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In this paper, with a view to realizing coordinated tasks
by multiple manipulators, a method for generating in a
decentralized manner the manipulators’ space frajecto-
ries necessary for cooperative tasks through the coopera-
tion and competition of subsystems corresponding to the
manipulators. This method involves the supposition of
virtual dynamics for the manipulators and an effort to
carry out exchanges of information among these subsys-
tems by means of virtual interactive forces among the
manipulators generated by these virtual dynamics.
Thus, the method can deal not only with simple coopera-
tive tasks like the movement of a grasped object but alse
with more complicated cooperative tasks including rela-
tive motions among manipulators.

Keywords: Multi-arm robot, Trajectory generation, Decen-
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1. Introduction

Research on coordinated tasks by multiple manipulators
has recently been conducted actively, but much of the re-
search is concemed with the task of stably grasping an ob-
ject. These research efforts are aimed at the object-grasping
task, and are made by examining the problems of optimal
force distribution to each manipulator, methods of planning
optimal grasping positions, etc.'®. On the other hand, stud-
ies dealing with the problem of trajectory generation for
coordinated tasks are concerned, for example, with methods
for the time optimal trajectory planning™>. In this case, the
end-point trajectory of each manipulator is given before-
hand, and the problem is not to generate the trajectory for
a coordinated action itself. In addition, the method of gen-
erating trajectories by making use of manipulability of mui-
tiple manipulators® is only applicable to the limited task of
grasping a single object with multiple manipulator and,
moreover, can merely deal with the case of two manipula-
tors on the basis of the definition of the manipulability.

In contrast to these studies, Yamamoto et al.”, taking up
a task involving one manipulator grasping and moving an
object and another manipulator processing the surface of the
object, have proposed a method of generating its trajectory.
In addition; Tsuji et al.” have proposed a method for trajec-
tory generation based on posture control by making positive
use of the redundant degree of freedom of a closed link
system composed by multiple manipulators. However,
since all these methods generate trajectories based on the
conditions of geometrical constraints of a closed link struc-
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ture composed by multiple manipulators, the planning of a
trajectory for each manipulator can only be carried out if
the information on the actions of all the other manipulators
is provided. Thus, the centralized system of planning the
actions of all the manipulators by means of a single com-
puter will eventually face problems in terms of failure re-
sistance, flexibility, expandability, etc., as the number of
manipulators or the degree of freedom of the joints in-
creases.

One approach that can be taken to overcome the prob-
lems possessed by a centralized system is to deal with an
autonomous decentralized system which is a system com-
posed by multiple autonomous subsystems in a decentral-
ized manner”. When the system has become large-scaled
and complicated, then its functions may be handled in part
by each of the subsystems so as for the system as whole to
effect coordinated control. In this way, various charac-
teristics as described below may be realized:

(1) As no system exists that is to control the entire sys-
tem, any failure in a subsystem can be handled locally.

(2) By changing interactions among subsystems, it is
possible to deal flexibly with various objectives.

(3) The presence of subsystems allows an easy expansion
of the system, thereby eliminating the necessity of re-plan-
ning the action of the entire system.

Recently, in reference to multi-joint manipulators, a va-
riety of control systems based on the concept of this autono-
mous decentralized system!®'? have been proposed.
However, these methods attempt to control a single manipu-
lator by decentralizing it into multiple subsystems, but do
not deal with multiple manipulators.

On the basis of these observations, in this paper, a
method is proposed of generating a trajectory necessary for
the cooperative task among multiple manipulators in a de-
centralized way by the cooperation among subsystems cor-
responding to the manipulators composing a
multi-manipulator system. According to this method, vir-
tual dynamics are imagined for each manipulator, and the
virtual interactions between manipulators arising from these
virtual dynamics are used to exchange informat.on among
subsystems, so that it is possible to deal with not only simple
cooperative tasks like the movement of a grasped object but
also more complicated cooperative tasks containing relative
motions among manipulators.

In what follows, the kinematics of multiple manipulators
will be formulated in the chapter 2, a decentralized trajec-
tory generation method using the newly proposed virtual
dynamics will be explained in 3, and the effective of this
method will be examined by simulation experiments in the
chapter 4.
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2. Formulation and Kinematics of Multiple
Manipulators

2.1. Formulation of Multiple Manipulators

Let us now consider n manipulators performing a task as
illustrated in Fig.1. The degree of freedom of the joints of
each manipulator is denoted by m' (=1, ...,n) and the degree
of freedom of the task space is expressed by /. Then, a
single task point according to the objective of the task is
defined.

Here, by using three different coordinate systems, 1) the

base coordinate system Xy, 2) the task coordinate system X,
having its origin at the position of the task point, and 3) the
end-point coordinate system X, /=1,....n, the position and
orientation vector °X¢ = [%° 99 \e R of the origin of
the task coordinate systemn X, represented in the base coor-
dinate system Xy, the positional and postural vectors
0xi = [OpiT , 0<I>iT]TeR’ (i=1, ..., n) of the point of origin
of the end-point coordinate system Z; as viewed by the base
coordinate system X, and the position and orientation vec-
tor °X* = [”piT, C‘IJiT]TeRl (i=1,...,n) of the origin of the
end-point coordinate system 2; represented in the task coor-
dinate system X, are considered (refer to Fig.1). Then, the
position and orientation of the task point °X°® can be deter-
mined uniquely from %X and °X'.

In the case of a task in the three-dimensional space (/=6),

for example, the following results can be obtained. if the
rotational matrix from X, to X, is denoted as OR;(Od)i) and
the rotational matrix from X; to Z. as ‘Ri(¢ %), then the
relationship among the position vectors p¢, %, and p' is
given as follows:

0= % —R(D)R(DY P ........ e))

On the other hand, the use of the Euler angle
D= [0,0, w]r for each orientation vector leads to the fol-
lowing expression for the rotational matrix °R.( °®°) from

2. to X

ORC( 0¢C) — OR;'( O(I) i) CR;‘( P t)( C¢ i)T
RH Rlz RB
= RZ] R22 R23 .......... (2)
Rf’:l R32 R33

Then, on the basis of the nature of the Euler angle, the
orientation vector °®X= [%¢X, 0g% %yX|T can be given in
the following way'>:

a. When sin %020,

%= atan 2(FRy3, £R13) « o o o oo oot 3)
%9°= atan 2@VRL +RZ LRa) « o . o ... . @)
Oy = atan 2Ry, WR3) . oo 5)

b. When sin %9°=0
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L, : Base coordinate system

L. : Task coordinate system
L ;L : End-point coordinate system

Fig. 1. Coordinated task by multiple manipulators.

°%C=arbitrary . . ... ... ... ...... ©®
0g° = g(l Ry e L %
O\VC = atan2 (sz Rzz) — Ry X 0¢C ....... {8)

2.2. Kinematics of Multiple Manipulators
The relationship between the end-point velocity X% of

the arm i and the joint angular velocity (g’ € R™) can be
given, as is well known, by

where J'e R®™ is the Jacobian matrix of the arm 1.

On the other hand, if it is assumed that a rigid link exists
between the task point and the end-point of the arm i, then
the following relationships are established between the end-
point of the arm i and the position of the task point:

Opi = GIH CFi= GIOFT ... ... .. (10)
Okm = O = GOk (in

Here, °F € R' expresses the force and moment vector of the
end-point of the arm i representatin in Xy, and °X° and
9F“ ¢ R represent the velocity of the task point representatin
in Xy and the force and moment vector transmitted to the
task point by the arm 7, respectively. In addition, for the
consideration of various contact mechanisms between the
end points of the manipulators and the task point, the ma-
trices H'e R and G'= SH e R*" expressing various
contact types are used to denote as °X™ that component of
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the velocity of the end point of the arm i which can be
transmitted from the task point, and as °F" the component
of the force and moment of the end-point of the arm i that
can be transmitted to the task point'*'. Also / is the degree
of freedom of the force and moment that can be transmitted
between the arm i and the task point. The matrix '€ R/
expresses the geometric relationship between the task point
and the end-point, and can be given as

L [1 0
S = [ D)X I} .............. (12)

where [ is the unit matrix, 0 is a zero matrix, and ( p) 5, is
°p' represented in ¥, In addition, ¥ is an operator that sat-
isfies (ay)b=axb, is defined'®, when a=[a,b,c], as

0 —c b
ax=lc 0 -a|.............. (13)
-b a 0

Needless to say, the force and moment vector °F° acting
on the task point is the total sum of all the forces transmitted
from the end-points of the manipulators to the task point.
As a result, the following relationship is established:

All these relationships are summarized in Fig.2. In the
next chapter, on the basis of the above formulation, a
method of decentralized trajectory generation for multiple
manipulators using the virtual dynamics to be proposed in
this paper will be explained.

3. Decentralized Trajectory Generation
Method for Multiple Manipulators
Based on Virtual Dynamics

This method involves composing subsystems corre-
sponding to the manipulators and endeavoring to generate
the trajectories of the joints, that satisfy the kinematic con-
straint conditions, in a decentralized way through coopera-
tions among the subsystems. To this end, it is necessary
first to express interactions among subsystems. Here, vir-
tual dynamics are supposed for the manipulators and the
task point, and the virtual constraint forces generated from
these dynamics and the positional constraints arising from
the fact of these connecting together are used to express
interactions among the subsystems.

3.1. Composition of Subsystems

Let us now consider a case in which among the n ma-
nipulators, the first to (#”)th manipulators control the posi-
tion of the task point and the {(#"+1)st to (n)th manipulators
move in relation with the task point.

First, the virtual dynamics of the manipulator { are ex-
pressed by using the simplest second order differential equa-
tion as follows:
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€ R

‘end-point
space :

Joint

space : € R™

Fig. 2. Kinematic relationships of multiple manipulators.

Gi= TEEIYN (15)

where ( T e R"’I) is the virtual control torque of the ma-
nipulator ; and A’ € R’ is the virtual constraint force acting
on the manipulator { from the task point.

Then, this virtual control torque T is computed by using
the target position °X ¢ as follows:

T= (HING) KX - °X) - B§
= (HIYHS KX - X -B§ ... (16)

where (Gi)* = (G"TG")“ G = HS e R*is the pseudo-in-
verse matrix of G', K' € R is the positive definite position
feedback gain, and B' ¢ R"*" is the positive definite vis-
cous friction matrix. Since it is possible to put G'=0 for the
manipulators i =rn"+1, ..., n, namely(GY =0 , so Eq.(16)
becomes '

t=-Bq (i=rn+1,...m) ........ an

Next, let us consider the motion of the task point. Since
a virtual constraint force A’ is applied to the end-point of the
manipulator { from the task point, so inversely a virtual force
-A! is applied to the task point from each end-point. For this
reason, the virtual dynamics of the task point is put as

K= MY Gi-NMy= MY GV .. .. (18)

= =t

where M, e R'™ is the virtual inertia matrix of the task
point.

Let us now consider the constraint conditions imposed
on the end-point of each manipulator. First, the manipula-
tors { =1,...,n” must be constrained by the motion of the task
point determined by the virtual dynamic of Eq.(18). In
other words, Eq.(11) leads to the relationship
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K= GTOH GTR L L (19)

On the other hand, the constraint conditions for the manipu-
lators i = " + 1, ..., n must considered by including in these
conditions the motion of the task point but also the relative
motion °X’ € R’ given as the target motion. Then, as it is
possible to put /=/ and H=I, the end-point velocity X" can
be written as

]
Geri: OXC +l: (')RC Qg:{ L’Xi

ZORCO i ORCO oy
n{ 0 "RJ X+[ 00 ) (R 20)

The end-point velocity °X”’ imposed by Eqs.(19) and (20)
must be identical with the end-point velocity determined by
the joint motion of the manipulators. Hence,

Rr= HFGAHIG . . @n

Then, the joint trajectory of the manipulator 7 can be
obtained, by using Eqs.(15) and (21), as follows:

a_f1 -anl
NI HF 0 OXn'i__Hi]iéi

The trajectory generation method proposed here is now
illustrated in Fig.3. Each subsystem generates a trajectory
in interacting cooperation with the virtual end-point forces
Al via the virtual dynamics of the task point. In this case,
each subsystem can operate independently of other subsys-
tems so that in case a certain manipulator changes from the
grasping of an object to a relative motion or a new manipu-
lator is added to the system, for example, it is not necessary
to modify its equations of motion. As a next step, the sta-
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Fig. 3. Composition of a subsystem.
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bility of this system will be analyzed.
3.2. Stability of the Wheole System

Let us now consider two types of energy functions H,
and H» as given below:

H, = §E+V+—;~ZI aa 23)
F= -;—( Ox< _OXYT KX~ O . L L L. 24)
VF%@"CTMC"Xﬂ S .
H, = %ééf&f ................ 26)

H, and H, are energy functions for the motion of the fask
point and the relative motion of this point, respectively, and
E' represents the error between the position of the task point
calculated at each end-point and the target position of the
task point, while V.. expresses the virtual motion energy of
the task point.

Let us first consider H, the motion of the task point. The
time derivative H; of the energy function H, is given as
follows:

H=SE+VA+Ydd ... .. %))
=1 =1

E= % KX - %) ... (28)

Vo= OXCMOKC L. (29)

Substituting Egs.(15), (16), and (18) into Eqs.(27), (28), and
(29) and rearranging, we get

Since B’ is a positive definite matrix, it is also true that
H, £0 and that the energy function H, decreases monotoni-
cally until H,= 0, namely ¢'= 0 (i=1, ...,7"). It is thus
possible to assure the stability of the task point and the
stability of the manipulators which control the position of
the task point.

Let us next consider the relative motion H, with the task

point. The time derivative > is given as -
H2 = z ('Ii qz
=+ 1
=N BT+ RN G1)
=n 4+ 1 609
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Let us assume here that the relative motions
°X* (i=n" +1, ..., n) as motion targets are given at the final
time in such a way as to satisfy °X'= °X'= 0. On the other
hand, as %%X°= %X°= 0 when the energy function H; has
converged, it is always the case that at some time point, the
relationship %X’ = %%'= 0(ji=n"+1, ..., /) must be satisfied.
In other words, the second term of the right side of Eq.(31)
becomes (). As a result, the energy function H», as in the
case of Hj, decreases until H»= 0 is reached, namely
g = 0 (i=n'+1, ..., n). Thus, the stability of the whole sys-
tem has just been shown.

4. Simulation Experiments

By applying the decentralized trajectory generation
method proposed in this paper to a cooperative task by three
4-joint planar manipulators, computer simulations were car-
ried out (refer to Fig.4). In this case, the lengths of all the
links of the manipulator were set equal to 0.4m, and the
position of the task point was established at the center of
gravity of the object (the origin of the task coordinate sys-
tem: refer to Fig.4). In addition, the parameters used for the
simulations were the position feedback gains K'=diag.
[100(N/m), 100(N/m) ,100(Nm/rad)} (i=1,2,3) of Eq.(16),
the viscous friction matrices B'=diag. [10, 10, 10,
10Nm/(rad)) (i=1,2,3), and the virtual inertia matrix
M. =diag. {50(kg), 50(kg), S0(kgm®).

Figure 5 shows a trajectory generated when the position
of the task point was moved to the target position from the
initial posture indicated in Fig.4. Figure 5(a) shows a stick
picture, while Fig.5(b) expresses the time trajectory of the
position of the task point. In this case, the type of contact
between the end-point of each manipulator and the object is
assumed to be rigid grasping. In addition, Fig.6 gives the
time variation of the virtual constraint force generated be-
tween the arm 1 and the object. On the other hand, Fig.7
shows the results of the generation of trajectories by using
the same initial posture as Fig.5 and the target position of
the task point; Fig.7(a) indicates the simulation result for

initial position

=

desired position

arm 3

arm 1 arm2

Fig. 4. Three 4-joint planar manipulators and the task coor-
dinate system.
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the case in which the first joints of the arm 1 and arm 2 are
fixed under the assumption of their being fauity, Fig.7(b)
illustrates another result for the case in which the end-point
of every arm is in contact at a point with the object, and
Fig.7(c) expresses yet another for the case in which the end
point of the arm 3 undergoes a relative motion along the
surface of the object. It is seen from Fig.7 that in every
case, the position of the task point reaches the target posi-
tion, but its intermediate trajectories and final postures are

0.30

0.25 /
0.

position of task point

.0 1.0 20 30
time [s]

- 04,C

g (m]

& 1.00

§ .

S 080

g

2 o .

g 00 1.0 20 3.0
time {s]

=]

g .

,:" Jdeg.]

§ 2.001/\

Yt

[=]

=

8 0.0 1.0 20 30

-g time s]

()

Fig. 5. An example of trajectory generated.
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different to a considerable extent among the cases.

Since some joints are fixed in Fig.7(a) in contrast to the
situation of Fig.5(a) where all the joints are utilized for
moving the object, so both arm 1 and arm 2 act by means
of only three joints each. Due to the fact that the fixing of
a joint is handled inside its arm and does not directly affect
the other subsystems, the present method can easily deal
with such a breakdown.

In addition, a comparison of Fig.5(a) with Fig.7(b) and
(c) indicates that whereas in Fig.5(a) the angles between the
end-points and the object are kept constant, they are very
different in Fig.7(c). It is thus possible to generate the tra-
jectories of the manipulators by taking into consideration
various contact mechanisms between the end-points of the
manipulators and the object.

In Fig.7(c), the arm 1 and the arm 2 operate on the control
of the task point, and the end point of the arm 3 carries out
a relative motion with respect to the object. The relative
motion of the end point of the arm 3 was given, as a function
of the time ¢, as follows:

[0.12 — 0.1(m), 0.1(m), g-fc(rad)]T

X¥) = { [~0.12 + 0.4¢ — 0.3(m), 0.1(m), %rc(rad)]f if1<r<2

[0.1(m), 0.1(m), %:n(rad)]T ifr> 2

As
g NI
S 400
g 20.0
8
2
0.0
-5 00 10 20 30

iime {s]

40.0

200
L0 20 30

00
\_— timels)

-20.0

virtual constraint force

[Nm] T
10.0

50

0.0 + .
5.0 10 2,0 30
e time [s]

virtual constraint torque

Fig. 6. Time variations of the virtual constraint force Al
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It is seen from the figure that even in the case of the end
points carrying out relative motions, a cooperative task can
be realized maintaining the closed link structure.

ity
/I’ -
4
g,
‘g
‘ '
i
PR L 2o
TN arm 3
e /" b \\‘
~
L
/’,O" . \Q
\’\\O
g
% P
arml arm?2

Fig. 7. Results of the trajectory generation.
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5. Conclusions

In this paper, a method of generating in a decentralized
way the trajectories of multiple manipulators by using the
concept of virtual dynamics has been proposed. This
method is based on an effort to express interactions among
the manipulators by using the virtual force transmitted from
each manipulator to the task point and the positional con-
straints arising from the fact of these manipulators being
connected, and each manipulator is expressed as a subsys-
tem containing virtual dynamics. In addition, the following
facts, among others, have been made clear:

1) It is possible to generate in a parallel and decentralized
way trajectories for muitiple manipulators by the coopera-
tion among the subsystems;

2) The relative motions between the end-points of the
manipulators and the task point can be expressed as con-
straint conditions imposed on the end-points;

3) Each subsystem can function independently of the
other subsystems, and the stability of the whole system can
be assured.

For the future, the author is planning to examine ways to
improve energy functions and consider the problem of dead-
lock avoidance based on sophisticated information commu-
nication, and also to look into the introduction of the
concept of "subtask" by making positive use of redundant
degrees of freedom and into methods of planning target
trajectories for more complicated cooperative tasks.

In closing, the author would like to express his apprecia-
tion to Prof. K. Ito of Toyohashi Institute of Technology and
Prof. M. Kaneko of the Faculty of Engineering at Hiroshima
University for their guidance on a daily basis.
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