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This paper explores a performance of first-order
configuration prediction for redundant manipulators
based on avoidance manipulability in order to achieve
an on-line control of trajectory tracking and obstacle
avoidance for redundant manipulators. In the trajec-
tory tracking process, manipulator is required to keep
a configuration with maximal avoidance manipulabil-
ity in real time. Predictive control in this paper uses
manipulators’ future configurations to control current
configuration aiming at completing tasks of trajectory
tracking and obstacle avoidance on-line and simul-
taneously with higher avoidance manipulability. We
compare Multi-Preview Control with predictive con-
trol using redundant manipulator, and show the re-
sults through simulations. The effectiveness of predic-
tive control using first-order configuration prediction
is also validated in the case of not only straight target
trajectory but also curve target trajectory. In addition,
an influence of measurement noise on manipulator’s
joint angle is newly considered.

Keywords: configuration prediction, redundant manipu-
lators, avoidance manipulability, noise environment

1. Introduction

Over the past two decades, redundant manipulators
were used for various tasks, for example, welding, sealing
and grinding. These kinds of tasks require that the manip-
ulator plans its hand onto a desired trajectory (trajectory
tracking) and avoids its intermediate links, meaning all
comprising links of robot except the top link with the end-
effecter, from obstacles near the target object and also the
target object itself (obstacle avoidance). In job shop type
production of machine tool industry, a work with redun-
dant manipulators needs a lot of preparatory plans, and
therefore it is inefficient to complete the work. In order
to reduce them and improve efficiency, although we con-
sider a processing system as shown in Fig. 1, where the
camera scene area symbolizes the restricted information
of environment and it can repeat to recognize a part of un-
known target object through camera and complete manip-
ulator hand’s trajectory tracking for a recognizing part of
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Fig. 1. Processing system for unknown object.

object shape, it is necessary for redundant manipulator to
keep higher avoidance manipulability since it must avoid
successively-emerging obstacles and complete trajectory
tracking for the unknown target object.

For this problem, Multi-Preview Control [1] can re-
fer to many shapes of manipulator optimized by avoid-
ance manipulability to induce the current manipulator’s
shape [2], and avoid collisions with the obstacles. In order
to make the manipulator avoid obstacles and track work-
ing object successfully, we have defined Avoidance Ma-
nipulability Shape Index with Potential (AMSIP) [1] and
proposed Multi-Preview Control method which is based
on 1-step Genetic Algorithm (1-step GA) (please refer
to [3] about its detail) to calculate the future configura-
tion of imaginary manipulator. However, because Multi-
Preview Control cannot immediately compensate the er-
ror when manipulator is tracking trajectory or avoiding
obstacle, there are still the cases that manipulator cannot
avoid collision effectually. Moreover in actual working
situation, oscillation or overshoot on the tracking trajec-
tory of manipulator’s hand may occur because manipula-
tor has dynamics. For these problems, the prediction of
actual manipulator’s future configuration has possibility
to compensate a tracking error effectively. In other words,
predictive control of redundant manipulator considering
avoidance manipulability may realize quick and accurate
work. About the redundant part I(¢) which denotes in
control formula of Multi-Preview Control, we have pro-
posed a concept named predictive control which makes
the configuration of imaginary manipulator and the pre-
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Fig. 2. Concept of predictive control.

dictive configuration of actual manipulator closer [4,5].
It also means that the actual manipulator’s configuration
will be closer to the imaginary configuration to keep high
avoidance manipulability by using predictive configura-
tion as shown in Fig. 2. Although the effectiveness of
the first-order configuration prediction in the predictive
control was confirmed in the case of straight target tra-
jectory [4, 5], the case of curve target trajectory aiming at
realization of arbitrary target trajectory tracking with first-
order configuration prediction has not been considered.

In this paper, we show the performance of first-order
configuration prediction for redundant manipulator based
on AMSIP in the case of straight target trajectory and
curve target trajectory, and compare it to Multi-Preview
Control [6]. Moreover, in order to check the performance
of first-order configuration prediction of redundant ma-
nipulator under noise environment, an influence of mea-
surement noise on manipulator’s joint angle is newly con-
sidered. This paper is organized as follows. Sections 2
and 3 describe AMSIP and Multi-Preview Control respec-
tively. Section 4 gives first-order configuration prediction
in predictive control method as new method for configura-
tion control of redundant manipulator. Section 5 explores
the effectiveness of predictive control using first-order
configuration prediction in the case of not only straight
target trajectory but also curve target trajectory through
numerical simulation. Moreover the influence of mea-
surement noise on manipulator’s joint angle is considered.
Section 6 concludes this paper.

2. Avoidance Manipulability Shape Index with
Potential

We proposed Avoidance Manipulability Ellipsoid,
Avoidance Manipulability Shape Index (AMSI) in [7]
and AMSIP. Avoidance Manipulability Ellipsoid is ap-
plied from Manipulability Ellipsoid proposed by Prof.
Yoshikawa in [8]. We will elucidate them briefly in this
section. When the desired hand velocity 7,4 is given, g,
is solved as

g, =J g+ L, =TI, (D)
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where J! is the pseudo-inverse of Jacobean Matrix J,, and
I, is a nxn unit matrix. In addition, '7 is an arbitrary vec-
tor. Trajectory tracking of the hand and collision avoid-
ance can executed through this vector 'I. Here, control
variable ' is determined so as to make actual manipu-
lator’s shape at current time g(¢) closer to optimal shape
referring to the future optimal shapes of imaginary ma-
nipulators calculated by 1-step GA. The relation of the
desired velocity of the i-th link U4 and the desired hand
velocity 7,4 is shown in Eq. (2).

Vg =Jd g+ Tl = TI) ' .. (2)
Here we define two variables shown in Egs. (3) and (4).

A

Arg=rg—JT b, .~ . . . . ... 3

M 2T, —T ). . @
According to Egs. (2)-(4), A'Fj; is rewritten as

Alrg="M;'1. . . . ... ... ... 5

In Eq.(5), A'#;4 is called the first avoidance velocity and
IM; is a mxn matrix called the first avoidance matrix.
Next, we will represent the avoidance manipulability el-
lipsoid. Providing that 'I is restricted as ||'|| < 1, then
the extent where Al #;; can move is denoted as

AFLOMOT  MA Fg<1 . (6)

If rank('M;) = m, the ellipsoid represented by Eq. (6) is
named as the first complete avoidance manipulability el-
lipsoid. If rank('M;) = p < m, the ellipsoid is named as
the first partial avoidance manipulability ellipsoid. The
volume of each Avoidance Manipulability Ellipsoid in-
dicates mobility of each link (shape-changeability). The
larger total volume indicates the higher whole avoidance
manipulability. We evaluated total volume as AMSI. Then
we proposed AMSIP which considers AMSI and potential
meaning the distance between the manipulator and the tar-
get object. And we also verified the superiority of AMSIP
through the simulation in [1].

3. Multi-Preview Control

Multi-Preview Control controls current manipulators’
shapes by referring several imaginary manipulators’
shapes at several future times. As shown in Fig. 3, Multi-
Preview Control system consists of on-line measurement
block, path planning block, redundancy control block and
redundant manipulator. On the assumption that current
time is represented by #, and the future times are defined
as tf =t+if, (i € [1,p]) where 7 denotes preview time
and 7 is the number of future times. The measurement
block detects a desirable hand position r4(z;) on the sur-
face of the target object at time ¢, which is reasonably
assumed to be possible to detect the future information
only in the detected camera image in Fig. 3. Firstly, po-
tential space based on the detected shape of the target ob-
ject is created around it at the path planning block. Then
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Fig. 3. Multi-Preview Control system.

the path planning block outputs the optimal shape g,(t)
corresponding to the maximum 'S presented in [1] at the
future time #;. The control block outputs desired joint an-
gular velocity g,(¢) that makes actual manipulator’s shape
q(t) at current time closer to the optimal shape in the fu-
ture by referring to Y7, ,(t), where the optimal shape
q,(t) means imaginary manipulator’s shape and is de-
cided by using 1-Step GA [3]. 1-step GA is one of the ge-
netic algorithms (GAs). Although GA operation maybe
require long convergence time, this paper considers to
solve real-time optimization problem with multi-peak and
time-varying by means of 1-step GA, and it can calculate
a semi-optimal solution within a finite time of each con-
trol period.

An equation which realizes this control system is
named as Preview Control equation and expressed as fol-
lows:

Qa = Jytna + (I =T, Tn)l(1)
P
= Jytna+ (L=, In)K, (Z 4a(17) —q(r)) . (D)

where

iqjd(fi*)—qj(t) o (8

When redundant degree of freedom j remains, the redun-
dancy is used for the joints from 1 to j.

4. First-Order Configuration Prediction in
Predictive Control

We used predictive value of manipulator’s configura-
tion in preview control equation. In order to make the
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actual manipulator’s posture be closer to the future con-
figuration of imaginary manipulator, we changed the 1()
of the second part of Multi-Preview’s control equation as
follows.

)4
=K Y k(a.6)-at) ... O
=1

]

We thought that g(z") is the future configuration’s predic-
tive value of manipulator. And in our research, we gave
the following Eq. (10) because we defined ¢/ =t +i-7 in
the previous section.

qt)) = q(t+i7),(i=1,2,....p)

After using Taylor series expansion to calculate the pre-
dictive value g(z;), then the following Eq. (11), which is
first approximation of Taylor series expansion, could be
derived,

q(t+if)~qt)+iiq(r) (11)

To the differential part in Eq. (11), we did approximate
calculation by using Eq. (12).

q(1) —q(t—h)
h

In Eq. (12), h is a tiny value. Based on the above equa-
tions, we did first approximate calculation to Taylor series
expansion for manipulations’ future configuration value,
and after replacing the differential term of Eq. (11) to
Eq. (12), we can derive the first-order configuration pre-
diction g(#;") of actual manipulators’ configuration as fol-
lows. In this paper, it is noticed that the predictive equa-
tion g(¢) does not include the manipulators” dynamics.

. (10)

(1) ~ (12)

i) = 1+ a0~ Sa-n

. (13)
5. Simulation

5.1. Case of Straight Trajectory

In order to compare the Multi-Preview Control with
predictive control, we use a 7-link manipulator for simu-
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Target trajectory

Fig. 4. Outside appearance of simulation.
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Fig. 6. Screen shot of simulation.

lations, which is produced by Mitsubishi Heavy Industries
named PA10. Hand tracking trajectory and given manipu-
lator’s shape are depicted in Fig. 4, target hand trajectory
is predefined. In addition, the kinematics of PA10 shown
in Fig. 5 is implemented in the simulator. The solid line
in Fig. 4 expresses a target trajectory set to be followed.
The target hand trajectory is defined by five variables, that
is, three for positional variables and two for posture vari-
ables. Therefore the redundant degree of freedom in this
simulation is two and this paper gives the manipulator’s
redundancy to link 1 and link 2. The simulation’s screen
shot is shown in Fig. 6.

The angle of actual manipulators’ link 1 and the predic-
tive angles §1({), 41(t3), 1(t;) of manipulators’ link 1
are respectively indicated in Figs. 7-10. The angle of ac-
tual manipulators’ link 2 and the predictive angles §»(1]),
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Fig. 10. Actual and predictive angle of link 1 (f = 0.15 s).

4>(t3), g2(t3) are respectively indicated in Fig. 11 when
predictive interval time is 1.2 s. Moreover, we use Runge
Kutta method to calculate current angle of actual manip-
ulator in simulation, the interval time /# of Runge Kutta
is 0.03 s, and the value A also be used in Eq. (13). Ob-
viously, the posture of manipulator could be closer to the
future configuration expressed by predictive values. We
thought that the actual manipulators’ posture could be
forecasted effectively by using predictive control. But in
Figs. 7 and 11, we found that the predictive values in-
creased suddenly with high speed at t = 9, and the rea-
son of the problem could be explained by Fig. 12. In
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Fig. 12 we could understand that the values of angular
velocity of link 1 and link 2 changed to two big values
when t = 9, because of the prediction Eq. (13) based on
Eq. (12) which can also to be known as calculating angu-
lar velocity. So the problem of predictive values changing
suddenly could be interpreted. Furthermore, we got the
AMSIP average of actual manipulator’s posture by using
Multi-Preview Control and predictive control by fifteen
times respectively, and indicated the average values by
time ¢ in Fig. 13. Compared with Multi-Preview Con-
trol, we believe that AMSIP value can maintain a higher
value by using predictive control. Through simulations,
we thought predictive control has a possibility to be su-
perior to Multi-Preview Control. We investigated the ma-
nipulability degree @(q(t)) of actual angles g(¢) and the
predictive angles §(1; ), g(¢; ), (3 ) of manipulators based
on Eq. (14), and showed the results by Figs. 14-17 ac-
cording as predictive interval times are 1.2's, 0.6 s, 0.3 s,
and 0.15 s respectively.

o(q(t)) = \/detda(a(1)) 7 (q())
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Fig. 17. Manipulability degree (f = 0.15 s).

Observed Figs. 14-17, we obviously can believe that pre-
dictive control can also predict the manipulability degree
of manipulator. However, in Fig. 14, when r = 9 the value
of manipulability degree gets large suddenly, and manip-
ulability degree becomes difficult to be predicted. About
this problem, we also need to do further study.

5.2. Case of Curve Trajectory

We want to know whether the manipulator will be pre-
dicted effectively or not when the target trajectory is curve
trajectory, The solid line in Fig. 18 expresses a target
curve trajectory set to be followed. The angle of ac-
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Target trajectory

Fig. 18. Outside appearance of simulation.

tual manipulators’ link 1 and the predictive angles g, (1),
41(23), g1(¢;) of manipulators’ link 1 are respectively in-
dicated in Figs. 19 and 20 when predictive interval time
are 0.3 s and 0.15 s. The angle of actual manipulators’
link 2 and the predictive angles ¢ (t}), 42(t;), §2(t3) are
respectively indicated in Figs. 21 and 22 when predictive
interval time are 0.3 s and 0.15 s. We believe that the
posture of manipulator could be closer to the future con-
figuration expressed by predictive values. We thought that
the actual manipulators’ posture could be also forecasted
effectively by using predictive control in the curve trajec-
tory. However, because the actual manipulators’ angu-
lar velocity of link 1 and link 2 are not stable, so some-
times the predictive lines are not smooth enough. We
also show the manipulability degree by Figs. 23 and 24
when predictive interval time are 0.3 s and 0.15 s. We
obviously can believe that predictive control can also pre-
dict the manipulability degree of manipulator. However,
we think the prediction result is better when predictive
interval time is smaller. Because the predictive lines in
Fig. 23 is not smooth enough, so we think the manipu-
lability degree is hard to predict when predictive interval
time is 0.3 s. Finally, we want to check the effectiveness
of predictive control for curve trajectory. For simplicity,
in this paper we got the AMSI value average of actual ma-
nipulator’s posture by using Multi-Preview Control and
predictive control by five times respectively when the tar-
get trajectory is curve trajectory, and indicated the average
values by time ¢ in Fig. 25. Compared with Multi-Preview
Control, we believe that AMSI value can also maintain a
higher value by using predictive control. Through simu-
lations, it can find that predictive control has a possibility
to be superior to Multi-Preview Control even if the target
trajectory is curve.

5.3. Influence of Measurement Noise on Joint An-
gles

In this subsection, we newly consider the influence of
measurement noise on the joint angles in order to check
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Fig. 22. Actual and predictive angle of link 2 ( = 0.15 s).

the performance of first-order configuration prediction of
redundant manipulator. This paper assumes that the mea-
surement noise is white Gaussian noise with variance
0.03% and it is added to each joint angle calculated by
Runge Kutta method in the simulation. The predictive in-
terval time is set to be 7 = 0.3 s and the joint angle of link 1
in the case of straight target trajectory is explored for the
interval times 2 = 0.015,0.03 and 0.06 s of Runge Kutta
method. Among Figs. 26-28, it is found that the influ-
ence of measurement noise becomes larger as the interval
time /& of Runge Kutta method gets shorter. Therefore the
result says that the accuracy of configuration prediction
is affected by the interval time /& of Runge Kutta method
under actual environment with measurement noise.
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6. Conclusion

In this paper, we explored the performance of first- 760 8 4 2 5 & 35 15 14 18 1
order configuration prediction for redundant manipulator Time [<]
in the case of straight target trajectory and curve target
trajectory. When the predictive interval time gets smaller,
the configuration and the manipulability degree predic-
tions get more accurate simultaneously. Moreover the in-
fluence of measurement noise on joint angles of redundant
manipulator was considered in order to check the per-
formance of configuration prediction. As future works,

Fig. 28. Actual and predictive angle of link 1 with noise
(h=0.0155).

degree of doctor of engineering, University of Fukui, 2009.
[2] R.S.Jamisola Jr., A. A. Maciejewski, and R. G. Roberts, “Failure-

we need to analyze and compare the AMSIP of Multi- Tolerant Path Planning for Kinematically Redundant Manipula-
: Tt : tors Anticipating Locked-Joint Failures,” IEEE Trans. on Robotics,
Preview Control .and predictive control in .the case that the Vol22. Nod. po. 603-612. 2006,
ta.rgeft trajeaory 18 curve, and.to do more 1n\{esF1gat10ns to [3] H. Suzuki and M. Minami, “Visual Servoing to catch fish Using
continue to validate the effectiveness of predictive control. Global/local GA Search,” TEEE/ASME Trans. on Mechatronics,
As shown in Fig. 12, the reason why the angular veloci- Vol.10, No.3, pp. 352-357, 2005. , ‘
. . . [4] Y. Hou, A. Yanou, M. Minami, Y. Kobayashi, and S. Okazaki,
ties Change SUddenly and largely will be also considered. “Predictive Control of Redundant Manipulators based on Avoid-
In order to enhance the performance and implement the ance Manipulability,” Proc. of the 2lth Intelligent System
roposed system, force information of manipulator’s hand Symp. (FANZ011) 2011
prop ystem, p [5] Y. Hou, A. Yanou, M. Minami, Y. Kobayashi, and S. Okazaki,
should be considered. “Analysis for Configuration Prediction of Redundant Manipulators
based on Avoidance Manipulability,” Proc. of the 29th Annual Conf.
of the Robotics Society of Japan (RSJ2011), 2011.
[6] Y. Hou, A. Yanou, M. Minami, Y. Kobayashi, and S. Okazaki,
References: “Performance of First-order Configuration Prediction for Redun-
[1] T.Zhang, “Real-Time Configuration Control System for Redundant dant Manipulators based on Avoidance Manipulability,” Proc. of
Manipulators and Analysis of Avoidance Space,” A thesis for the SCIS-ISIS2012, pp. 203-209, 2012.
Vol.18 No.3, 2014 Journal of Advanced Computational Intelligence 449

and Intelligent Informatics



Yanou, A. et al.

[7] H. Tanaka, M. Minami, and Y. Mae, “Trajectory Tracking of Re-
dundant Manipulators Based on Avoidance Manipulability Shape
Index,” Proc. of the Int. Conf. on Intelligent Robots and Systems,
pp. 1892-1897, 2005.

[8] T. Yoshikawa, “Foundations of Robot Control,” CORONA PUB-
LISHING CO., LTD., 1988.

[9] J. M. Ahuactzin and K. K. Gupta, “The Kinematic Roadmap: A
Motion Planning Based Global Approach for Inverse Kinematics
of Redundant Robots,” IEEE Trans. on Robotics and Automation,
Vol.15, No.4, pp. 653-669, 1999.

[10] L. Zlajpah and B. Nemec, “Kinematic Control Algorithms for On-
line Obstacle Avoidance for Redundant Manipulator,” Proc. of the
Int. Conf. on Intelligent Robots and Systems, pp. 1898-1903, 2002.

[11] H. Seraji and B. Bon, “Real-Time Collsion Avoidance for Position-
Controlled Manipulators,” IEEE Trans. on Robotics and Automa-
tion, Vol.15, No.4, pp. 670-677, 1999.

[12] M. Minami, Y. Nomura, and T. Asakura, “Avoidance Manipulability
for Redundant Manipulators,” J. of the Robotics Society of Japan,
Vol.17, No.6, pp. 887-895, 1999 (in Japanese).

[13] B. Siciliano and J.-J. E. Slotine, “A General Framework for Man-
aging Multiple Tasks in Highly Redundant Robotic Systems,” Proc.
of the Fifth Int. Conf. on Advanced Robotics, Vol.2, pp. 1211-1216,
1991.

[14] M. Minami, H. Suzuki, and J. Agbanhan, “Fish Catching by Robot
Using Gazing GA Visual Servoing,” Trans. of the Japan Society
of Mechanical Engineers, Vol.68, No.668, pp. 1198-1206, 2002 (in
Japanese).

[15] K. Ikeda, H. Tanaka, T.-X. Zhang, M. Minami, and Y. Mae, “On-
line Optimization of Avoidance Ability for Redundant Manipula-
tor,” Proc. of the Int. Conf. on Intelligent Robots and Systems,
pp. 592-597, 2006.

Name:
Akira Yanou

Affiliation:
Assistant Professor, Graduate School of Natural
Science and Technology, Okayama University

Address:

3-1-1 Tsushimanaka, Kitaku, Okayama 700-8530, Japan

Brief Biographical History:

2001 Received his Ph.D. degree in Engineering from Okayama University
2002-2008 School of Engineering, Kinki University

2009- Assistant Professor, Graduate School of Natural Science and
Technology, Okayama University

Main Works:

e Adaptive learning, control and estimation

Membership in Academic Societies:

e The Society of Instrument and Control Engineers (SICE)

o The Institute of Systems, Control and Information Engineers (ISCIE)

Name:
Mamoru Minami

Affiliation:
Professor, Graduate School of Natural Science
and Technology, Okayama University

Address:

3-1-1 Tsushimanaka, Kitaku, Okayama 700-8530, Japan

Brief Biographical History:

1978/1980 Received B.S. and M.S. degree in aeronautical engineering
from the University of Osaka Prefecture

1992 Received his Ph.D. degree in Faculty of Engineering from the
Kanazawa University

1994- Associate Professor, Mechanical Engineering, University of Fukui
1999- Associate Professor, Department of Human and Artificial
Intelligence Systems, University of Fukui

2002- Professor, Department of Human and Artificial Intelligence
Systems, University of Fukui

2010.4- Professor, Graduate School of Natural Science and Technology in
Okayama University

Main Works:

e Robotics and automation in dynamics, kinematics and control of robots
including mobile manipulators, intelligent motion control, intelligent
robot, machine vision for real-time adaptive operation

Membership in Academic Societies:

o The Japan Society of Mechanical Engineers (JSME)

e The Robotics Society of Japan (RSJ)

e The Society of Instrument and Control Engineers (SICE)

o The Institute of Electrical and Electronics Engineers (IEEE)

Name:
Yosuke Kobayashi

Affiliation:
Graduate School of Natural Science and Tech-
nology, Okayama University

/e
vi
Address:
3-1-1 Tsushimanaka, Kitaku, Okayama 700-8530, Japan
Brief Biographical History:
2011/2013 Received B.S. and M.S. degree from Okayama University

Main Works:
e Dynamics of humanoid robot

Name:
Yang Hou

Affiliation:
Graduate School of Natural Science and Tech-
nology, Okayama University

Address:

3-1-1 Tsushimanaka, Kitaku, Okayama 700-8530, Japan
Brief Biographical History:

2012 Received his M. S. degree from Okayama University
Main Works:

o Configuration prediction of redundant manipulator

450 Journal of Advanced Computational Intelligence

Vol.18 No.3, 2014

and Intelligent Informatics



