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Abstract

A new approach for following an edge with a robotic
manipulator is presented. A laser range finder
mounted on the wrist of a six degree-of-freedom
PUMA robot is used to provide feedback informa-
tion to servo the robot end-effector. The objective
is to maintain a constant position and orientation
of the end effector with respect to the edge being
tracked. The laser range finder and the realtime
robot controller are described briefly. The method
of controlling the path of the robot end effector us-
ing the range data in the control loop is presented in
detail. An accuracy fixture used to analyze the per-
formance of the edge following was machined from a
large block of aluminum. Paths that simulate weld
seams were machined into this fixture. An exact
geometric model of the seam and the surface of the
fixture are used to determine the accuracy of the
robot end effector as it follows the path. Uses of
this visual servoing method for welding, edge fin-
ishing, flame cutting, and application of adhesives
are proposed.

1 Introduction

The development of inexpensive, powerful micro-
processors and reliable sensors has created the op-
portunity to increase the capabilities of robotic ma-
nipulators. Significant unsolved problems lie in the
area of creating intelligent, or at least responsive,
behaviours for the robots using these new technolo-
gies. One step in this direction is the development
of a computing system that allows the sensor data
to be used in the control loop of the robot. Sensor-
based control is required to perform responsive real-
time skills, such as edge following.

Robotic edge following is a behaviour that can be
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described briefly as maintaining the end effector of a
manipulator in a constant position and orientation
(pose) with respect to an edge on a surface while
accommodating variations in the geometry of the
surface and the edge itself. Nayak and Ray [1, 2]
addressed this problem by using a model-based ap-
proach with interesting methods for weld seam iden-
tification and following. They used a fixed control
cycle of alternating the collection and interpretation
of sensor data followed by moving the robot. The
methods presented here are significantly different
from those of Nayak and Ray in the sensing, con-
trol architecture, and in the method of tracking the
edge using relative motion as opposed to correcting
the position of the end effector in the world, or any
fixed, coordinate system.

An experimental apparatus has been constructed
to test the methods described. A laser range finder
developed at the National Research Council [3] is
used to provide the geometric data containing the
edge and adjacent surface. This is an active sensor
which projects a spot of laser light that is scanned
across a surface measuring the range by triangula-
tion. This type of sensory feedback provides fast
and accurate range data from the perspective of
the end effector and has been used to create many
interesting behaviours for robotic manipulators for
experimental and industrial purposes [4, 5, 6].

The algorithms developed for realtime edge fol-
lowing can be applied in many industrial applica-
tions, including seam welding, edge finishing, and
application of adhesives.

Section 2 of this paper contains a brief description
of the experimental apparatus, including the range
finder and the computing architecture. Section 3
covers the algorithm that was developed for the edge
following operation. The accuracy fixture machined
from a block of aluminum and the use of this fixture
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Figure 1: A general view of the system architecture
of the workcell.

to analyze the performance of the edge following are
in Section 4. Conclusions are in Section 5.

2 Apparatus

The apparatus used in these experiments follows
our general concept of the manufacturing workcell,
which contains a workstation, a realtime subsystem
(RTS), and various sensors, manipulators, and other
workcell machines, such as conveyors and parts feed-
ers. A diagram of the workcell design is shown
in Figure 1. The workstation is used to interface
the workcell to the human programmer or opera-
tor and to communicate with the rest of the en-
terprise. The RTS does most of the computation,
collecting data from the sensors, making decisions
for the controllable machines, and either controlling
the machines directly or sending commands to the
other computers that serve as machine controllers.
Only one manipulator and one sensor are used in
this experiment. The manipulator is a PUMA 560
robot, which is controlled in continuous path mode
by communicating to the controller through the Al-
ter port. This method of path control requires that
the RTS provide data to the controller every 28 ms.
The sensor is a laser range finder mounted on the
wrist of the PUMA.

2.1 Laser Range Finder

There are several advantages to using active range
finding devices as opposed to passive optical sensors
that use ambient or external light sources. Most im-
portant, these range finders are capable of provid-
ing accurate and explicit 3-D information relative
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Figure 2: The rangefinder mounted on the PUMA
wrist during an edge following experiment.

to the end effector of a robot. Because the range
data is compact, interpretation can be accomplished
in real time without special-purpose image process-
ing hardware. The range finder developed at NRC
is specifically designed to be attached to the robot
wrist, and the one used in this experiment has a
depth of view from approximately 10 cm to 100 cm,
with 40° of scanning in the Y direction. Figure 2
shows the rangefinder mounted on the wrist of the
PUMA 560 robot during an edge-following experi-
ment.

Physically the sensor must be compact for use
on a light payload industrial robot. The prototype
sensor has the following physical characteristics: 90
mm width, 140 mm length, 20 mm depth (the depth
increases to 80 mm where the galvanometer pro-
trudes), and 500 g in weight including the case. The
sensor collects one range profile every 76 ms. The
range data collected must be calibrated for use in
Cartesian space [8].

The accuracy of the rangefinder is dependent on
the optical configuration that defines the field of
view. With a 1 m depth of view, the accuracy
has been determined in the Z dimension by collect-
ing range data in ideal conditions on a calibration
bench. The errors are consistently measured at 0.1
mm at standoffs less than 15 cm, and +0.2 mm at
a standoff of 25 ¢cm, +2.0 mm at a standoff of 85
cm, and deteriorate rapidly to about £20 mm at a
standoff of 100 cm.

2.2 The Computing Architecture

The experimental architecture called SKORP -
SKills-Oriented Robot Programming [9] was used in
these experiments. The SKORP architecture is de-
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signed across two very different machines to provide
both the realtime programmer and the application
programmer with a suitable environment. The ap-
plication programmer’s workstation is implemented
on a Macintosh computer, and the realtime subsys-
tem uses the Harmony operating system [10] with
four MC68020 processors. In this hybrid computing
environment, the robot operation is created on the
workstation, invoking skills that are implemented
on the RTS.

The RTS is an object-based system. Besides
skills, the major objects in the RTS are Logical Sen-
sors [11], Sensor Drivers, and Machine Controllers.
Each of these objects is reusable by other skills and
is invoked and communicate by receiving and send-
ing messages. This message passing paradigm guar-
antees consistent use of the software objects and
provides data encapsulation [12].

3 The
rithm

Edge-following Algo-

The ultimate objective is to have the robot end ef-
fector move in the X direction of the end effector
coordinate system at a constant speed while main-
taining a constant pose of the end effector relative to
the edge. For this experiment the objective has been
simplified by making the position of the end effec-
tor the same as the location where the range finder
is currently looking at the edge. The simplification
is that the transformation between the range finder
and the end effector is not required. The other obvi-
ous difference between this experiment and the im-
plementation of this method for applications is that
there is no look ahead on the edge. In application
the range finder is several centimetres ahead of the
end effector, which allows the adjustments in the
position of the end effector to be based on what has
already been seen. Assuming that the range finder
to end effector transformation is accurate, the posi-
tion of the tool can be made more accurate based on
the look ahead and trajectory smoothing than can
be achieved in this experiment where look ahead is
not used. This is demonstrated in Section 4.

The target position of the end effector (in this
case the range finder) relative to the edge is ex-
pressed as

T:{TXyTY;TZ;TvaTRY7TRz} (1)
where Ty, Tz, Trx , Try , TR, are specified explicitly
as translations and rotations, and Tx is used to
specify the speed of the end effector along the seam
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Figure 3: A sample range profile as presented to the
programmer.

in the direction of the X axis of the tool coordinate
system.

The range finder sensor driver collects the range
data from a parallel port interface when it is re-
quested by the Edge-Slope logical sensor. A sample
of the range data containing a step edge of approxi-
mately 7 mm is shown in Figure 3. The logical sen-
sor determines the location of the edge by applying
a simple one-dimensional differential operator.

The Follow Edge skill receives the location of the
edge and calculates the amount of correction re-
quired in each dimension in the tool coordinate sys-
tem. Since the range data is two dimensional, i.e.,
Y and Z, the corrections in these degrees of freedom
are immediately available:

Cy =Ty — Ey (2)

Cz =Tz —Ez (3)

where Cy and C7z are the required corrections in
the Y and Z directions, and Ey and Ez are the de-
tected locations of the edge in Y and Z with respect
to the end effector. These corrections are illustrated
in Figures 4 and 5.

The correction in rotation around the X axis is
also immediately available from calculation of the
slope of the surface along the range profile. This
slope is calculated as

Zo— 21
ERX = arctan (m)

where 71, Z3,Y1, and Y> are two Y Z pairs selected
from the range profile such that they are both on
the same side of the edge. The correction around
the X axis is calculated as

(4)

(5)

CRX = TRx = ERX
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Figure 4: Correction in translation along the end
effector’s Y axis.
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Figure 5: Correction in translation along the end
effector’s Z axis.

Vision Interface 95

Range Finder

Y122
Range profile
Y1 '21 Y2'22
Edge
Y1.22
CRrx
Y1.24 Y2.Z4

Figure 6: Correction in rotation around the end
effector’s X axis.

This correction is illustrated in Figure 6.

The corrections around the Y axis, Cry, and the
Z axis, Cg,, are calculated based on the sum of
recent corrections made in the Y and Z directions.
These corrections in translation are stored in a his-
tory buffer. The Cy and Cz corrections are retained
for the last A mm of motion in the X direction, i.e.,
along the edge. Cg, and Cgr, are calculated as
follows:

Cgr, = arctan (Z Cz/h) (6)
Cr, = arctan (Z Cy/h) (7

where > Cy and ) Cz are the total corrections
made in the Y and Z directions during the corre-
sponding distance travelled in the X direction, h.
These corrections are illustrated in Figures 7 and 8.

Once the corrections are calculated for each de-
gree of freedom, the actual motions sent to the ma-
chine controller must be limited to ensure safety and
accuracy. Damping functions were not added to the
control algorithm in this experiment so that the best
possible performance of the sensor/robot combina-
tion can be found while facilitating the isolation of
sources of error. A damping function, in this case
as part of a trajectory filter, has been added in the
industrial implementation.

The accuracy criterion is difficult because it de-
pends on three inter-related criteria: the standoff
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Figure 9: The dialog box used to modify the pa-
Figure 7: Correction in rotation around the end rameters to the Follow Edge skill.
effector’s Y axis.

target distance Tz, the maximum allowable speeds
of the corrections in translation and rotation, and
the speed of the end effector along the edge.

% = - %t First, consider the case where the standoff is
Brge. (agay large. Recall that the accuracy of the range data
Py decreases as the standoff increases. This will re-

duce the overall accuracy of the system. Combined

with this is the speed of the motion along the edge.

An increased speed will reduce the accuracy of the

Range Profile edge following, since some time is required to adapt

to changes in the edge. This is dependent on the
severity of the changes in the edge.

With an exact model of the sensor accuracy, the

(X2.Ty) edge being followed, and the relationships among

» all control parameters, it may be possible to deter-

% \ mine a priori parameters for tracking an edge with a
E o : 5 .

y Edge known accuracy. This situation is unlikely and un-

expected variables, such as position and speed de-
pendent robot dynamics will often invalidate a for-
mal solution. Using the SKORP paradigm, we have
created a generic follow edge skill with a dialog box
that allows the rapid prototyping of a specific edge-
following operation. Figure 9 shows the dialog box

5 h XaTy) that was created for this skill. It was found that, for
CRz a given standoff and tracking speed, it is quite easy

Cy to find a set of parameters for the edge-following op-

eration simply by starting with slow translation and

i rotation speeds, and observing the behaviour of the

y end effector as these are gradually increased. Using
an interactive dialog box was found to be very help-
ful in this refinement process. Once it is accepted
that a formal solution is not a practical route, the
tools for determining an experimentally refined so-

Figure 8: Correction in rotation around the end
effector’s Z axis.
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Figure 10: The accuracy fixture with the robot fol-
lowing a simulated weld seam.

lution become critical to the successful application
of this method.

4 Evaluation of the System

Visually it is easy to determine that the robot is fol-
lowing the edges and adjusting its pose as the edge
changes. Applying the method industrially requires
that the performance of the robot be quantified to
determine if it can meet the demands of specific
applications. This is generally expressed in terms
of accuracy and speed, which tend to be traded off
against each other. Operations require a high speed
while accuracy is not critical or vice versa.

It is necessary to have a geometric model of the
edge being followed to know if the robot is following
accurately. It was determined that a physical model
that has an exact geometric model is required to
evaluate the performance of the system. An accu-
racy fixture was machined from a block of aluminum
for this purpose. A sculpted surface was created in
a CAD package and machined into the aluminum.
Simulated weld seams were designed and machined
into the sculpted surface. Four seams were created
that simulate a relatively easy weld seam, seams
of moderate difficulty, and one seam that is be-
lieved to contain curves severe enough to represent
the most difficult situation that will be encoun-
tered. The completed fixture is 61lem x 61cm x 15em
(24" x 24" x 6") and can be seen in Figure 10. An
accurate geometric representation of the fixture is
available from the CAD system that was also used
by the NC milling machine.

The evaluation of the system involves collecting
data from the robot as it moves along the simulated
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weld seams and comparing this trajectory with the
model of the seams on the fixture. The accuracy
in translation is more important than the accuracy
in rotation for welding applications, i.e., the posi-
tion of the welding torch is more critical than the
orientation of the torch. For this reason, evaluation
results are presented for translation, one dimension
at a time. For these results the seam that is be-
ing followed in Figure 10 will be used. This is a
simulated weld seam that varies in all 6 degrees of
freedom.

Since it is quite difficult to examine these simu-
lated weld seams in three dimensions, they will be
dealt with two dimensions at a time to determine
the accuracy of the edge following method. Figure
11 shows the simulated weld seam in as it changes
in Z along the X axis.

The data coming from the PUMA as it travels
along the edge is represented similarly. The actual
path taken in the X Z plane is shown in Figure 12.
These two graphs are overlaid in Figure 13. At this
resolution it seems that there is almost no difference
between the model and the experimental data. To
examine the smaller scale accuracy a section of this
overlaid graph is shown in Figure 14. In this graph,
1t is observed that the error of the experimental data
from the model is approximately +1.5 mm. Note
that this is significantly better than the absolute
positioning accuracy of the PUMA.

A similar examination can be made for the XY
plane. Note that these are the same 3-D data sets
that were displayed in Figures 11-14, this time using
a top down view of the changes in the edge along the
fixture. Figure 15 is the model of the edge, Figure
16 is the data collected during the edge following
operation. Figure 17 shows the two previous graphs
overlaid, and Figure 18 is the high resolution of a
small segment of this graph. The results in the XY
plane are similar to those of the XZ plane, with
errors of approximately +1.5 mm.

The objective of this applied research is to find a
solution to a real problem that can be adopted by
Canadian industry. Servo Robot Inc. has worked
closely with the National Research Council to find
methods that are both correct and practical. There
are some differences in the implementation detail
of the industrial version of the methods described
in this paper from the experimental version. The
industrial implemantation uses a commercial laser
range finder manufactured by Servo Robot called an
M-SPOT 90. This sensor, designed specifically for
welding applications, has a 90 mm depth of view.
The robot used was manufactured by Panasonic is
called the PANA-ROBO AW 010A. This robot is
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Figure 12: The experimental data in the X Z plane collected as the robot follows the edge.
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Figure 13: The model data overlaid on the experimental data in the X Z plane.
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Figure 14: A high resolution section of the data in Figure 13.
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Figure 15: The data model of the edge in the XY plane.
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Figure 16: The experimental data in the XY plane collected as the robot follows the edge.
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Figure 17: The model data overlaid on the experimental data in the XY plane.
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Figure 18: A high resolution section of the data in Figure 17.
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Figure 19: The experimental data overlaid on the model data in the XZ plane, using the commercial sensor

and welding robot.
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Figure 20: A high resolution section of the data in Figure 19.
widely applied in industrial welding applications. 5 Conclusions and Future

The other differences to note are in the implemen-
tation of the algorithm. The M-SPOT examines the
weld seam several centimeters ahead of the welding
torch. This look-ahead is used to smooth the path
of the end effector using a trajectory filter. The look
ahead also introduces the requirement for a sensor-
to-end effector transformation.

The results of the industrial implementation are
encouraging. To illustrate, data was collected using
the industrial apparatus from the same simulated
weld seam that was described in the experimental
version. In Figure 19 the data collected during edge
following is overlaid on the model data. This figure
is comparable to the experimental version shown
in Figure 13. The accuracy can only be seen by
zooming in on this data, as is shown in Figure 20.
The variation of the experimental data from the
model data is approximately £0.2 mm. Although
the worst result for this seam on the accuracy fixture
is approximately 1 mm, the fixture is not a typical
part to be welded. It has been demonstrated that
for parts that are currently being welded by robot,
the accuracy varies from #0.2 mm to £+0.4 mm.
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Work

Some of the issues that arise in following an edge
with a wrist-mounted laser range finder have been
addressed. A computing architecture used for real-
time control of a manipulator that uses sensor data
in the control loop was described. An experimental
system using interactive dialog boxes was used to
quickly determine the required parameters of the
skill for a particular application. A mathemati-
cal solution for trajectory generation in 6 degrees
of freedom was presented. Using two dimensional
range data collected in the local coordinate system
of the end effector, corrections for two translations
and three rotations are calculated and sent to the
controller every 28 ms. In this experiment the ro-
tations are calculated from recent linear motions.
In the case where the sensor is ahead of the end
effector, which is the normal industrial case, the ro-
tations are calculated from the part of the edge that
has already been traversed by the range finder. Us-
ing a robot and laser range finder designed specif-
ically for welding tasks accuracies of +0.2 to +1.0
mm have been achieved.
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