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Abstract. A hybrid architecture consisting of several adaptive controllers is effective to
control a multi-degree-of-freedom robot acting in unknown/dynamic environment. For such
controllers, it is important to find out whether they are redundant with respect to the sub-
tasks given for the sub-controllers. In this paper, we propose an adaptive sub-controller
which have an ability to finding out its redundancy automatically. We show a preliminary
simulation results to demonstrate the effectiveness of the proposed method.

1 Introduction

The number of degrees of freedom of a robot is con-
cerning to its adaptability. Recently, a robot is re-
quired to accomplish a variety of tasks. To accom-
plish such tasks, the more degrees of freedom the
robot has, the more adaptive it becomes. In this
sense, to have many degrees of freedom is essential
for an adaptive robot.

The number of degrees of freedom is not only con-
cerning to the adaptability, but also to the robust-
ness against malfunction. If the robot has redun-
dant degrees of freedom with respect to the given
task, the robot can deal with malfunction of sev-
eral actuators. The more degrees the robot has,
the more robust it becomes.

If the robot has many degrees of freedom, how-
ever, the effort to program all degrees to achieve
a behavior may be large. It may be incredibly
complicated if one tries to program several be-
haviors and to switch them according to situa-
tions. In this sense, programming a behavior with
a multi-DOF robot is not a good idea. For exam-
ple, if one uses the subsumption architecture ap-
proach(Brooks, 1986), which is famous to make
an adaptive robot, to program a muti-degree-of-
freedom robot, it will be hard to program each be-
havior because of too many actuators.

One method to deal with many degrees of free-

dom easier is to make a hybrid control structure
consisting of several sub-controllers. Each sub-
controller takes care of a part of degrees and by
a combination of several sub-controllers a behavior
is emerged. To make the robot adaptive, each sub-
controller must have adaptivity at each task sub-
space.

Our final goal is to build an autonomous adap-
tive robot that has many degrees of freedom in
dynamic/unknown environments. We have pro-
posed to use such a hybrid structure of adap-
tive controllers to control multi-degree-of-freedom
robots (Hosoda et al., 1998; Miyashita et al., 1998a;
Miyashita et al., 1998b). In these papers, however,
each sub-controller is adaptive, but cannot finding
out its redundancy with respect to the given sub-
task. If a sub-controller can find out the redun-
dancy, it can spare the redundant degrees of free-
dom to other controllers, and as a consequence, the
over all hybrid structure becomes more adaptive.

In this paper, we propose a new method for an
adaptive controller to finding out its redundancy
automatically. The remainder of this article is or-
ganized as follows. First, we introduce the adap-
tive sub-controller that utilize a least-mean-square
method. Then, by utilizing UD factorization of the
covariance matrix, a method to derive the redun-
dancy is proposed. Finally, preliminary simulation



results are shown to demonstrate the effectiveness
of the proposed method.

2 A Hybrid Control Architec-
ture for multi-DOF robots

2.1 Sub-controllers

The i-th sub-task for a sub-controller is defined in
its own task sub-space. Typically, it is an output
space of an external sensor. The sensor output x;
is a function of actuator displacement 8,

Differentiating the equation with respect to the
sampling rate, we can get

Awi(k) = Ji(k)AB(k),

(2)

in the k -th sampling step, where J; 2 0x;/00.

The i-th sub-task may be define in terms of a de-
sired value x;4. If all the actuators of the robot are
velocity-controlled, we can derive a velocity com-
mand for i-th task from eq.2,

(3)
where I, K; and £ are an identity matrix, a feedback
gain matrix, and an arbitrary vector that denotes
the redundancy of the controller with respect to the
given task to follow x;5. AT denotes a pseudo-
inverse of a matrix A. By utilizing the last term
in the right hand side in eq.(3), we can make a hy-
brid structure of the sub-controllers(Hosoda et al.,
1998).

2.2 Adaptation of the controllers

If there is no a priori knowledge on the robot and
the environment, the matrix J;(k) is unknown. To
make the robot adaptive to change of the envi-
ronment, a mechanism to estimate the matrix is
needed. An estimator utilizing least-mean-square
method is(Hosoda et al., 1998)

Ji(k) Ji(k — 1)+ {Awzi(k) — Ti(k — 1)A6(k)}
AO(K) Pk —1)

T (4)

p+ AO(k) Pk — 1)A8(k)

where (0 < p < 1) is a forgetting factor, and P(k)
is a covariance matrix calculated as
}(5)

P(k) %{P(k 1)

_P(k—1)A0(k)0(k)" P(k —1)
p+ A0(k) Pk —1)A60(k)

We have already demonstrated that many kinds of
robots can be controlled by this adaptive controller
without any a priori knowledge on the robot and
the environment(Hosoda and Asada, 1997).

2.3 Estimating the redundancy auto-
matically

Utilizing a characteristic of the estimator (5), the
robot can find the redundancy automatically. This
may allows the control architecture being adaptive
and robust.

If the robot is redundant to achieve the i-th sub-
task, the variation of the actuator displacement A@
is not uniform over the task space. Therefore, by
observing the covariance matrix P, which repre-
sents the variation of A8, the robot can find out
its redundancy by itself.

It is known if the variation of A@ is not uni-
form, the covariance matrix P cannot keep the
positiveness, and therefore the least-mean-square
based estimator will lose the numerical stability
(Ifeachor and Jervis, 1993). To avoid such insta-
bility, a technique so called UD factorization is pro-

Jz‘(k)+Ki(wid(k’)_wi(k))+(I—Ji(k)+Ji(k))€posed(Bierman, 1976), which we show more details

in the appendix. Following the method, the covari-
ance matrix P is factorized

P=UDU", (6)
where U is an upper triangular matrix whose diag-
onal elements are all 1, and D is a diagonal matrix.
Instead of updating P by eq.(5), we can update
U and D (see appendix) so as to ensure the posi-
tiveness of the matrix P and ensure the numerical
stability.

Note that if the positiveness of P is week, one of
the diagonal element of D is near to 0. Therefore,
if the control input for the robot A8 is not uniform,
we can find out by observing D.

Let D and U be

D = diag[ dy dy ] , (7)
1 *
U = .
0 1
= [ uq Uy ] , (8)

respectively. If the robot is redundant, a diagonal
element d; of D becomes very small. If d; = 0,
the corresponding direction of A@ is not anymore
effective to the estimation, that is, the direction is
redundant with respect to the sub-task. Every term



Figure 1: A 4 DOF manipulator with 2 cameras is
used for the simulation (Unit is [m]).

concerning about A@ in the estimator (4) is multi-
plied with P:

PAO = UDUTA#

= U d; UTAe,

Therefore, the redundant direction is given as a col-
umn vector of U~ 7. To eliminate the redundancy,
we can remove this direction form estimated matrix

J.

3 Simulation

We demonstrate simulation results, to shown that
the robot can find out the redundancy with respect
to one sub-task, and can apply another task utiliz-
ing the redundant space.

3.1 Robot System

A robot used for the simulation had 4 DOFs with
two cameras depicted in figure 1. By two cameras
the robot observes two positions of image points.
The first sub-task given to the robot is to keep these
positions constant in the image planes, that is, vi-
sual servoing task. The points are moving along a
circle whose diameter is 0.1[m] in 5[s], 10 times.

Two cameras are gazing at 2 points, therefore the
image feature vector is & € R%. The robot has 4
DOFs, 6 € #*. Two points are moving on a surface
along the circle, therefore the DOF needed for the
task is 3.

The forgetting factor of the estimator p = 0.8.
The initial matrix of P is an identity matrix. The
initial matrix for the estimated Jacobian matrix is
given as an arbitrary matrix

(100 0 0 0

0 100 0 0

0 0 100 0

~ 0 0 0 100
TO=1100 0 0o o |

0 100 0 0

0 0 100 0
L0 0 0 100 |

because we assume that the controller does not have
any a priori knowledge on the parameters of the
robot and of the environment. Note that the rank
of this matrix is 4. This means that all the 4 DOFs
are utilized for the visual tracking task at the initial
condition.

To help the understanding of the readers, we
show the true Jacobian matrix:

[ 2300 0 0 0
100 0 1300 1300
2400 300 200 0
~ 0 0 1300 1300
J(0) = 2400 —-300 —-200 O
100 0 1300 1300
2300 0 0 0
| 0 0 1300 1300

Note that the rank of this matrix is 3.

3.2 Simulation Results

Here we show two simulation results:

case 1 applying visual servoing control without re-
dundancy estimator, and

case 2 applying visual servoing control with re-
dundancy estimator.

In case 1, the robot cannot find out its redundancy
with respect to the first “visual servoing” subtask.
In case 2, however, it will find redundancy. Utiliz-
ing the redundancy, the second subtask to make 63
converge to —m /3 is applied. The second subtask is
performed to minimize the index

Q= {03 — (—7/3)}".
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Figure 2: Simulation result 1 : image error in cam-
era 1, image feature 1, x- coordinate (z; — 214)
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Figure 3: Simulation result 2 : joint 3 displacement
03

Simulation results are shown in figures 2 and 3. By
utilizing the on-line estimator, the visual servoing
task is achieved without knowing about structure
and parameters of the robot and the environment
in both two cases. In figure 3, around 3 [s], the
proposed estimator finds out the redundancy with
respect to the first task. After that, 3 is converging
to —m/3 utilizing the redundancy.

3.3 Summary and Conclusions

In this paper, we have proposed an adaptive con-
troller that can find out its redundancy by itself.
By combining such controllers, it is very easy to
construct a hybrid control architecture to control
multi-degree-of-freedom robot. At first, only the
first subtask controller is working, then it finds out
its redundancy. Then it will spare the redundancy
with second subtask controller, and so on. Note

that the first controller does not simply inhibit the
lower controllers, but spares the found redundancy
with them. As a consequence, a behavior is emerged
by a combination of several controllers.

The example demonstrated in this paper is so
simple. To show the effectiveness of the controller,
a more complicated robot with more complicated
tasks has to be used. Now an experiment with 7
DOF robot arm with cameras is on going.

A UD factorization (Bierman,
1976)

If the initial UD factorization of P is given, updated
matrices U and D are obtained from U and and D:

f = UTAe,
v; = dif; (i=1,---,n,nis dimension of P),
ar = p+tofi,
d = diy/o,
by = i,

As for the j = 2,---,n -th elements, they are up-

A o
dated as follows, where = denotes overwite in the
program manner,

aj = dj1+ fivg,
dj = djaj1/ay,
bj é Uj,
b = _fj/ajflv

oA Y TrE=1,4). (9

bi = bl + Uij’()j

A .
di =di/p (i=1,---,n). (10)
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