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Distributed Trajectory Generation of A Multi-Arm Robot Performing
Cooperative Tasks

‘Achmad JAZIDIE, Toshio TSUJI, Makoto KANEKO and Mitsuo NAGAMACHI

Faculty of Engineering; Hiroshima University
1-4-1, Kagamiyama, Higashi-Hiroshima, 724 Japan

Abstract In this paper, a method for generating the end-points' trajectories in a parallel and distributed manner through
the cooperation of subsystems corresponding to each arm is proposed. The method involves the dynamic modeling of
multi-arm robots and an effort to carry out exchanges of information among subsystems by means of interactive
forces/moments generated by the dynamics of each arm and the object. The method can deal not only with simple tasks
such as positioning a grasped object but also with more complicated cooperative tasks including relative motions

among the arms. Simulation experiments are carried out to show the effectiveness of the proposed method. -

Key Words Multi-arm systems, distributed control, interactive forces, trajectory generation, cooperative tasks.

1 Introduction

Up to the present, there are many researches have been
done in developing trajectory generation methods for
multi-arm robots. Since all these methods generate
trajectories based on conditions of geometrical constraints
of a closed link structure composed by multiple arms, the
planning of a trajectory for each arm can only be carried
out if the information on the actions of ali the other armis is
provided. Thus, the centralized system of the motion
planning of all the anms by means of a single computer
will eventually face problems in terms of failure resistance,
flexibility, expandability, etc., as the number of arms
increases.

One of the possible approach that can be taken to
overcome such problems is to construct an autonomous
decentralized control system which is composed by a set of
autonomous subsystem in a distributed manner [1}.
Recently, a variety of control systems based on the concept
of this autonomous decentralized system have been
proposed [2], [3]. These methods attempt to control a
mobile robot system or a single-arm robot by
decentralizing it into subsystems, but do not deal with
multi-arm robots. '

In the present paper, a new trajectory generation
method for multi-arm robots is proposed in a parallel and
distributed way through cooperative interactions among
subsystems corresponding to each arm, According to the
proposed method, the interaction forces between arms
arising from dynamics of each arm through the object are
used to exchange information among subsystems. Under
the proposed method, it is possible to deal with not only
simple cooperative tasks such as positioning a grasped
object but also more complicated cooperative tasks
containing relative motions among the arms. ,

2 Formulation and Kinematics of Multi-Arm
Robots

2.1 . Formulation of Multi-Arm Robots

Let's now consider an zn-arm robot performing a task as
illustrated in Fig.1. The joint degrees of freedom of each
arm is denoted by m' (i=1,...,n) and the task space
dimension.is expressed by L Then a single task point
according to the objective of the task is defined.

armi

Fig.1 An n-arm robot performing a cooperative task

Here, three different coordinate systems are defined: 1)
the base coordinate system X, 2) the task coordinate
system Z_ having its origin at the position of the task point,
and 3) the end-point coordinate system X, i=l,....n. The
position and orientation of the task point
°X¢=[°p<T °¢°T)T & R/ can be determined uniquely from
X'=[p" 0" e X and A'=[pT @ T|Te R’ (i=
1,..,n) (see Fig.1).

In the case of a task in the three-dimensional space
(I=6), for example, the following results can be obtained. If
the rotational matrix from X; to I, is denoted as R{°®’)
and the rotational matrix from ; to X, as ‘R,(°®"), then
the relationship among the position vectors °p*, °p‘ and °p’
is given as follows: ‘

opc =;opi_‘ OR‘{OQ):')[CR“(CQ)I')}TCP{ . (1)
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On the other hand, the use of the Euler angle
& =[98, y1T for each orientation vector leads to the
following expression for the rotational matrix ‘R D)
from X to Z,:

ORC(O¢¢3 = oRi(0¢i){cR£(C¢f)}T
Ry Ria Ryy
=| Ry Ryy Rys | -
RSI R32 R33

@

Then, based on the nature of the Euler angle, the
orientation vector °@° = [°¢°, °6°,°y*]1T can be obtained
[4}.

22 Kinematics of Multi-Arm Robots

The kinematic relationships of a multi-arm robot are
summarized in Fig.2. J'€ ®'*™ is the Jacobian matrix of
the arm i.; °X’ and ¢'e %™ are the end-point velocity
vector and the joint angular velocity vector, respectively;
oFie %! expresses the force/moment vector of the end-
point of the arm i represented in Z.; °X° and °F%e R’
represent the velocity vector of the task point and the
force/moment vector transmitted to the task point by the
arm i, represented in I, respectively. It is assumed that

the virtual rigid link is connected between the task point.

- and the end-point of the arm i.
tgsk space

transmission
space

end-point
space

joint space

Fig.2 Kinematic relationship of motion and force variables

Using the contact type matrix H'e R"* expressing
the filter characteristics which filter out some
forces/moments of the end-point of the arm i and transmit
other forces/moments to the object depending on the
contact mechanism and the matrix G' = SH" € K™, we
denote the end-point velocity vector. of the arm
transmitted from the task point as X" e R", and the
vector of the forces/moments transmitting from the end-
point of the arm i to the object as°F" € R [5], [6]. Here,
1; is the degree of freedom of the forces/moment that can
be transmitted from the end-point of the arm i to the
object. The matrix §' e R expresses the geometrical
relationship between the task point and the end-point of the
arm i.

On the basis of the above formulations, a method of
distributed planning of end-effector trajectories for
multiple arms is explained in the next section.

3 Distributed Trajectory Generation for
Multi-Arm Robots

Firstly, the dynamics of each arm and the task point are
introduced. Then the interaction force/moment vector
generated from these dynamics and the position constraints
resulting from kinematic relationships between each arm
and the task point are used to express interactions among

. the subsystems.

3.1 Composition of Subsystems

Let's now consider that the first to (#’ )-th arms control
the motion of the task point and the (n'+1)st to n-th arms
execute the relative motions between the task point and the
end-point of each arm. Firstly, the motion equation of the
arm i is given by

Wigi =i+ Y- (V)T + HITHTAY, 3)
where Wi e ®™*™ i§ the non-singular inertia matrix of
the arm i; (V)T € R™ is the nonlinear term representing
the joint torque vector due to the centrifugal, Coriolis and

: H
friction forces of the am i; Y’ e 3(”; is the gravitational
torque vector. of the arm i; 7' R™ is the joint control
torque vector of the arm i; and A'e RY is the
- force/moment vector acting on the end-point of the arm |
from the object represented in Z,,.

Next, let's consider the motion of the task point. Since a
force/moment vector A’ is exerted to the end-point of the
arm  from the object, the reacting force/moment vector -A°
is exerted conversely to the object from each end-point.
For this reason, the net force/moment vector acting on the
object at the task point is given by

OFC=20Fd=iI(-Gili} .

On the other hand, the motion equation of the task point,
i.e. the object, is given by

@

oge m.g opc
Mc X = ”omcx{olcawc} +F°, &)
mJd- 0
Mcz{ Oclolc], (6)

where m, is the mass of the object; “X°e R’ is the
acceleration vector of the task point; ge R* is the

gravitational vector; °I, € ®**%and @, € R>** are the
moment inertia tensor and the angular velocity vector of
the object, respectively, "x" denotes the vector cross
product.

Let's now consider the position constraints imposed on
the end-point of each arm. First, the arms i = 1,....,n" must
be constrained by the motion of the task point determined
by the dynamics of Eq. (5). From the kinematic
relationship, we have



0 GYeils YLD o )
On the other hand, in order to derive the position
constraints for the arms i - (i = a'+1,...,n ), we have to
consider not only the motion of the task point but also the
relative motions between the end-point of each arm and the

task point, °X’ e R, which are given as. the desired

motions. The position constraint of these arms can be

written as
°R, 0 legt |2°R, O R0
1F+ 0 e,

.i;
oo
X+[0 0

Equations (7) and (8) are the end-point motion constraints
of each arm.
Then, the joint trajectory of the arm i and the

interaction force/moment vector A’ can be obtained by
using Eq. (3) and kinematic relationship of each arm as
follows:

g
Al
Now, we will explain the computation method of the
joint torque to generate the trajectory in parallel and

distributed way. For the arm i (i = 1, ...., n), the joint
control torque 7¢ is computed by using the target position

of the task point, °X°_, as follows:

]‘x‘. ®)

oxurizojc_’_{ 0 °R
&

BT I
i+ Y - (vHT
H;' jiq.i e Xm‘

W —@HT

y . @
-Hr 0 ®

~ XY~ Bl X" ~ ghyy C)} - ¥' - B},
10)

e (HUYTHYS) 1 KICXE

where X', BL,; € R'*/ are the positive definite matrices for
the position and velocny feedback gain of the arm i,
respectively; B} e Kmxm i thc positive definite viscous

friction matrix of the arm i; g obf ‘e,) € R’ is the force

vector contributed by the arm { to compensate the
centrifugal and gravitational forces of the object.
On the other hand, for the other arms which are
executing the relative motion, the joint torque is given by
ti=—Y'-BY (i=n'+1,..n). n
The trajectory generation method proposed here is now
illustrated in Fig.3. Each subsystem generates a trajectory
cooperatively each other using the end-point force/moment
vector A’ as an information via the dynamics of the task
point. In the following section, the stability of this system
will be analyzed.
32  Stability of the System
Let's now consider an energy function & composed by
two types of energy function H and H7 as given below:

H?—'Hx"'Hz‘ (12)

ial
Subsystem 1 G)‘+

! ;
s ! iyt

H ¢ .3
+
S(GA)
@
Subsystem i

Fig.3 Composition of a subsystem

[ 4 n’ .
CH =2 E+Q.+33 W, a3
i g Wiy, 14
i=n' 4+
E: = % (oXc' - oxc)TKf(oXc‘ _ axc) , (15)
0.= 3% M2 . 16

H,; and H, are energy functions for the motion of the task
point and the relative motion between each arm i (i =
n'+1,...,n) and the task point, respectively. E* represents
the squared position error between the target and current
positions of the task point calculated at each subsystem i (¢

..t'), and Q. expresses the kinetic energy of the task

pmnt.
It can be shown that the H is given by

H=- 2 @B - E cxe >TBob,(’X an

usmg the property: (¢)TW'g’ = 2(¢HT(VHT. Since B and
; are positive definite matrices, we have H=<0 and that

ex_xergy function H decreases monotonically until H = 0, i.e.
¢'=0 (i = 1,....,n) and “X° = 0. This means that the whole
system is asymptotically stable.

The distributed trajectory generation method for multi-
arms robots has been explained in this chapter and the
stability of the whole system has also been analyzed. In the
next chapter, the effectiveness of the method will be
verified by simulation experiments.

4 Simulation Experiments

By applying the proposed method to a cooperative task
by three planar arms, computer simulations were carried



out (see Fig.4). The link parameters of each arm and the
object parameters are shown in Table 1. In this case, the
position of the task point is set at the center of gravity of
the object (the origin of the task coordinate system), and
the motion of the task point starts from the initial position
°X(0)=[0.2(m), 1.1(m), 0(rad)]™ to the target position
oxc" =[0.3(m), 0.5(m), O(rad)]” (sée Fig.4). In addition,
the dynamic parameters of each arm used in the
simulations are set as XK'= diag .[100(N/m), 100(N/m),
1000Nm /rad)]; By = diag .[11.6(N/ (m/s)), 11.6(N /(m/
5)), 5.9(Nm / (rad/s))}; and B;=diag [1,1,1, 1] (Nm/(rad
/s)) where "diag .[ - ]" denotes a diagonal matrix,

srm 2

arm 1

Fig.4 Initial posture and the desired position of the task point

Table 1 Link parameters of each arm and the object

parameters
linki{i=1,2,3,4)
and the object
mass (kg) - 10
length (m) 04
center of mass {m) .- 0.2
moment of inertia (kgmz) 0.267

Figure 5 shows the simulation result for the case in
which the end-point of the arm 3 undergoes a relative
motion respect to the task point along the surface while the
arm 1 and the arm 2 control the motion of the task point. In
this case, arm 1 and arm 2 grasp the object rigidly. The
relative motion of the end-point of the arm 3 is givenas a
function of the time as follows:

(252 - 0.1(m), 0.1¢m), $x(rad)] T i 07502
X3y ={ [-2.52 +2.0¢ - 0.3(m), o.x(m),gx(radn”‘ 0251504,
[0.1(m), 0.1(m), %n(mmT if1204

(18)
It is seen from the Fig.§ that even in the case of the

end-points carrying out relative motions, a cooperative
task can be realized maintaining the closed link structure,

Fig.5 Result of the trajectory generation
5 Conclusions

A method of generating the end-points' trajectories of
multi-arm robots in a parallel and distributed way has been
proposed. In the method, each arm was expressed as a
subsystem containing its dynamics and the interactions
among the arins were expressed by using the interaction
forces/moments between each arm and the task point. On
the other hand, the position constrainis were derived from
the task point in order to maintain the closed chains
formed by the arms and the object.

Since the joint torques for the controlling the motion of
the task point are calculated using only the position error
of the task point, it may be possible for the system become
deadlock because of constraints imposed on the motions of
the each arm such as restriction of the joint motions.
Therefore, future work will be directed to avoid this
problem, for example, by making positive use of the
redundant joint degrees of freedom to regulate joint motion
as the sub task,
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