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Abstract that provides a direct transition from image data to motion

A novel concept for vision-based robot control isintroduced.  control commands, and does not require any training.
It eliminatesthe need for a calibration of the robot and of

thevision system and comprisesan automatic adaptation to

changing parameters. A key point of the concept isthe 2. Experimental Setup

newly proposed method of " object- and behavior-oriented
stereo vision". Contrary to conventional stereo vision
methodsit usesan uncalibrated camera system and allows

A specific setup has been used for developing and testing our
approach to vision-based robot control in real-world experi-

adirect transition from image coor dinatesto motion control ~~ Ments.

commands of arobot. A 5-degree-of-freedom articulated arm (Mitsubishi Movemaster
2) is used for picking up objects. Of the 5 degrees of freedom,

1. Introduction one refers to the rotation of the gripper around its axis. It will

not be considered in the sequel. The remaining 4 degrees of

Vision-basgd cpntrol of a me_mipulator typicall'y rquires %reedom correspond to the joints J J, (cf. Figure 1). Joints,J
careful calibration of the optical subsystem, including the 3 allow the gripper to be moved within a certain section of

camera(s) and the lighting, and of the mechanical subsysten vertical plane, the work plane. Joigtallows the arm to be

Such a calibration tends to be rat_her cumbersome_, and th Btated around a vertical axis, thus determining the azimuth of
expensive. Moreover, because neither subsystem is perfecﬂ;(

oo ) e robot's work plane. In our experiments joinwas always
stable the calibration has to be repeated after relatively shotf ... iiad in sucph a way that tEe gripperj Vg:IS in a vgrtical
time intervals, and also after any maintenance.

orientation, as indicated in Figure 1. Our arm has thus three
A robot not requiring any calibration of its subsystems wouldndependent degrees of freedom remaining, corresponding to the
therefore be of great practical advantage. An approach to theints J, J and J.

realization of such a robot is presented in the sequel. It unhzels;he task to be executed by the robot is to find a specific object

a close interaction between image interpretation and mo'[iomat may be located somewhere in the robot's 3-D workspace
control to essentially perform a continuous implicit calibration '

. . ; - 2= and pick it up.
as a side effect of normal operation. This self-calibration is P P

automatically limited to those parameters which are actuallfwo video cameras are mounted on the arm. They participate
necessary for motion control. in the rotation of the arm around its vertical axis, but relative to

the work plane of the robot they are fixed. The cameras are
4 . "Thounted on opposite sides of the work plane. The location and
parameters may be considered aform_of_ learning. It also adapfeiation of each camera are somewhat arbitrary and not
the control to changes of characteristics of the robot (e'%xactly known, but each camera should be mounted in such a

mechanical wear or replacement of parts), of the sensors (e\ﬁay that its field of view covers that area within the work plane
camera mounting or focal length of the camera lens), and of tnﬁ which objects are to be manipulated

environment (e.g. positions of objects to be manipulated, or
lighting). The control of the robot is based entirely on an interpretation

. . . . of the images of the two cameras. Uncontrolled ambient light
Self-supervised learning for docking and target reaching hqg used for illuminating the scene

previously been described by Cooperstock and Milios (1993).
They use a set of neural networks to realize a robot that is able

to approach an object and grasp it without requiring a calibras .
tion. In contrast to them we use a novel stereo vision methg%' The Classical Control Approach
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A classica approach for controlling such a J2
robot would evaluate the camera images ac-

cording to the well-known methods for stereo I
evaluation. Thisevaluation requiresall interna
and external camera parameters (location,
orientation, focal length, principal point, etc.)
to be known with great accuracy. The stereo
evaluation would then deliver the location of
the object to be grasped relative to some coor-
dinate system that is defined by the orienta-
tions and locations of the cameras. As an
alternative, a carefully aligned projector illu-
minating the scenewith aspecific light pattern
could be used in combination with one or two
cameras. In both cases the coordinates of the
object in a ground-based coordinate system
would then be determined by an appropriate
coordinate transformation.

Figurel

Finally, thejoints of the robot would be controlled in such away
asto move the gripper to that point in the ground-based coordi-
nate system which was determined to coincide with thelocation
of the object. This control implies a coordinate transformation
between the joint angles and the ground-based coordinate
system which requires accurate knowl edge of the robot’s dimen-
sions, kinematics and joint angles.

It is obvious that the classical approach requires exact knowl-
edge of numerous system parameters. This knowledge must be
provided by acareful, and usually cumbersome and expensive,
calibration of the entire system. Moreover, the calibration has
to be repeated frequently to minimize the effects of changesin
the system parameters.

4. The New Control Approach
4.1 Characteristics

In sharp contrast to the classical approach, our approach
requires no knowledge regarding:

» the exact locations of the cameras
(except that the cameras should be located some distance
away from the work plane of the robot in an opposite
arrangement)

» the exact viewing directions and the internal parameters of
the cameras
(except that both cameras should have the actual work space
of the robot in their fields of view)

» the dimensions, kinematics and joint angles of the robot
(except that, for practical reasons, we presently assume that
the robot is of the articulated arm type, and that the general
type of the gripper and the number of degrees of freedom of
the system are known)

» thequantitative relationships between the control words sent
to the motor controllers and the resulting motions

-2.

camera C2

The robot arm joints and
the camera arrangement
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(except that these rel ationships are assumed to
be "smooth").

J3
H gripper 4.2 Concept

To be picked up, an object must be located in the
work plane of therobot. Thetask of picking up an
object may therefore be conceptually decomposed
into two subtasks: rotating the robot around its
vertical axis until the work plane coincides with
the object to be picked up, and a subsequent
motion of the gripper within thework plane. This
decomposition only servesto simplify the descrip-
tion. In reality the robot should execute a single
motion in three-space to approach the object and

finally grasp it.

Sincewe aremainly interested in the control of the
arm, and not in sophisticated grasp strategies, the objects used
in our experiments are of simple cylindrical shape. To grasp
such objects it is sufficient to make the center of the (open)
gripper coincide with the center of the object, and close the

gripper.

4.2.1 Motion within the Work Plane

The control for the motion within the work plane will be
described first. Let us assume for the moment that the work
plane already coincides with the object. The task is then to
modify the joint angles, ¢, and o, corresponding to the joints
J, and J, (Figure 1), in such a way that the gripper coincides
with the object. Either one of the cameras may be used as a
sensor for accomplishing thisgoal. L et us assume, as an exam-
ple, that camera C, is being used. It performs a one-to-one
mapping between an area of the work plane and the camera's
image plane. The images of the object and of the gripper
coincide if, and only if, the object and the gripper are at the
same location. To grasp the object it is, therefore, sufficient to
make the image of the gripper coincide with the image of the
object.

Let usassumethat thejoint angles, a,, o, and a, of therobot are
controlled by 3 internal control words, w,, w, and w,. Actually
itisunnecessary to know which control word belongsto which
joint angle, but for simplifying the subsequent explanation, let
us assume that w, and w,, belong to «; and «,. To make the
gripper rendezvous with the object it isthen necessary to assign
appropriate va uesto the control wordsw, and w,,. To determine
these values we must know the gain coefficients, dx,/6w,,
dy,/dw,, 6x,/6w,, and 8y,/éw,, relating the control words, w, and
w,, to the coordinates, x, and y,, of the gripper in the image of
camera C,. (6 symbolizes a humerical approximation to the
partial derivative).

If the gain coefficientsare still unknown for the present position
of the gripper, thefollowing self-calibration procedure may be
used for determining them:
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1. Modify control word w, by a small C
amount Aw,. (Modifying the control
word by too large an amount might be
dangerous. If areasonable magnitude N
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Now let us assume that the object
is not located in the work plane.
In this case, the joint angle oy,
corresponding to joint J,, must be
modified. Whether such a
0 o- situation exists may be

of the increment is completely

unknown choose the smallest amount
possible. If no visible motion of the

gripper results double the increment .
and repeat this step.) ‘é?(g'cal

2. Measurethe resulting displacement of ‘C
the gripper in the image (Ax,, Ay,)". , 2

Figure2

3. Repeat steps 1 and 2 for the second

control word, w,,.

Once the gain coefficients have been
determined in certain locations in the
image they may be stored in a table containing sets of these
coefficientsfor each one of anumber of areaswithin theimage.
For subsequent motions of the robot the stored values may then
be used instead of measuring them again. If a motion based on
the memorized coefficients turns out to be incorrect, the self-
calibration may be repeated and the stored coefficients may be
updated.

If the coefficients are known the following rendezvous
procedure may be executed to make the gripper rendezvous
with the object:

1. Assume, asan approximation, that the relationships between
control word increments and the resulting displacements of
the gripper are linear in a certain image area around the
present location; compute those control word increments
which will cause a motion of the gripper in the image of a
magnitude of not more than, say, 10 pixelsin the direction
to the object. (Solve a system of 2 linear equations.)

2. Execute the motion.

3. Observe the resulting displacement of the gripper in the
image, and compare it with the expected one. If the
difference is significant use it for updating the local gain
coefficients.

4. Repeat steps 1 to 3 until the image of the gripper coincides
with the image of the object.

4.2.2 Three-dimensional Motion

Up to thispoint it has been assumed that the object wasinitialy
located in the work plane. Therefore, only one of the two
cameraswas hecessary, and it did not matter which one of them
was actually used. Their images, and the mappings between
control words and image coordinates of the gripper, are
different, but the control word increments computed in step 1
of the rendezvous procedure above are the same, regardl ess of
the camerawhoseimageisused. Thereasonisthat thereisonly
one correct motion in three-space and, thus, only one correct set
of control word increments.

Disparity of apparent object locations, O, and
O,, corresponding to an object, O, outside of
the robot's work plane

determined by executing step 1

- /O‘\ . of the rendezvous procedure (and
N possibly the self-calibration
procedure) twice, once with the

work plane image from each camera.

Figure 2 shows why the two
results will be different if the
object is not located in the work
plane. Figures 3 and 4 show the
images obtained by the two
cameras in such a situation. In the rendezvous procedure it is
assumed implicitly that any object seenislocated intherobot’s
work plane. Controlling thejoints, J; and J,, based on theimage
of cameraC, would, therefore, generate amotion of the gripper
towards O,, the projection of O onto the work plane as seen by
C,. Similarly, basing the motion control on theimage of camera
C, will cause amotion of the gripper towards O,. The two sets
of motion control words will be identical if, and only if, O is
located in the work plane, because only then will O,, O,, and O
be at the same location.

If thetwo sets of control words computed on the basis of thetwo
images are different it may be concluded that the object is not
located inthework plane. Inthiscase, the control word for joint
J, should be modified, causing the azimuth angle, o, of the
work plane to change. (If it were initially unknown which
control word controls joint J, it may easily be determined by
modifying each control word inturn. Modifying o, or o, makes
the gripper movein the cameraimages, whilevarying o, makes
the object moveintheimages.) The correct sign and magnitude
of Aw,, theincrement of the corresponding control word which
makes the work plane coincide with the object, would be
determined basing on the disparity of the two sets of control
words, w, and w,, computed from the images of the two
cameras. A simpletrial-and-error method may be used for this.

4.3 Object- and Behavior-oriented Stereo Vision

The described concept amountsto anovel realization of stereo
vision. While conventional stereo vision measuresthe disparity
between corresponding features in two images in order to
determine the coordinates of these featuresin Euclidian space,
in our realization of stereo vision we measure the disparity
between corresponding objects in two images in order to
determine the coordinates of the objects in the control word
space of arobot. By this approach we avoid abstract coordinate
transformations; instead, we use image data directly to control
abehavior of therobot, or interactions of the robot with physical
objects. This"object- and behavior-oriented stereo vision" has
two important advantages:
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» The correspondence problem, which is known to be an
extremely hard problem is much more tractable when the
correspondence between images of physical objectsissought
than when the correspondence between images of featuresis
sought.

» The direct transition from image coordinates to motion
control words makes the knowledge of many hard-to-measure
optical and mechanical system parameters unnecessary;
moreover, it lends itself to the realization of learning and
adaptive robots.

4.4 Summary of the Concept

By the concept described above, al three joint angles of the
robot may be controlled in an appropriate way without any
previous knowledge of system parameters. In the interest of
speed the rotation of the arm around the vertical axis and the
motion of the gripper in the work plane may be executed
simultaneously. An average of the control words computed on
the basis of the data from the two cameras may be used for
controlling thejoints, J, and J,, even while the azimuth angleis
still being adjusted.

A robot based on this concept will be able to begin working with
amost no knowledge of its system parameters; later it will
become more efficient by learning from experience gained in
the course of normal operation. By continuously updating its
stored knowledge it will be able to adapt to changes in the
environment and in system parameters.

5. Experimental Results

The approach was tested in a series of grasping experiments.
The object to be grasped had acylindrical shape, about 2.5 cm
in diameter and 8 mm in height, and dark color (Figure 3 and
4). The object was placed on asupport of unknown height (O to
about 10 cm) somewhere on atable where it could be reached
by the robot arm.

In the experiments the object waslocated and grasped reliably,
regardless of itsinitial location in the workspace of the robot.
The adaptability of the system was tested by moving one of the

E-r

gripper

Figure 3
Scene from the left camera
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cameras by an arbitrary amount. As expected, the grasping
operation could immediately continue without any recalibration
whatsoever.

Themotionisrather slow; approaching the object and grasping
it requires about 60 s. This downessis mainly due to the fact
that, for reasons of simplicity, in thisinitial implementation of
the concept the control of the robot is handled in arather static
way: apause is made after each motion command to wait until
the robot has completely stopped; the result of the previous
command is then evaluated, and the next command is issued.
Also, the two motions, motion of the gripper within the work
plane and rotation of the work plane, are not yet executed
simultaneously.

It would be much more efficient to issue velocity commandsto
the robot, observe the resulting image velocities, e.g. by the
methods proposed by (Huber, Graefe 1991), and issue
corrective velocity commands to the robot while it is till
moving. It may, however, be difficult to implement such a
control strategy on the presently used robot and its associated
control box.

6. Conclusions

A novel method for controlling a robot manipulator by vision
has been introduced. It does not require the robot, or the vision
system, to be calibrated, and it provides an automatic adaptation
to changing system parameters. The key point of themethod is
adirect transition fromimage data to motion control commands.
Thisdirect transition avoids not only cumbersome computations
of coordinate transformations and inverse kinematics, but it also
makes it unnecessary to know numerous system parametersthat
would otherwise have to be determined by expensive calibration
procedures.

Thevalidity of the concept has been demonstrated in real-world
experimentswhere an articulated arm robot grasped obj ectsthat
werelocated at arbitrary positionsin 3-D space. The speed and
efficiency of the system may be improved in the future by a
more dynamic control strategy and by including a long-term
memory for accumulating knowledge of the mapping between

object—__

Figure4
Scene from the right camera
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image data and motion control gain coefficients.
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