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INTRODUCTION

Adopting a system of cooperative manipulators is believed to offer enhanced perfor-
mance in robotic applications. The use of multiple arms becomes necessary for the
execution of all those tasks that go beyond the capabilities of a single arm, e.g. manip-
ulation of large, heavy or non-rigid objects.

Cooperation can be successfully performed only when an effective coordination of
the arms is realized. This demands for accurate synchronization of relative motions,
solution of collision avoidance problems, ease of robot programming, and coordinated
control.

In this paper, the basic case of a two-arm planar system is considered. An effective
description of the cooperative task space is derived in terms of suitable absolute and
relative task variables. The former are naturally expressed in a common base frame for
the system while the latter are conveniently referred to a reference frame attached to
the object.

If kinematic redundant degrees of freedom are available in the system, multiple
joint configuration solutions exist. Here the closed-loop inverse kinematics scheme for
constrained redundant manipulators with task space augmentation and task priority
strategy [1] is suitably employed to solve the inverse kinematics problem for the cooper-
ative arm system. The goal is to reconfigure the system in more dexterous postures [2]
for the execution of a given task [3]. This is accomplished by considering the global
task space external force manipulability ellipsoid [4] that gives a measure of the ratio
between resulting object forces and applied joint torques; this ratio is maximized along
the given task space direction.

Case studies are developed to show the effectiveness of the approach. Different
types of redundancy are introduced by releasing one or more task space variables, and
the system is reconfigured to more dexterous configurations to execute the given task.

COOPERATIVE TASK VARIABLES

Consider the planar system composed of two arms manipulating a common object
sketched in Fig. 1. A suitable choice of absolute and relative task variables can be
obtained as follows. Such variables allow an effective description of the cooperation
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between the two arms and the object, although they are not directly related to the
variables of the usual object space symmetric formulation [5].

The absolute position of the object is computed as

Po = 0.5(p1 + p2) (1)

where p; and p, are the 2 X 1 position vectors of the end-effectors of the two arms
expressed in the common base frame (z,y;). Let consider the reference frame (x,,y,)
fixed to the object with origin in p, and z,-axis aligned with the vector w = p; — p;.
Then, the absolute orientation of the object can be described as the angle formed by
the z,-axis with the zp-axis

o = atan2(wsp, Wy ). (2)

Next, the relative variables must be specified. First, the relative position of the two
end-effectors can be described by the 2 x 1 vector w. However, if w is conveniently
expressed in the object frame, only the z, component of w is significant; this leads to
considering one scalar variable (the signed distance between the two end-effectors) to
describe this portion of the task. Then

Pr = W} COS @, + Wy SIN@g. (3)

As for the remaining variables, the grasp angle of each arm relative to the z,-axis can
be selected, i.e.

Pr1 = Pa —¥1 (4)
P2 = T+ P, ~ o (8)

where 1 and (2 represent the orientation angles of the two end-effectors with respect
to the base frame; by the way, each angle ¢; is given by the sum of the respective joint
coordinates of each arm.

INVERSE KINEMATICS SCHEME

Suppose that each arm has n;, ¢ = 1,2, degrees of freedom. If Z denotes the reference
value for the M x 1 vector of cooperative task variables, the inverse kinematics solution
of the system can be obtained in terms of the joint velocities by adopting the closed-loop
scheme proposed in {1]

q=J(g) & + K(& - k() + (I - T (@)T(2))d0 (6)

where g is the N x 1 vector (N = n; + ny) of joint variables for the whole system, k(-)
is the known direct kinematics function that allows the computation of task variables
from joint variables, and J 1 denotes the pseudoinverse of the Jacobian J associated
to the task. Notice that, in case of kinematic redundancy, i.e. N > M, solution (6)
features an extra term where §p is an arbitrary vector of joint velocities; this is pro-
jected onto the null space of the Jacobian, and then can be used to satisfy additional
constraints on the solution. Further, it is easy to recognize that solution (6), thanks
to the feedback correction term —K is a suitable positive diagonal feedback matrix—
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guarantees asymptotic convergence of k(¢) to # which in turn implies that of g to the
sought solution g.

In view of utilizing the above inverse kinematics scheme, the Jacobians for the
cooperative task variables are derived below. For the absolute variables, one obtains:

Joa =05(J; J2) )
sza=(VTJ1 - TJ?) (8)

where J; (J3) is the 2 X n; (2 X ny) end-effector position Jacobian matrix relative to
P1 (p2), and vT = (wl, + wzb)ml (wyp  —was).
On the other hand, for the relative variables one obtains:

Tor = (—Wwap sing, + wyp cos@y)Jpa + (cosp, sing, )(—J1 Jy) (9)
Jori=Jpa+{(-1 -1 =1 0 0 0) (10)
Jo=Jga+(0 0 0 -1 -1 —1). (11)

Part or all of these Jacobians can be conveniently compacted to form the task Jaco-
bian matrix used in (6). This depends on the choice of cooperative variables made to
functionally characterize the given task.

If the system possesses redundant degrees of freedom with respect to the given task,
solution (6) allows to choose the null space velocity vector in a proper way. Let then v(gq)
denote a scalar function of the joint variables which describes an additional constraint
task. Local minimization of v can be obtained by choosing for ¢, the gradient-type
law [6]

QO = "k‘yvq ’}’(Q) (12)
where k, is a positive scalar.

For the purpose of the present work, it is desired to locally maximize the intersection
of the global task space external force manipulability ellipsoid [4] along a given task space
direction [3]; this corresponds to minimizing the scalar quantity

1(q) = wT J.(q)TX(q)u, (13)

where J is the N x 2 Jacobian transpose representing the mapping between external
forces on the object and applied joint torques [5], and u is the 2x 1 unit vector identifying
the chosen direction in the base frame. For the given system, the core of the ellipsoid
can be explicitly derived by composing the end-effector Jacobians as [4]

JoJT = 0.25(1 I + JoJT). (14)

CASE STUDIES

A cooperative system of two equal three-degree-of-freedom arm is chosen to develop a

number of case studies. The links have all unit length. The manipulated object is a
disk of radius 0.5.
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A task space of dimension less than siz must be considered in order to have kine-
matic redundancy in the system. The initial configuration in all cases is chosen so
that an isotropic force ellipsoid is obtained; the values of the task variables introduced
in (1-5) are

T _ .
P, =(15 1) 9a=0
pr=1 wr1 =0 ‘Pr2=7r/2
It is required that some task space variables remain constant while the degrees of freedom

gained with the exclusion of the remaining variables are exploited to reconfigure the
cooperative system minimizing the constraint (13) with

uT=(1 0),

i.e. achieving a dexterous configuration to exert forces on the object along the hori-
zontal direction. The time history of the constraint function plus the initial and final
configurations with force ellipsoids are illustrated for each case.

First, the object orientation v, is set free: The constraint is minimized within the
limits of the available cooperative system workspace for the assigned task; notice that
the left arm cannot further move without changing the grasp angle or loosing the grasp
(Fig. 2).

Next, the object position p, is set free: The local minimum of the constraint is
lower than above, because the object can move now; this is confirmed by the stretched
shape of the force ellipsoid (Fig. 3).

Finally, besides p,, both the grasp angles ¢, and @2 are released and the end-
effectors realize a rolling contact with the object: In this particular case, the system is
allowed to reach the global minimum for the constraint which corresponds to a degen-
erate force ellipsoid (Fig. 4).

CONCLUSIONS

Dexterous reconfiguration of a redundant two-arm planar robot system has been dis-
cussed in this work. An inverse kinematics solution scheme has been developed with
local minimization of a scalar constraint based on the external force ellipsoid. Differ-
ent types of redundancy have been tested in simulated case studies for the cooperative
system with respect to a suitable description of absolute and relative task variables. It
is understood that other kinds of constraints can be considered on condition that they
are expressed as a function of the joint variables of the overall system. More complex
cases of spatial cooperation are under investigation.

ACKNOWLEDGEMENTS

The research reported in this work was supported by Consiglio Nazionale delle Ricerche
under contract n. 91.01963.PF67.



97

REFERENCES

[1] P. Chiacchio, S. Chiaverini, L. Sciavicco, and B. Siciliano, “Closed-loop inverse kine-
matics schemes for constrained redundant manipulators with task-space augmenta-
tion and task-priority strategy”, Int. J. of Robotics Research, vol. 10, pp. 410425,
1991.

[2] T. Yoshikawa, “Manipulability of robotic mechanisms”, Int. J. of Robotics Re-
search, vol. 4, no. 1, pp. 3-9, 1985.

[8] S. Chiu, “Task compatibility of manipulator postures”, Int. J. of Robotics Research,
vol. 7, no. 5, pp. 13-21, 1988.

[4] P. Chiacchio, S. Chiaverini, L. Sciavicco, and B. Siciliano, “Global task space ma-
nipulability ellipsoids for multiple arm systems,” IEEE Trans. on Robotics and
Automation, vol. 7, pp. 678685, 1991.

[5] M. Uchiyama, and P. Dauchez, “A symmetric hybrid position/force control scheme
for the coordination of two robots”, Proc. 1988 IEEE Int. Conf. on Robotics and
Automation, Philadelphia, PA, pp. 350-356, 1988.

[6] A. Liégeois, “Automatic supervisory control of the configuration and behavior of
multibody mechanisms,” IEEE Trans. on Systems, Man, and Cybernetics, vol. 7,
pp. 868-871, 1977.

Fig. 1 — A two-arm robot cooperative system.
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Fig. 2 — Time history of constraint value + initial and final configurations with force
ellipsoids (i, is free).
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Fig. 3 — Time history of constraint value + initial and final configurations with force
ellipsoids (p, is free).
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Fig. 4 — Time history of constraint value + initial and final configurations with force
ellipsoids (pa, ¢r1, and prp are free).



