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Abstract: The paper describes the design of an offline path correction system for industrial robots using laser
stripe sensors. Our approach offers high flexibility because of the systems ability to self-calibrate and a high
speed measurement because of the usage of approximate positioning of the robot. The paper further reviews the
advantages and disadvantages of online and offline path correction systems.
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1 Introduction

Most applications with industrial robots especially
those in the automotive industry cannot be realized
with only static robot programs due to higher ac-
curacy requirements. Different approaches provide
sensor based solutions for this problem achieving
different accuracies.

Besides the accuracy of the manipulator system
itself including tool and potential external axes there
are two components that are most relevant for the
accuracy of the complete system, the accuracy of the
conveyor system and the production tolerances of the
work object. This leads to two different strategies to
increase the systems accuracy. For high tolerances in
the conveyor system it is common to make a global
position correction that determines the position
change of the work object relative to a certain setup
position. This can be done using multiple cameras
each viewing certain features of the work object.
The position change can be calculated using bundle
adjustment techniques (see [10]). If there are high
production tolerances in the work object the usage
of robot path correction might be in order. A path
correction corrects the robot path usually by using
local sensor systems mounted at the robots hand.

The Fig. 1 illustrates the usage of both ap-
proaches. During system setup the work object is
posed into the nominal position in the robot cell and
the application program for the robot is taught (a). The
nodes along the robots path are the path points taught
in the robot program and referring to the work object
coordinate system. During normal system operation

the conveyor places a new work object with certain
production tolerances in the robot cell at a slighly dif-
ferent than the nominal position (b). With a position
correction the work object coordinate system can be
corrected to have the robot path run along the work
object again (c). To compensate the production toler-
ances of the work object a path correction of the single
path points is advisable (d).

a) b)

e

Fig. 1: Position Correction and Path Correction

There is a difference between online path cor-
rection systems and offline path correction systems.
Online path correction systems execute measurement
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and correction calculation continuously in a loop and
provide the robot permanently with corrections dur-
ing his applications run. On the opposite the offline
path correction divides the production process into a
measurement run and an application run. During the
measurement run the measurement data is collected
and after calculating the corrections the robot starts
its application run with the previously calculated
corrections without any further measurement.

This paper describes the design of an offline path
correction system with an universal robot interface,
self-calibration capabilities and a fast measurement
run with compensation of the robot approximate
positioning. The sensor used is a laser stripe sensor
with hardware trigger feature.

Section 2 introduces the system and its single
components. Section 3 gives important aspects of the
setup process and Section 4 of the normal system op-
eration. In Section 5 we show some related work con-
nected with the subject of offline robot control with
sensors. The paper closes with Section 6 which com-
pares online and offline path correction solutions.

2 System Overview

The main components of the system are a standard
industrial robot, a laser stripe sensor attached to the
robots hand and an industrial PC (IPC) with the path
correction software installed on it. The communi-
cation between robot and IPC is packet-based and
can use different transportation media like industrial
buses or serial protocols. It includes commands for
calibration (see Section 3), measurement signaling
and transmission of corrections (see Section 4). The
robot controls the process and initiates the single
process steps, the role of the software system is
passive.

The sensor used in this system is a laser stripe
sensor, consisting of a laser module and a matrix
camera in a compact and ready calibrated sensor
module. The laser module projects a laser line on
the target, the diffuse reflected light is received by
the camera. From the brightness distribution in the
camera picture a microprocessor calculates the metric
2D coordinates of a number of points on the target
object in the measurement plan (= laser projection
plane) using the triangulation principle.

To correct the robot path the robot positions the
sensor at certain points on his application path creat-
ing sensor scans of parts of the work object. To be able

to calculate corrections for these points an evaluation
algorithm has to extract certain features from the sen-
sor scans. This can be the coordinates of a pivot point
of an object edge or the angle under which the object
is seen in the sensor scan. These features are the result
of a measurement. Fig. 2 shows as an example on the
left side a step-like structure on the edge of the work
object, on the right the scan of the edge. Marked with
an arrow is the pivot point that has to be extracted.
The coordinates of the pivot point s; and so and the
angle of the base line s3 are referred as the result of a
single sensor measurement:

5= (817 52, 53) (1)
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Fig. 2: Object Edge and Laser Scan

The sensor should be attached to the robots tool
in a way that the center of the sensors measurement
range is as near as possible at the tool center point
(TCP) of the tool. This reduces additional errors.
To make teaching of the robot programs much more
easier and to ensure easy replacement of the sensor in
case of sensor failure the TCP of the sensor should be
determined. For methods of TCP calibration of laser
stripe sensors see [9].

The sensor has an ethernet connection to the IPC
to control the sensor and to transfer the measurement
data. The robot has to execute a measurement while
traversing a measurement point. To do this the
sensor has to support a hardware trigger feature to
ensure measurement at realtime speed. The hardware
trigger input of the sensor is therefore directly linked
with a digital output module in the robot controller.
This way the robot is able to execute measurements
directly out of the robot control language even when
using approximate positioning moves.
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3 System Setup

During system setup the work object is posed at the
nominal position in the robot cell. The application
program of the robot is created first, which is the basis
for the training and measurement programs too. From
all path points in the application program the robot
programmer chooses the path points which should be
corrected with the path correction system. On all these
correction points a training run is executed. As the
first step of a training run a measurement gives the
nominal sensor values sg at the nominal position pg
of the correction point. Then the local relation be-
tween robot movements and resulting sensor values
changes is determined by executing a series of ele-
mental movements around pg and by measuring at
these points. Fig. 3 shows as an example the results
of training movements of =4 mm in x. The sensor
values at x = 0 are the nominal sensor values. A set
of three points is linearly interpolated, the slope of the
line is the partial derivative of a sensor value in z, in
the example:

Os1 _ g5 992 _ 038 9%
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Fig. 3: Training in z-direction

Arranging the partial derivatives for all sensor
values and all degrees of freedom to be corrected (up
to six: three translational x, y, z and three rotatory c,
B, ) in form of a matrix gives the sensitivity matrix
S, for example:

881 831 881

Jx Jy 0z
S — Osy 0sy 0Osy 3)
- Jdr Oy 0z

Os3  0Os3  Os3

Jor 0Oy 0z

To calculate correction values the relation be-
tween sensor values and robot movements has to be

known which is represented by the inverse of S, called

the Jacobian matrix J:

Oz Oz Oz
881 882 883
J= 9y 9y Iy 4)
881 882 883
0z 0z 0z
681 682 (983
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Because S is not necessarily a square matrix, J can be
calculated using the Moore-Penrose inverse of S:

J=S"=(S"-8)'. 8" 5)

The Moore-Penrose inverse is usually calculated
using the singular value decomposition (SVD) of S.
The SVD helps with the analysis of the condition
of the sensitivity matrix and to detect ill-posed
configurations, e.g. degrees of freedom that should
be corrected but cannot be detected with the current
sensor configuration. For calculation of the SVD take
a look at the books [2] and [8].

Result of the training process are the nominal sen-
sor values sg at the nominal position x¢ and the Jaco-
bian matrix J for each correction point.

4 System Operation

Using offline path correction the complete production
cycle is separated into a measurement run and an
application run. During the measurement run the
robot moves with the sensor as its tool along the
work object and triggers the measurements on each
correction point. After calculation of the corrections
and transfer to the robot the applications run can start
with the real application tool.

First step for the calculation of a single correction
is to determine the deviation of the measured sensor
values during the measurement run s from the sensor
values at the nominal position sq:

As =89 —s (6)

The correction Ax relative to the nominal position xq
is now obtained by a multiplication with the Jacobian
matrix:

Ax=J-  As @)

The calculation above requires the robot to
position the sensor exactly in the nominal position at
each correction point during the measurement run. So
it would be unavoidable for the robot to stop at each
correction point for measurement. This unnecessarily
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slows down the measurement run. Standard industrial
robots support the concept of approximate position-
ing. Instead of an exact positioning at each path
point the robot approaches the path point and before
reaching it the robot heads for the next path point.
How exact a path point is reached can be configured
with different criteria, e.g. with a distance criterion.
Approximate positioning changes the robot path from
a polygon to a line sections connected with parabolas
leading to faster robot motion.

When using approximate positioning during mea-
surement run, there is no significant loss of accuracy
if the approximate positioning happens in a direction
that is not corrected by the path correction system,
for example if there are multiple path points in a line
along an object edge and the robot uses approximate
positioning for the inner points but the correction is
calculated for the two directions orthonormal to the
edge. In other cases a special compensation for the ap-
proximate positioning is needed. It is possible for the
robot to get its current position x when triggering the
sensor and to send this information to the path correc-
tion system. With this information the calculated cor-
rection including approximate positioning compensa-
tion is:

Ax =J- As — (x0 — X) (8)

5 Related Work

There are numerous works on online controlled
robots with different sensors like [1], [4], [5], [6], [7]
or [12] to mention some important. They connect
the robot controller and sensors of different kind in
a close control loop to reduce position errors of the
robot. Offline path correction systems by contrast are
not that popular, the number of publications is much
smaller.

An offline correction system that uses a similar
to our approach is described in the patent [3]. It
uses a laser stripe sensor and a pre-determined
Jacobian matrix for correction of calculations too, but
provides no approximate positioning compensation.
Application purpose of this patent is the automotive
industry.

The work of [11] states a correction system for
the robot end effector and therefore does a global cor-
rection of the end effector and does not refer to a
work object. The sensors used are ultra sound sen-
sors which are much cheaper than laser stripe sensors
but less accurate and have their problems in environ-
ments with changing temperatures and movements of

air. The sensor calibration uses linearisation with sen-
sitivity and Jacobian matrices too.

6 Conclusion

The offline path correction system described in
this paper has been implemented in an industrial
application and has proofed his usefulness in practice.
Based on the special requirements the system has
to meet and the design decisions we made it has
different advantages and disadvantages compared to
online path correction solutions.

The most important general advantage of off-
line path correction systems is that because of the
separation of measurement and application both
processes do not influence each other. This is
interesting for applications like welding or sealing
where the measurement can be affected by bright
light, dirt or sealing paste. The other way around the
application process does not have to be considerate
of the measurement process, e.g. in respect of
the movement speed of the robot or the need of
synchronous movement of sensor and application
tool. In offline path correction systems the location
of the measurement and of the application can easily
be the same. Offline path correction systems are less
time critical applications (no real time control) with
lower hardware requirements and they offer a very
good traceability of the correction process because
every correction can be mapped exactly to a robot
path point. This helps to increase safety and stability
of the system.

The division of the production process into
measurement and application run can be an advantage
or a disadvantage depending on the application. If
the application run itself is separated into multiple
steps (like welding, cleaning and inspection of the
weldseam) possibly involving multiple robots, the
corrections of an offline correction system can be
used multiple times. In cases where the application
run is just a single run, the offline path correction
solution is usually more time consuming.

On the downside an offline path correction
solution usually obtains a lower accuracy. One
reason is that the robot path is sampled into discrete
correction points with a lower density than this would
be possible with online correction systems. Provided
that the sensor and the evaluation are fast enough,
an online solution is able to feed the robot controller
with new corrections every single interpolator (IPO)
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cycle!, reaching a high density of correction points.
So this is an important fact especially for work objects
with high tolerances. Another reason is the robots
accuracy. If the same robot moves twice to the same
position, once for measuring, once for application
the repeatability of the robot has to be taken into
consideration which is quite good with perhaps one
or two tenths of a millimeter. But if one robot does
the measurement and another the application, the
absolute accuracy of the robot is of importance, which
adds up to multiple tenths of a millimeter.

Besides the general pros and cons of offline cor-
rection solutions the main characteristics of the sys-
tem we presented in this paper is its ability to self-
calibrate which makes the system flexible and setup
process easy and the fast measurement feature with
compensation of the approximate positioning.
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