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(54) Title: METHOD FOR CONTROLLING A ROBOT ARM

(57) Abstract: A method for visually controlling a robot arm (1) which is displaceable in a plurality

Fig. 4

of degrees of freedom, the robot arm (1) carrying at least one displaceable reference point (14), com-

prises the steps of a) placing at least one camera (2) so that a target point (13) where the reference
point (14) is to be placed is contained in an image output by the camera (2); b) displacing the robot

select axis 10

of the sum.

decompose A’
find caz, Cpxy,--

rotate by ¢4z, Chyys---

arm (1) so that the reference point (14) is within the image; ¢) determining a vector (A') which, in the
image, connects the reference point (14) to the target point (13); d) choosing (S1, S4) one of the de-
grees of freedom, moving (52, S5) the robot arm (1) by a predetermined standard distance (¢az, ¢oxy)
in said degree of freedom and recording (S3, S6) a standard displacement (D, Dyyy) of the reference
point (14) within the image resulting from the movement of the robot arm (1); ) repeating step d)
at least until the vector (A') can be decomposed ($9) into sum of standard displacements (D, Dpyy)
times associated weighting factors (C,,, Cyyy): 1) moving (S9) the robot arm (1) by the weighting
factors times the standard distances (Ca,*Da; + Coxy*Doxy) associated to the standard displacements
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5 Method for controlling a robot arm

The present invention relates to a method for visu-
ally controlling a robot arm which is displaceable
in a plurality of degrees of freedom. Visually con-
10 trolling displacement of a robot 1is highly attrac-
tive, since it allows to steer a robot precisely
even 1f the reproducibility of the robot’s reaction

to a given steering command is low.

15 Whenever a robot system comprising a robot arm, at
least one camera and a controller coupled to said
robot arm and camera for controlling the robot arm
based on input from the camera is newly set up, and
the position of the camera with respect to the ro-

20  bot arm is not precisely defined in advance, there
is a problem in that although the controller may be
able to identify a deviation between the actual po-
sition of a reference point carried by the robot
arm and a target point where the reference point

25 should be placed, it cannot know how to move the

robot arm in order to reach the target point.

Conventionally this knowledge 1is introduced into
the controller by a process known as calibrating
30 the camera, which, if performed manually, requires
a large amount of highly skilled labour. Since man-
ual calibration is time—-intensive, i1t must be car-
ried out before the robot system starts normal op-
eration, and must then enable proper operation of
35 the robot arm for any target point in space where

it might become necessary to move the robot arm to.
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The object of the present invention is therefore to
provide a robot system and method for visually con-
trolling a robot arm that do not require manual

5 calibration.

This object is achieved, on the one hand, by a
method for visually controlling a robot arm which
is displaceable in a plurality of degrees of free-

10 dom, the robot arm carrying at least one displacea-
ble reference point, which method comprises the
steps of
a) placing at least one camera so that a target
point where the reference point is to be placed is

15 contained in an image output by the camera;

b) displacing the robot so that the reference
point is within the image;

c) determining a vector which, in the image, con-
nects the reference point to the target point;

20 d) choosing one of the degrees of freedom, moving
the robot by a predetermined standard distance in
said degree of freedom and recording a standard
displacement o0f the reference point within the im-
age resulting from the movement of the robot;

25 e) repeating step d) at least until the vector
can be decomposed into sum of standard displace-
ments times associated weighting factors ;

f) moving the robot by the weighting factors
times the standard distances associated to the

30 standard displacements of the sum.

The standard displacements recorded in step d) can
be regarded as basis vectors which span a vector
space. This vector space is the plane of the image,
35 i.e. it is two-dimensional. Therefore, in order to
find standard displacements which can be combined

to form the vector of step c), in most cases only a
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small number of iterations of step d) will be suf-
ficient, regardless of the number of degrees of
freedom of the robot. Therefore, the most promising
degrees of freedom can be chosen first in step d),
5 and 1if the vector of step c¢) can be formed by com-
bining the standard displacements thus obtained,
time can be saved by not investigating the remain-

ing degrees of freedom.

10 The method of the present invention enables a pre-
cise control of the robot’s movement only in close
vicinity to the target point, where the displace-
ment of the reference point that results from mov-
ing the robot by a predetermined standard distance

15 in a given degree of freedom can be approximated as
directly proportional to the standard distance, and
therefore must be measured anew whenever there is a
substantial change in the reference point or the
target point. In practice, this 1s not a disad-

20 vantage, since redoing the measurements and pro-
cessing these is a matter of seconds that does not

noticeably delay the operation of the robot.

The degrees of freedom that are considered in the
25 above method can be defined quite freely. Any coor-—
dinate of the reference point that can be varied
can be regarded as a degree of freedom. This can be
a coordinate in a coordinate system which is de-
fined without regard to the structure of the robot,
30 e.g. a Cartesian coordinate system in which there
are translational degrees of freedom in two or
three dimensions and one or three rotational de-
grees of freedom, depending on whether the coordi-
nate system has two or three dimensions. In such a
35 coordinate system, displacing the reference point
in one degree of freedom only may require a coordi-

nated operation of several actors of the robot arm,
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the proportions of their respective displacements
depending on the current position of the reference

point.

5 Alternatively, 1f a robot has a plurality of ac-
tors, each of which drives a displacement of one
joint, each such displacement can be regarded as
degree of freedom. In that case the movement of the
reference point in two—- or three-dimensional space

10 caused by such a displacement of a single actor

will depend on the positions of other actors.

Step d) may be carried out for all degrees of free-
dom of the robot. Although this takes more time
15 than the above-mentioned alternative of merely try-
ing as many degrees as necessary for forming the
vector of step c) by a linear combination of stand-
ard displacements, it has an advantage in that in
the end, the movement of step f) can be chosen so
20 as to minimize an unwanted displacement along the

optical axis of the camera.

To this effect, a second camera may be provided
whose optical axis is not parallel to that of the
25 first camera and which can "“see” a displacement
along the optical axis of the first camera; in that
case, what can be recorded in step d) 1is not only
the standard displacement of the reference point
within the image of the first camera, but also its
30 displacement along the optical axis, and the stand-
ard displacements and their associated weighting
factors can be chosen in step e) so that they yield
a movement of the reference point in a plane per-—
pendicular to the optical axis of the first camera.
35
Alternatively, it can be assumed that if the robot

is moved by a predetermined standard distance in a
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given degree of freedom, and the resulting standard
displacement o0f the reference point within the im-
age 1is much smaller than in case of other degrees
of freedom, then the movement in said given degree
5 0f freedom can be assumed to be substantially along
the optical axis of the camera. In order to avoid a
substantial movement along the optical axis in step
f), the weighted sum of step d) should comprise no
addends associated to a degree of freedom directed

10 substantially along the optical axis.

In most practical cases, the reference point not
only has to be placed precisely onto the target
point, but shall also have a desired orientation,
15 i.e. not only a translation but also a rotation of
the reference point has to be controlled. To this
effect, the robot arm may carry a second displacea-
ble reference point, and the vector may comprise a
rotation component specifying a rotation by which a
20 line extending between first and second reference
points is made parallel to a line extending between

the first and a second target points.

The reference point can be located on a component
25 of the robot arm, typically an end effector there-
of, or on an object which is being manipulated by

the robot arm and is e.g. held by the end effector.

According to a preferred application, the object is

30 a circuit component and the target point is on a
circuit board where the circuit component is to be
installed.

Here, the field of view of the camera should cover
35 a surface of the circuit board, and a degree of
freedom chosen in step d) should preferably be par-

allel to said surface, 1in order to avoid a prema-
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ture contact of the circuit component with the cir-
cuit board or with components that have already

been placed thereon.

5 The object is further achieved by a robot system
comprising a robot arm, at least one camera and a
controller coupled to said robot arm and camera,
wherein the controller 1s programmed to carry out
the method as defined above.

10
The invention can further be embodied in a computer
program product comprising program code means which
enable a computer to carry out the method as de-
fined above, or in a computer-readable data carri-
15 er, having program instructions stored on it which

enable a computer to carry out the method.

Further features and advantages of the invention
will become apparent from the following description

20 of embodiments thereof, referring to the appended

drawings.
Fig. 1 is a schematic view of the robot system of
the invention.
25
Fig. 2 illustrates an image obtained by the cam-
era of the robot system of Fig. 1;
Fig. 3 illustrates standard displacements of a
30 reference point of the robot system; and

Fig. 4 is a flowchart of a method of controlling

the robot arm.

35 Fig. 1 is a schematic view of a robot system com-
prising a robot arm 1, a camera 2 and a controller

3. The robot system is used for placing components
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4 on a -preferably planar - support, e.g. circuit

components 4 on a circuit board 5.

The robot arm 1 comprises a stationary base 6, an
5 end effector 7 and a plurality of elongate links 8
that are pivotably connected to one another, to the
base 6 and the end effector 7 by Jjoints 9a-c. Each
joint can have one or more degrees of rotational
freedom. For illustration purposes, it will be as-
10 sumed that the joint 9a adjacent to the base is ro-
tatable by a vertical axis 10az and by a horizontal
axis 10axy which rotates around axis 10az along
with the links 8, Jjoint 9b rotates around an axis
10bxy parallel to 10axy, and joint 9c rotates
15 around an axis 10cxy parallel to 10axy and an axis
10cz which in the configuration of Fig. 1 happens
to be maybe wvertical but is 1in fact pivotable

around axis 10cxy.

20 The camera 2 has been installed above circuit board
5 so that the circuit board 5 is inside the field
of view of the camera 2. The circuit board 5 de-
fines a three-dimensional Cartesian coordinate sys-
tem, in which two axes x, y extend in the plane of

25 the circuit board 5, e.g. along its edges, and a
third axis, =z, 1s perpendicular to the circuit
board. The camera 2 defines a second Cartesian co-
ordinate system with two axes x’, y’ extending in
the image plane of the camera 2, and a third axis

30 z’ 1is the optical axis 11 of the camera 3. Although
care may have been taken to align the axes of the
two coordinate systems roughly parallel to each
other when installing the camera, some inaccuracy
of alignment is inevitable, so that a matrix that

35 transforms one coordinate system into the other can

be regarded as unknown.
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The controller 3 receives angle data from all

joints 9, stores geometry data relating to the

links 8 and the end effector 7 and can thus calcu-

late the position of a specific reference point of
S end effector 7.

Therefore a coarse positioning of end effector 7 is
possible without using data from the camera 2. Such
open-loop positioning accuracy may be sufficient to
10 steer robot arm 1 into an appropriate position for
seizing a circuit component 4 from a supply 12
without feedback from the camera 2 and for bringing
the circuit component 4 into a preliminary position
close to a target position 13 on circuit board 5,
15 so that both the circuit component 4 and its target
position 13 are within a field of view of the cam-

era 2.

However, accuracy of the preliminary position can-
20 not be better than the positioning accuracy of ac-
tors that drive the rotations of the Jjoints 9 based
on target data from the controller 3 or of sensors
of the robot arm 1 which measure the angles the
joints 9 actually assume due operation of the ac-—
25 tors. Obviously, the closer a Jjoint 9 1is to the
base 6, the higher is the impact of any angle inac-
curacy of this Jjoint on the actual position of the
end effector 7. Further, the position of a refer-
ence point 14 on component 4 may vary with respect
30 to the end effector 7, since the circuit component
4 can be seized by the end effector 7 at different

locations and in various orientations.

In order to take account of these wvariations, and
35 in order to place the component 4 precisely and in

correct orientation at the target position 13, the
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robot arm 1 must be controlled in a closed-loop

based on images from camera 2.

Fig. 2 1is an example of an image provided by the
5 camera 2. The image shows part of the end effector
7, the circuit component 4 attached to the end ef-
fector, and the target position 13. The circuit
component 4 of this example is a chip having a rec-—
tangular plastic casing 15 and contacts 16 extend-
10 ing from the longer sides of the casing 15. The
reference point 14 can be a notch formed at a
shorter side of casing 15. In the image of Fig. 2,
the notch is wvisible; if the circuit component 4
had been seized in another orientation, it might be
15 hidden from the camera 2 under the end effector 7,
but in that case the controller would nevertheless
be able to calculate its position in the image

based on the visible edges of the casing 15.

20 On circuit board 5, there is a rectangular outline
17 that matches the shape of casing 15. A mark on
of the shorter edges of the outline 17 defines the
target position 13. The circuit component 4 is
placed correctly on the circuit board when its ref-

25 erence point 14 is placed on the target position
13, and the outline of casing 15 matches the out-
line 17. So, in order to place the circuit compo-
nent 4 correctly, the robot arm 1 has to displace
it by a vector A’ and rotate it by an angle ao'.

30
While the relation between the coordinate systems
X,y,z of the robot arm 1 and x’',y’,z’ of the camera
2 1is still unknown, there is no way for the con-
troller 3 to tell how far and in what direction the

35 circuit component 4 will be displaced in images
from the camera 2 in response to a given movement

of the robot arm 1.
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What the controller 3 can tell, based on the known
geometry of the robot arm 1, 1is that a rotation
around axis 10az will displace the circuit compo-
5 nent in a first direction in the xy plane, parallel
to circuit board 5, whereas a rotation around one
of axes 1l0axy, 1l0bxy will cause a displacement
which is part in a second direction in the xy plane
and part in the z direction, and a rotation around
10 axis 1l0cxy will displace the circuit component sub-

stantially in the z direction only.

According to a first embodiment of the method of
the invention, the controller selects in step Sl
15 one of the axes 10, e.g. axis 10az, and drives a
rotation around this axis by a small angle ¢.. (S2).
The angle can be fixed and identical for all axes
10, preferably it is inversely proportional to the
distance of end effector 7 from the selected axis,
20 so that the distance travelled by the end effector

7 is substantially equal for all axes.

The controller 3 detects a displacement D., of ref-
erence point 14 caused by the rotation of step S2
25 in images from camera 2 (S3). Like A’, the dis-
placement D,, 1s a two-dimensional wvector in the

image plane (cf. Fig. 3).

In a next step S4, the controller 3 selects another
30 axis, e.g. axis 10bxy, and drives a rotation around
this axis by a small angle ¢oxy 1n step S5. As
pointed out above, ¢uxy can be equal to ¢a.,, or it
can be chosen inversely proportional to the dis-
tance of end effector 7 from axis 10 bxy, so that
35 the distance travelled by end effector 7 will be
similar to that 1in case of rotation around axis

10az, but the direction of travel will be differ-
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ent, and the camera 2 observes 1in step S6 a dis-

placement Dpxy in a direction different from De..

If amount of one of these displacements is substan-
5 tially less than of the other, it can be concluded
that the displacement is substantially in the =z’
direction and can therefore not be seen by the cam-
era 2. Since the camera 2 views the circuit board 5
from above, a displacement 1in the =z’ direction
10 might hit the circuit board and should be avoided.
Therefore, 1if the displacement observed in a given
rotation is small, the rotation is discarded (S7),
and another axis 1is selected by returning to step
S4. A rotation may also be discarded if the direc-
15 tion of its observed displacement D differs by less
than a predetermined angle from the direction of

the displacement observed due to another rotation.

When the amounts of the displacements Daz, Dwxy are
20 found to be roughly similar, and/or the angle be-

tween their directions sufficiently close to a

right angle in step S7, the vector A’ is detected

based on images from camera 2 (S8), and is decom-

posed into a weighted sum of these displacements in
25 step S9:

"=C22*Daz + Coxy*Dbxy.

By having the robot arm 1 rotate by an angle Caz*a

around axis 10az and by an angle Cpxy*QPoxy around ax-—

is 10bxy (S10), reference point 14 is placed imme-

30 diately above target point 13.

In an alternative embodiment, the controller 3 re-
peats steps S4-S6 until the robot arm 1 has carried
out rotations ¢ around all of its axes 10 and dis-
35 placements D 1in the image plane resulting from

these have been recorded. Those two displacements
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Di, D; whose wvector product is largest 1is chosen
for decomposing the vector A’ into a weighted sum
A’=C1*D1 + C2*Dg,
and then rotating the robot arm 1 by angles ci*¢,
5 c¢z2*¢2 around the axes associated to these displace-

ments.

The controller 3 is capable of coordinating rota-
tions around axes 10ax, 10bxy, 10cxy so that the
10 end effector 7 is displaced along a straight line
in a purely radial direction with respect to axis
10az. Therefore, in a preferred embodiment of the
invention, the controller 3 carries out steps S1-S83
as described above, whereby the robot arm is rotat-
15 ed around axis 10az by ¢s,, and the reference point
14 experiences a displacement Da,. In steps S4-S6
it selects as a degree of freedom translation in
the radial direction with respect to axis 10az, and
drives a translation of the end effector 7 in the
20 radial direction, by which the reference point 1is

displaced by Dr.

Seen from above by camera 2, the two displacement

vectors Das; and Dy are approximately orthogonal. A

25 decomposition of vector A’ can be carried out (S9):
A’= Caz*Daz + Cr*Dy,

and by rotating the robot arm 1 by caz*ds, around

axis 1l0az and stretching or contracting it radially

by an amount proportional to cr (S9), the reference

30 point 14 is placed on top of target point 11.

In case of the circuit component 4, it is not suf-
ficient that the reference point 14 and the target
point 11 coincide, orientations of the casing 15
35 and the outline 17 must match, too. In the present
example, controller 3 “knows” without having re-

course to images from camera 2 that such an align-
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ment requires a rotation by axis 10cz, it may not
know the angle by which the end effector and the
circuit component 4 have to be rotated. Therefore,
in a preparatory step S0, based on images from the
5 camera 2, controller 3 determines the angle o’ and
rotates the end effector 7 and the circuit compo-
nent 4 around axis 10cz by a’, so that the edges of
the casing 15 become parallel to those of the out-

line 17. Steps S1-S9 as described above follow.

10
When the circuit component 4 has been placed cor-
rectly above outline 17, the controller lowers the
circuit component 4 until its contact with the cir-
cuit board prevents further displacement of the ro-
15 bot arm 1 (S10). The lowering movement can again be

controlled without having recourse to images from

the camera 2.
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Claims

1. A method for wvisually controlling a robot arm

(1) which is displaceable in a plurality of
degrees of freedom, the robot arm (1) carrving
at least one displaceable reference point

10 (14), the method comprising the steps of
a) placing at least one camera (2) so that a
target point (13) where the reference point
(14) is to be placed is contained in an image
output by the camera (2);

15 b) displacing the robot arm (1) so that the
reference point (14) is within the image;
c) determining a wvector (A’) which, in the
image, connects the reference point (14) to
the target point (13);

20 d) choosing (S1, S4) one of the degrees of
freedom, moving (S2, S5) the robot arm (1) by
a predetermined standard distance (¢az, ¢oxy) 1n
said degree of freedom and recording (S3, S6)
a standard displacement (Daz, Dpxy) ©0f the ref-

25 erence point (14) within the image resulting
from the movement of the robot arm (1);
e) repeating step d) at least until the vec-—
tor (A’) can be decomposed (S9) into sum of
standard displacements (Daz, Dpxy) Times asso-

30 ciated weighting factors (Caz, Coxy);
) moving (S9) the robot arm (1) by the
weighting factors times the standard distances
(Caz*Daz + Cpxy*Doxy) associated to the standard
displacements of the sum.

35
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2. The method of claim 1, wherein the degrees of
freedom comprise displacements in mutually or-

thogonal directions.

5 3. The method of claim 1, wherein the robot com-
prises rotatable joints (9) and the degrees of

freedom comprise rotations of said Jjoints (9).

4, The method of any of claims 1 to 3, wherein
10 step d) 1s carried out for all degrees of

freedom of the robot arm (1).

5. The method of any of claims 1 to 3, wherein
the field of view of the camera (2) covers a
15 surface (5), and a degree of freedom chosen

(S1) 1in step d) 1is parallel to said surface

(5) .
6. The method of any of claims 1 to 5, wherein a
20 degree of freedom is regarded as directed sub-

stantially along the optical axis (11) of the
camera (2) 1f its standard displacement is be-
low a predetermined threshold, and the
weighted sum (Caz*Daz + Coxy*Doxy) 0L step d)
25 comprises no addends associated to a degree of
freedom directed substantially along the opti-

cal axis (11).

7. The method of any of any of the preceding

30 claims, wherein the robot arm (1) carries a
second displaceable reference point, and

wherein the vector comprises a rotation compo-

nent specifying a rotation by which a line ex-

tending between first and second reference

35 points 1is made parallel to a 1line extending

between the first and a second target point.
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8. The method of any of any of the preceding
claims, wherein the reference point (14) is on
an object (4) manipulated by the robot arm
(1) .

9. The method of claim 8, wherein the object is a
circuit component (4) and the target point

(13) is on a circuit board (b5).

10 10. A robot system comprising a robot arm (1), at
least one camera (2) and a controller (3) cou-
pled to said robot arm (1) and camera (2),
characterized in that the controller (3) 1is
programmed to carry out the method of any of

15 the preceding claims.

11. A computer program product comprising program
code means which enable a computer to carry
out the method according to any of claims 1 to

20 9 or to operate as the controller of claim 10.

12. A computer-readable data carrier, having pro-
gram instructions stored on it which enable a
computer to carry out the method of any of

25 claims 1 to 9.
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Fig. 1
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Fig. 4
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