot and in updating the
camera image to allow the operator to recognize the movement of the robot. A leader-
follower controller especially requires visual-feedback if there is a difference between
the robot and the operator in the number of joints, size of links and/or movable speed.
Humanoid robots with the same number of joints and size as humans are easy for the
operator to operate due to feeling similar to his/her own body, but these robots are very
complicated and expensive, and are thus difficult to implement in the real world. Therefore,
a technique for correcting the structural difference between the operator and the robot is
required. One method that does not consider structural differences calculates the robot
joint angle by performing inverse kinematics calculations based on the position and posture
of the controller as the operator’s hand sends command values to the robot [7]. This
focuses on the operability of the hand position, which is important during work and is easy
to implement. However, since only the hand position and posture can be manipulated,
moving only the elbow position to avoid obstacles in front of the work target, for example,
is not possible. In order to improve operability, it is necessary to consider the movements
of some of the operator’s links and joints. The use of optical motion capture technology
to measure the position of each part of the operator is a general method for acquiring
more physical information [8]; infrared reflection markers are attached to each part of
the operator’s body and reflect infrared rays provided in the surrounding environment;
detection of the reflected rays allows the determination of the position of each marker.
Recent developments also include attaching an inertial measurement unit to each part of the
body in order to measure posture and estimate a human pose by analyzing an image taken
from the outside [9,10]. Digo et al. used optical motion capture and inertia measurement
sensors to evaluate the motion of upper limbs during typical industrial gestures of pick and
place [11]. In either method, it is important to associate a part/joint of the operator with
the part/joint of the robot whose structure is different from that of humans. Regarding
the correction of the difference in the number of joints between the operator and the robot,
there is a matching technique that reflects only the movements of the dominant joints
of a human to the movements of the robot joints [12]. This has also been studied in the
operation of virtual-reality characters [13].

Furthermore, if the link size of the operator and the robot is different, a movement
such as extending the arm to a certain target also causes the operator and the robot to have
different hand positions, which reduces operability. Nakamura et al. proposed a minimal-
delay, self-body image update method for augmented reality, and investigated how humans
learned the body link length [14]. There is a method for measuring and accounting for size
differences between the operator and the robot in advance and accounting for them at the
time of operation, but it takes time and effort to implement [15]. Optimization techniques
have been used in teleoperation for high operability, however, most of them focused on
trajectory optimization rather than joint operation. Gomes et al. proposed a humanoid
whole-body movement optimization method with motion retargeting from the human to
the robot according to the link-length ratio between them [16].

In this study, we propose a parameter optimization method for feedforward correction
of the deviation of the link length between the robot and the operator in the leader-follower
controller; our method synchronizes the robot with the movement of the operator without
using visual feedback and/or practice. Specifically, the correction parameters are obtained
by having the operator perform several types of target movements prepared in advance,
and then using these data to solve the optimization problem in order to minimize the
deviation from target hand coordinates. By applying the optimized correction parameter
set during real-time teleoperation, it is possible for the operator to perform the expected
operation by natural movement and without requiring visual feedback, and it will decrease
the mental burden and/or proficiency required for operation.

This study has two main components: The first is the proposal of an operating method
that compensates for the difference in link length between the operator and the robot, and
accomplishes the intended operation by measuring only the joint angle of the operator.
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This method optimizes the pose that the operator wants to take when trying to perform a
certain movement. Therefore, the operator does not have to be in the same pose as the robot,
and operation can be made easy by considering the operator’s own physical movement.
Second, regarding robot teleoperating technology, this study is the first, as far as we know,
to use quantum annealing technology. Although it is rarely used in the robotics field, it
is a technology that should be promoted in the future because it can perform large-scale
optimization at high speed. This paper aims to set the precedent.

The remainder of this paper is organized as follows: in Section 2, we describe a
parameter optimization method for feedforward correction of the deviation in link length
using quantum annealing; in Section 3, we present the simulation results; Section 4 is the
discussion; finally, in Section 5, we present our conclusions.

2. Materials and Methods
2.1. Approach

In a general leader-follower controller, the robot controls the joint angle using the joint
angle of the operator as the target value; in this research, the compensation parameter
to be multiplied by each of the operator’s joint angles is used as a framework during
operation. In order to determine this compensation parameter prior to operation, the
operator performs a sample motion to create a dataset of the operator joint angle with
respect to the target hand position coordinates. Parameters are identified by minimizing
the difference between the target and the robot hand position coordinates. As a result, the
robot can be operated by measuring only the joint angle of the operator. As a simplified
robot model, consider a two-link robot arm that operates on a horizontal plane. Using
general forward kinematics calculations, the hand position horizontal plane coordinates
(x, y) of the 2-link robot arm are expressed by Equations (1) and (2) (Figure 1):

X = Luppemrm COS(Gshoulder) + Lforeurm COS(Bshoulder + eelbow) (1)

y= LMPPEMTm Sin(eshoulder) + Lforearm Sin(gshoulder + eelhow) (2)

where Lypperarm is the length of the upper arm, L yreqyy, is the length of the forearm, Ogp0u14cr
is the joint angle of the shoulder in the horizontal plane and 6,3, is the joint angle of the
elbow in the horizontal plane.

shoulder N

X

Figure 1. Schematic view of conventional leader-follower teleoperation for a robot arm with a
different link ratio. Black lines represent the operator’s arm, and blue lines represent the robot arm.
Although the operator wants to reach just in front of him /herself, the robot hand does not reach this
point. Normally, geometric compensation is made by measuring the human link length or by practice
with visual feedback.
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By modifying Equations (1) and (2) with compensation parameters, the horizontal
plane coordinates (Xcomp, Ycomp) can be expressed by Equations (3) and (4) (Figure 2):

Xcomp = Lupperarm c0s(KshoutderOshoutder) + L forearm c0s(KsnoutderOshoutder + KetvowOetvow) (3)

Yeomp = Luppemrm Sin(Kshouldereshoulder) + Lforearm Sin(Kshouldereshoulder + Kelhoweelbow) 4

where Kgjouider i the compensation parameter of the shoulder joint and Ky, is the
compensation parameter of the elbow joint.

(X comp? Y comp)

Kelbow 9eu‘)ow

Kshoulder gshoulder

O X

Figure 2. Schematic view of proposed leader-follower teleoperation for a robot arm which has a

different link ratio. Black lines represent the operator’s arm, and red lines represent the robot arm.
For reaching the operator’s objective, the robot arm moves with the compensation parameters for the
joint angles.

2.2. Implementation of Digital Annealer

There are various optimization methods, but in this research, we considered optimiza-
tion of the combinatorial problem of the joint angle compensation parameters of some joints
and used a Digital Annealer [17] to solve the combinatorial optimization problem at high
speed. The Digital Annealer hardware was developed by Fujitsu Ltd., and was inspired by
quantum annealing, specifically for solving evaluation function quadratic unconstrained
binary optimization (QUBO). It enables faster computation of QUBO than conventional
methods, such as simulated annealing [18]. Digital Annealer has been used to solve large-
scale combinatorial optimization problems. Maruo et al. used Digital Annealer to optimize
a 2-D magnetic array to maximize induced voltage in coils placed above the array [19].
Rahman et al. proposed an Ising model formulation in Wi-Fi-based positioning [20]. Digital
Annealer has not yet been used in the robotics field.

The QUBO model for describing the combinatorial optimization problem is expressed
in Equation (5):

n 1
E, = Z Z ci]'xixj (5)
i=1j=1

where ¢;; is the coefficient and x is the binary. In this study, since the compensation
parameter for each joint of the robot should be set within a finite range, the error between
the target value of the hand position and the robot’s current value should be minimized.
To achieve this, the optimized compensation parameters from the range were selected. As
a simplified model to calculate the compensation parameters of the joint angles, the QUBO
model was created based on an objective function and constraints. The objective function
Hopjective is formulated as the expression in Equation (6):

2
Hobjective = (Qtarget - %omp) 6)
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where Gtarget are the targeted hand position coordinates and Jcomp are the hand position
coordinates of the robot with the compensation parameters. Based on Equations (3) and (4),
Geomp (Xcomp, Yeomp) is formulated with the binary wjk in Equations (7) and (8):

num_link num_joint range

Xcomp = Z I; Z Z ajy. cos(rko;) (7)
i=1 =1 k=0

num_link num_joint range
Yeomp = 2 li Z Z OCjk sin(erj) (8)

i=1 j=1 k=0
where J; is the link length of i-link, 6; is the joint angle of jjoint and r is the resolution
of the compensation parameters in the range. For example, when the resolution of the
compensation parameters is 0.1 and the order of binary is 5, the compensated joint angle
is half of the operator’s joint angle. In addition, it should include a constraint function

Honstraint as in Equation (9):

joint_num range 2
Heonstraint = Z (1 - Z lx]'k) )
i k

The constraint function means that only one compensation parameter should exist for

each joint. The energy function H, for Hamiltonian, should be prepared from the objective
function and the constraint function as in Equation (10):

H = Hobjective + WHconstraint (10)

where w is a weighting factor between the objective function and the constraint function.
Translation from the optimization problem to the QUBO model consists of several steps:
(1) Formulate the energy function; (2) Encode the integer variables with binary variables;
(3) Obtain the QUBO matrix from the coefficients. Programming this translation may be
challenging when a complicated energy function, Equation (10), must be translated. We
used the Python library PyQUBO to easily move from Equation (10) to Equation (5) to
enable the building of the QUBO model [21]. The library completes steps (2) and (3) above;
therefore, users only need to prepare the objective function. After that, Digital Annealer
repeats for a number of iterations to minimize the energy of the model, thus finding the
compensation parameters as corresponding binaries.

2.3. Experimental Setup

We verified whether operating a fitting that does not require prior measurement of the
operator’s link length was possible in simulation. The average human upper- and forearm
lengths are 300 mm and 240 mm [22], respectively, with the forearm length about 80% of
that of the upper arm. If the robot’s upper arm to forearm length ratio is the same as that of
the operator, there is no operation error due to the difference in link size; based on this, a
2-link horizontal arm robot model with different parameters was prepared as the operation
target. The link length of the robot’s upper arm was twice as long as that of its forearm.
Arm movement objectives Goals A and B were set (Table 1).

As a simulated operator model, the inverse kinematics calculation was performed
assuming that the operator reached for the goal of a hand position, and the calculated
angles of the shoulder and elbow joints were the command values. Using the joint angle
command value for each target hand position as a data set, we searched for joint angle
correction parameters using Digital Annealer (the parameters for using Digital Annealer
were summarized in Table 2). The number of iterations affects the time for solving and
finding the global optimal solution without falling into a local optimal solution. In this
simulation, the number of iterations was set as 1,000,000 for finding the global optimal
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solution. After that, the obtained correction parameters were given to the robot model to
correct the joint angle command value, and the change in the hand coordinates was verified.

Table 1. Hand position Goals A and B.

Goal of Hand Position X Y

Ratio compared to whole arm length % 30 50
Goal A Human mm 162 270
Robot mm 135 225

Ratio compared to whole arm length % -30 50
Goal B Human mm —162 270
Robot mm —135 225

Table 2. Parameters for Digital Annealer in the simulation.

Parameters Values
Robot upper arm length mm 300
Robot forearm length mm 150
Resolution of compensation parameters r 0.03
Max. number of steps 100
Weighting factor w 10,000
Iteration number 1,000,000

3. Results

The following results are shown in Tables 3 and 4: parameters obtained, compensated
joint angles, target hand coordinates, and uncompensated and compensated robot hand
coordinates. Figures 3 and 4 show the simulation result for Goal A and B.

Table 3. Results of compensation parameters and joint angles.

Shoulder Elbow
Compensation parameters 2.40 1.20
Goal A Joint angles of an operator rad 0.23 1.92
Compensated joint angles rad 0.55 2.30
Compensation parameters 1.14 0.96
Goal B Joint angles of an operator rad 1.31 1.92
Compensated joint angles rad 1.49 1.84
Table 4. Results of simulations with and without compensation.
X mm Y mm
Target hand position of a robot 135 225
Goal A Robot hand position without 211 194
compensation
Robot hand position with compensation 112 201
Target hand position of a robot —135 225
Goal B Robot hand pos1t19n without _7 277
compensation
Robot hand position with compensation —124 271

From the results of the target hand position experiment for the total length of the robot
arm under each condition, it was confirmed that the parameters obtained in advance could
be used to approach the target hand coordinates simply by giving the joint angle command
to the robot.
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Figure 3. Simulation result for Goal A: yellow point represents the robot hand’s goal position; green
links represent the human arm; blue links represent the robot arm without compensation; red links
represent a robot arm with compensation.
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Figure 4. Simulation result for Goal B: yellow point represents the robot hand’s goal position; green
links represent the human arm; blue links represent the robot arm without compensation; red links
represent the robot arm with compensation.

4. Discussion

It is possible to control the robot’s hand coordinates with high accuracy by only
measuring the angle of each joint of an operator, and without measuring the link length or
the operator’s hand position. In this study, the operator and the robot were fitted, but the
arm movement was limited to the horizontal plane. Since most actual robot operations are
performed in a three-dimensional space, it is necessary to extend the proposed method to
three dimensions—this can change the problem depending on how the objective function is
determined. In order to extend to three-dimensional space, instead of calculating the hand
coordinates using geometric kinetics, a simultaneous transformation matrix can be used to
make a robot model with more degrees of freedom. When operating the arm for several
tasks, it is thought that more accurate and easier operation can be achieved by changing
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the compensation parameters according to the target hand position. When applying this
method to actual operation, it is necessary to deal with the fact that human movements
are generally not as reproducible as robots. The proposed method would be made more
effective by measuring movements several times and using the average value instead of
only measuring the sample pose once.

Also noteworthy, we asked the operators to move naturally and easily when perform-
ing a target pose in the simulation experiment. Therefore, the operator’s hand position
coordinates did not exactly match the target hand position. In the proposed method, the
operator being in a geometrically correct pose to achieve the target hand position does not
affect the hand position coordinates of the robot. Since compensation with the proposed
method is performed using a data set consisting of a certain target hand position coordinate
and the joint angle of the operator, the operator can assume the operating posture that
he/she finds most comfortable. This makes it easier to feedforward the operation so that
the operator can achieve the goal without using visual feedback.

In this paper, the optimization of link length fitting with Digital Annealer was pro-
posed, and it was confirmed that the global optimal solution could be found. The proposed
fitting method performs a parameter search before teleoperation. The current compensation
method takes too long to make it practical for real-world implementation; however, opti-
mizing for minimal or real-time parameter search would increase usability. As mentioned
above, the number of iterations affects the calculation time and helps avoid falling into a lo-
cal optimal solution. Moreover, the Digital Annealer can be used to increase the probability
of finding the optimum solution. If no bit-flip candidate is found, the escape from a local
minimum state is facilitated by adding the positive offset to the energy [17]. For decreasing
the calculation time, we will improve the number of iterations and implementation of the
Digital Annealer and compare the performance with other methods.

5. Conclusions

A parameter optimization method for feedforward correcting the deviation of the
link length between the robot and the operator in the leader-follower controller method,
without the requirement of visual feedback and/or practice was proposed. This method
can compensate not only for the differences in link length between an operator and a robot,
but also the differences between a target hand position and the operator’s pose.

In the future, we will compare the calculation time and accuracy to other methods,
expand to robot operation in three-dimensional space, proceed with verification of operabil-
ity, and attempt to compensate for operator’s own physical operation habits to determine
operator burden with the proposed method.
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