Chapter 7

(General Conclusion

Robot manipulators offer a lot of promising applications in indus-
trial activities. However, this potential has not been fully exploited
yet. Assembly is a fypical example of manipulation tasks where the
robot motions are constrained during the task execution. When deal-
ing with complicated objects or in case of a highly uncertain environ-
ment, a single robot arm may fail to accomplish the assigned tasks.

In this case a multi robot system may offer a solution. In order to
optimally exploit the capahilities of a multi robot sybtem, the following
issues have to be considered:

» How to assign a common task to a multi robot system; in this
thesis the case of two cooperating robot arms is analyzed. The
task has to be executed in a coordinated manner, and to be
realized automatically. In addition, the task has to be formulated
in a simple way.

e What are the characteristics of a multi robot system that make
them superior to a single robot system. Furthermore, how to
exploit these characteristics in a suitable way.

e How to design and implement a cooperative control to realize
the coordinated motion for 2 multi robot system, which is based
on the two previous issues.

Below the contributions of this thesis in light of these issues are
sumnmarized.
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Task specification for multi robot system.

A new task specification for compliant motion of two cooperating
robots has been designed. These specifications are an extension of an
existing-robot compliant motion specification for a single robot arm.

Two specifications are introduced. The first is called the move
synchronously command. This is based on the ordinary compliant
motion; but automatically extracts feedforward information gathered
from the counter-part robot. In particular, task frame velocities are
transformed from one robot to other robot. This specification realizes
only coordinated motion between two robots. As a result, this formu-
lation is not very flexible, in the sense that the robot programmmer kas
to define accurately the motions of the two robots in advance.

The second specification is called the move cooperatively cornmand.
This is also based on the ordinary compliant motion specification, but
exploits the redundant properties of the multi robot system. This spec-
ification aliows the cooperating robots to utilize all degrees of freedom
they possess. As a result, the robot programmer can impose some im-
portant constraints to the mechanism, i.e. avoiding singular positions
or finding suitable configurations.

Using this specification, the controller uses information from both
robots toatinuously, and drives the robots to a better configuration.
This offers a solution for performing difficult tasks for robotic systems
in general.

Control strategy by means of redundant properties.

Utilizing redundancy in two cooperating robots contributes marked-
ly to the increased flexibility, and the simplicity of compliant motion
specification. The task is defined in a similar way as in the existing
compliant motion specification. Only a small modification has been
introduced.

Characteristics and implementation of redundancy in a multi robot

‘system have been studied in great detail. The main issues addressed
are the following:

e Treating and analyzing a multi robot system as a kinematically
redundant manipulator, as there are twelve degrees of freedom
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for performing a task having six degrees of freedom. This gives
more dexterity for the system to accomplish difficult tasks.

* The task of the multi robot system as one single mechanism is
divided into levels of priority, i.e. high priority and low priority
tasks. The high priority task must be realized at any time, while
the low priority task is only executed whenever possible using
the remaining degrees of freedom.

 In this implementation, the high priority is assigned to the rel-
ative position and orientation of the two end-effectors. In other
words, the contact point between tool and the object to be
worked on, has to be kept constant. The lower priority is used to
minimize objective functions that always keep the contact point
within the common work space. At the same time, it avoids sin-
gular configurations in Cartesian space as well as in joint space
level

Implementation results.

Both specifications for two cooperating robots are implemented
on two industrial KUKA robots. The cooperative tasks are read by
the tasks interpreters, and seni to the robot controllers. The con-
trol scheme called Comrade is a rather general scheme which allows
different control algorithms to be implemented.

Some simulation results have been shown; they have been veri-
fied experimentally. These results demonstrate the effectiveness of the.
new specification for two cooperating robot arm, especially the use of
redundant, properties.

The technique presented here has some potentials for various ap-
plications. In the car industries, tracking of an unknown contour by
two cooperating robots can be used for automatic doors ghiing. In nu-
clear environments, this technique will certainly become important for
automatical dismantling processes, e.g. for cutting operations where
one robot holds an object, while the other operates a cutting tool.
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Suggestions for Further Developments

Although the control strategy developed in this thesis has been
successfully implemented on two industrial robots, the performance is
still far from being optimal. In fact, the performance of the whole sys-
tem depends on various aspects, e.g. force control parameters, speed
of the redundant control, ability of the system to avoid collisions, the
ability of the high level control for finding the best path of the two
robots, and so on.

In this thesis, only one aspect is worked out, i.e. the implemen-
tation of a control strategy based on the redundancy of a two robot
system. And even this contrel loop runs very slowly; it runs only at
10 Hz. This strongly limits the performance of the system. On the
. other hand, in all experiments the starting configuration is always free
from a collision between the tool and object to be worked on.

To get maximum performance with this control strategy, some de-
velopments have to be done in the future. Here, the two most urgent
improvements are suggested:

e speeding up the redundant control.
¢ implementing the automatic collision avoidance.

» Speeding Up The Redundant Control.

It is really necessary to speed up the redundant control loops up
to the speed of the main control loops if it is possible. The main rea-
son why these control loops run very slowly is that software virtual
channels are used between the transputers for transferring informa-
tion. This in fact, seems to be only suitable for data communication
between processes within one transputer, as these channels utilize the
transputer data bus. The transfer is apparently fast enough without
disturbing the robot control loops.

Possible solutions to avoid this problem are:

» Devoting one separate process in each robot transputer (TPT -
0 and TPT - 2) which runs for instance at 50 Hz. This process
continuously keeps the last status of its own robot, and is ready
to send it to the redundant controller. It also keeps request-
ing the new updated configuration from the third transputer
(TMB012). For communication, hardware communications can
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be implemented, instead of the virtual channel facilities [94]. In
this case, the link number has to be specified explicitly.

+ To control two cooperating robots using a redundant control
strategy, three transputer nodes in one physical board would
be excellent. Software virtual channels can still be implemented
exactly the same as used for controlling a single robot arm. As
the channels utilize the transputer data bus, it would be not too
time critical for transferring data between the transputer nodes.

* The other possible solution is using a different communication
technique, which in fact has been successfully implemented on
the LiAS, which stands for Leuven intelligent Autenomsous Sys-
tem. It is 2 mobile robot where the controller utilizes eight differ-
ent transputers. The main controlier runs under a programming
system, the so called Virtuscso which stands for Virtual Singie
Processor Programming System [95]. This system offers some
advantages in programining a transputer system. The program-
mer can send information from one task (in one transputer) to
another task (in other transputer) without having to care about
the links between the transputer nodes. Data can be sent at a
link speed of 20 Mbit/sec which is a very high rate. Implemen-
tation of this feature for controlling two cooperating robots will
significantly improve the overall performance of the system.

¢ Collision Avoidance for Two Cooperating Robots.

Another important subject to optimize the performance of the con-
trol strategy developed here is the necessity to implement a collision
avoidance technique, i.e a strategy for finding the safest path for the
robots to move from one point to another. This strategy involves path
planning for the robot motion, and it has to be implemented on-line,
i.e. during the main task execution.

In the manipulation tasks demonstrated here, the two robots al-
ways start executing the task from given safe initial positions. From a
flexibility point of view, this is not the best solution. Instead, the two
robots must be able to start from any arbitrary configuration. If colli-
sion may occur while approaching the start configuration, it has to be
detected in advance, and the current path has to be modified immedi-
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ately. So the starting configuration can be reached safely. This action
has to be done on-line based on the current position of the robots.

Path planning for multi robot systems has gained an increasing
attention, as this planning is one of the fundamental requirements for
task oriented robot programming. Some good examples are given in
[14, 41, 45, 84, 85] for solving problems of collision among moving
objects in general.
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