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Abstract

In contrast to explicit sensor-based control where the goal is to minimize the difference between sensed and desired sensor
values, impedance-based control also considers the required accelerations and thus smoothes robot motion. Two
approaches to impedance control are developed and applied to the sensor-based method in [1] which uses predictive
control to track unknown contours at high speed. With the impedance approach the contour is not more required to be
smooth.

1. Introduction

Visual servoing is well known as the tracking of a randomly moving target by a camera or a robot [2,3,4]. For this task the
performance is limited, among others, by the possible accelerations of the robot or the camera. But there are also servoing
tasks which can be executed almost without tracking error. This concerns tracking of contours. In industry, camera-based
tracking of contours is used e.g. to spray glue or sealing strips if the robot motion cannot be specified in advance because
of workpiece tolerances or inaccurate fixation of the parts (see e.g. [5]). This kind of visual servoing is simpler than
tracking a randomly moving target since the desired path is visible in advance. Therefore the specifications will be more
demanding. The challenge is to control the robot very accurately at high speed but without using an expensive high speed
camera.

For this purpose the authors presented a control method [1] which evaluates the images of a camera mounted on a robot in
order to model the contour. We predict the course of the contour beyond the current tool center point - see the red markers
in Figure 2. Smooth contours as curved lines are very accurately tracked by this method. The drawback is that
discontinuities, corners or even noisy edge data yield high accelerations since the robot tries to execute directly the sensed
path. Therefore, this method is not well suited for the edges and vertices of Figure 1. The paper presents an impedance-
based approach for camera-based servoing, following the procedures of force control.

In contrast to current research [6], we assume that problems with image processing, feature detection and projections are
solved, which holds for our simple black and white scenario. In addition, the initial configuration is supposed to be close to

Figure 1. Originally the robot is programmed to Figure 2. View from the robot-mounted camera.

execute a linear motion, back and forth. But image Sensed edge points (red) and the smoothed path (blue)
data of the robot-mounted camera are used to modify computed from the present camera pose (yellow) are
the desired path in order to track the edges of depicted.

randomly spread sheets.
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Figure 3. Control architecture
the target configuration, so that large rotations as in [7] do not appear.

The paper is organized as follows: in the next section we summarize previous work on visual servoing along contours.
Section 3 shows the limits of the reported method and presents two impedance-based alternatives. Section 4 presents
illustrative experimental results and gives some hints for the parameter selection.

2. Sensor based control with prediction

Our approach of sensor based control uses accurate position control for the inner loop. The desired positions are computed
from sensor data in an outer loop (see Figure 3). Therefore we first report on the structure of the position control from [1],
and then concentrate on the integration of sensor data.

2.1. How to reach path accuracy

Position control is divided into two parts as well. The cascaded control system provided by the robot manufacturer -
KUKA in this case - is used as the feedback controller. This controller is assessed by a so called sensor interface, similar to
[8]. This interface accepts joint position commands and provides the measured joint angles, both of them in sampling steps
of 12 ms.

An adaptive feedforward controller is added since position commands and actual positions usually differ because of the
robot dynamics. The inputs to this controller are the desired joint angles at the current and future time steps. Thus an
adapted feedforward controller is able to reach that the commanded and the actually reached joint angles shall coincide,
provided that the adaptation process has generated a controller that compensates the robot dynamics.

Because of the delays in the robot dynamics, the feedforward controller has to process future desired values. A preview of
about twice the time constant of the robot is required. This is no problem for given robot paths but in the case of sensor
based motion, it requires desired path predictions of n, time steps. The resulting feedforward controller is
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where K ; stands for the adapted parameters and g, and g, are the desired and commanded joint angles respectively.
This controller can be seen as a filter of the desired positions.

Position control is done on joint level since in Cartesian space there are many dynamical couplings between individual
components. In contrast, in joint space the robot model is almost linear, due to the position independent motor dynamics.
Therefore we provide the kinematic transformations at the input and output of the positional control block in Figure 3.

2.2. Handling sensor data
The task of the leftmost block in Figure 3 is to provide the desired positions that solve the given problem, thereby
processing sensor data if there is any uncertainty in the task description.

In this concern we assume that the sensor data represent the difference between the actual sensor pose and a sensed object.
The following steps are executed if the task is to keep a predefined distance with respect to this object:



1. Computation of the absolute object pose from
e the sensed pose with respect to the sensor and
e the sensor pose at the measurement instant
2. Addition of the desired distance
3. Transfer of the desired pose to the position control of the robot.

In this notation the object pose represents position and orientation of the part of the object that has to be tracked. So a
typical object pose is a point of a sensed edge, where the point is moving in time along the edge.

In the case of a camera as the sensor, the absolute object pose T, is computed (e.g. in homogeneous coordinates) by the
transformation of the sensed object pose “T, from the camera system to the robot base system or world system. This gives

T, (k) =T (k) °T, (k) @)

where T, represents the pose of the camera in the world system. For an eye-in-hand configuration, T, is computed from
the joint angles at the instant of the exposure and the given kinematics that reflect the actual end-effector pose T, . Then
the mounting T, of the camera with respect to the robot end-effector is considered by

T. (k) =T, (k) °T.. (3)

In the case that the sensor data do not provide all degrees of freedom (dof) of the transformation, we assume the unknown
components to be nominal. Only the sensed components are tracked.

The “addition” of the desired distance in the above list represents a transformation as well. The desired frame of the robot
end-effector is

Ty (k) =T, (k)- T, (4)

where °T, represents the desired “distance” between the desired pose and the object. For edge tracking this pose
difference is usually expressed in the object reference system. In addition to a translational difference it may include the
orientation between end-effector and object reference.

This approach differs from the usual control approach in that we do compute the absolute desired pose of the end-effector.
Usual control algorithms take the sensed control error “T, between actual and desired poses to compute the commanded
pose difference for the end-effector - neglecting the absolute pose.

The motivation for using absolute poses is that in this way the predictions of future time steps are represented correctly,
even if we have changes in the orientation. Furthermore, as in the usual approach, a common translational error in T, and
T, has no effect.

Another difference between usual feedback control of sensor data and this approach is the absence of controller
parameters. A pose is computed and every control issues are left to the position control. Only smoothing of noise from
sensor data is allowed. So this approach is only feasible for tracking tasks with small uncertainty. Planning of the initial
trajectory of approximation to the object has to be solved in a different way.

2.3. Predictive use of sensor data

Since the used position control requires future desired poses, the evaluation of the sensor data has to be done in a
predictive way. Besides the current desired frame of the end-effector, the desired poses at n, future time steps are
computed. With a camera as sensor and the particular task of tracking an edge, this prediction reduces to measuring the
course of the contour and to keep the values that correspond to future time steps.

This means that the above list is executed for each time step of interest. In practice the edge is represented by a
polynomial, which facilitates the point 1 of the above list.

In the case of time-invariant environments, using predictions of the progression of the desired path enables the position
controller to compensate all dynamical delays that otherwise would directly affect performance. The uncertainty becomes
small enough so that the robot can track a continuous edge without extra filtering of the sensor data.



Figure 4. Originally the robot is programmed to execute a quarter of a circle around its base, back and forth. Image data
of the robot-mounted camera are used to modify the radial distance in order to track the wire.

Previous work [1,9,10,11] demonstrates that tracking of a curved line (see Figure 4) at high speed of 0.7 m/s is possible
with a mean path error of 0.3 mm (see Figure 5). If the orientation of the camera is servoed as well, we can reach an
angular accuracy of 0.02 rad (about 1 degree) with slightly inferior translational accuracy of 0.4 mm. 3D trajectories, i.e.
motion which is not restricted to the horizontal plane, has been not as accurate in our experiments, but 1 mm mean path
error can be reached. [12] summarizes the video-clips of the experiments.

3. Specification of a smooth desired path

A problem may occur with the presented method if a line has to be followed that is not continuous. Figure 1 gave an
example of such a line. At the vertices between straight edges the robot tries to execute a velocity step without considering
acceleration limitations.

To prevent this case, we apply impedance-based control. A filter that smoothes the sensed edge so that the resulting
contour can be tracked by the robot is located between point 2 and point 3 of the above list. In force control scenarios such
a filter is well known and is called impedance filter. We adopt this expression although in this case sensor data do not
represent forces.

It is worth noting that this kind of impedance-based control does not affect the control law but only the desired trajectory.
The stiff position control is maintained. This is useful if different compliances are desired in the individual components of
the Cartesian pose vector. A typical example is a horizontal motion where the height of the end-effector with respect to the
floor has to be accurately kept while the horizontal components are sensor controlled and therefore have to be compliant
with respect to vertices of the target line.

3.1. Impedance-based control

For reasons of clarity we now restrict on Cartesian positions X instead of positions and orientations as in (2) to (4). So
vectors are used instead of matrices of homogeneous coordinates, and therefore the orientation is not affected by the
impedance-based control.
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Figure 5. Radial component of the cable position and of the control error
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Figure 6. Robot tool positions and sensed distances to a fixed object

It is assumed further that there is a reference trajectory, the originally programmed motion x, (k) . With respect to this
motion the impedance law

E-X,+D- X, +M- "X, =X, +%—s, =As, (5)

defines the desired trajectory "x, where x, is the actual end-effector pose. “s are the sensed edge data, expressed w. r.t.
the end-effector. We here assume that the transformation from the camera system to the end-effector system is known. s,
represents a reference sensor value, i.e. a specified distance between end-effector and edge. Figure 6 demonstrates this
setup.

Note that within this section the index =, represents filtered desired values which are usually different from the result of
equations like (4). The latter will now be denoted by x, + *s—s, where x, +  correspondsto T, and —s, to °T,.

With E=1 and D=M =0, (5) represents explicit sensor-based control as in Section 2. If, in contrast, we specify M >0,
the resulting trajectory will smooth the corners since then the accelerations are weighed in addition to the deviations from
the trajectory of explicit sensor-based control. With M >0 we further specify D > 0 in order to avoid oscillations.

With "X (k) = ("X, (k+1) - %, (k=1)/2T, and "X (k)= ("X, (k+1)—2"x, (k) + "X, (k-1))/T> we compute "X, (k+i)
from images taken at the time step k by

E~'xd(k+i)+2—?o-(’xd(k+i+1)—rxd(k+i—1))+%-(rxd(k+i+1)—2’xd(k+i)+rxd(k+i—1)) ©
= "%, (K) + *s(k +i/k) s, .

%(k +i/k) reflects the sensed edge position for time step (k +i), sensed in the image at time step k . Equation (6) gives a
system of equations for "x, (k +i) with given k. So the solution computes the desired trajectory from the actual position
and the sensor values at time step K .

The result can be seen considering a vertex or a discontinuity between ®s(k +i/k) and ®s(k +i+1/k). With D=M=0 a
vertex or a discontinuity of "x, (k +i) would be reproduced. In contrast, M >0 will smooth the trajectory. Smoothing is
not restricted by causality. Instead, the desired trajectory is affected far before the discontinuity of ®s(k +i/k). It is still
affected after the discontinuity, as well.

Equation (5) defines the compliance between the reference trajectory and the new desired position. The same compliance
is valid for the more intuitive relation between the sensed edge and the desired system since

E- %, +D- "%, +M- % =s, +(E-1)- "X, +D- X ,+ M- '%_ (7

can be derived in the same way as (5). The right hand side expression is independent of the resulting desired robot motion
X -

3.2. Modified approach
Experiments with impedance-based control according to Section 3.1 show a time delay between the sensed and the



optimized trajectory. This comes from the fact that a discontinuity of the sensed edge does not cause a positional error in
relation to an acceleration dependent expression and a velocity dependent expression but the sum of all three terms is
minimized. So for example a negative acceleration may compensate a positive position error.

Therefore we define three independent equations that have to be minimized altogether for all time steps.

E- ", (k+i) = "X, (K)+ *s(k +i/k) =5, @)
%~(’xd(k+i+l)—'xd(k+i—1)):0 ©)
TMZ-(’xd(k+i+1)—2’xd(k+i)+rxd(k+i—1)):0 (10)

0
Minimization is done in a least squares sense where E, D, and M are the weighting factors.

3.3. Implementation

Instead of solving (6) or minimizing the mean errors of (8) to (10) in every time step, a filter can be computed since we
have a linear system of equations. This filter gives "x,(I) with k <1 <k+n, from the values of "x, (k) + *s(k +i/k) with
0<i<n. This filter is called impedance filter. Its coefficients are found by a single optimization process in the systems
(6) or (8) to (10) respectively.

We now have to specify the number n, of elements of this filter. To be able to compute n, time steps of "x,(I) we need
n, » n, . In practice however, n; is usually limited by the visible range of the edge. n, has been chosen sufficiently large if
"X, () proves to be time invariant. This requires that the initial conditions "x, () with | <k have been computed in the
same way. The end conditions "x, (I) with | >k+n, are setto "x,(I) = As,(l).

4. Experiments

Both methods are demonstrated using the layout in Figure 1. The programmed path is a straight line in y -direction,
executed back and forth at 0.7 m/s. The robot is a KUKA KR6 controlled with a KRC1 industrial controller with sampling
steps of 12 ms. The camera is a standard monochrome device using a frame grabber that allows to get a new image field
every 20 ms. Images are used to control the x -component. In contrast to previous experiments reported in Section 2.3,
with 600 mm the distance between the camera and the edge is about twice as much as before. This reduces the positional
resolution but it enlarges the visible region to about 25 sampling steps of the controller which is sufficient with n; =15.

Instead of the continuous lines in previous papers we now track straight edges with vertices, again with s, =0. The results
are displayed in Figure 7 for the two methods. With explicit image-based control (Figure 7a), which is identical for both
variants, we result in high accelerations at the vertices in the sheets. On the other side, the edges are tracked as closely as
possible. This desired path is accurately executed by the ideal position controlled robot besides a couple of time-steps in
which the acceleration limits of the robot are reached®. Nevertheless a mean tracking error of less than 1 mm is reached.
Experiments with small D as in the second row of Figure 7 give similar results.

In contrast, by specifying M =0.001s? and D =0.06s we define a desired trajectory that leaves the edges but that shows
smooth transitions (see Figure 2). The third row of Figure 7 shows that the method of Section 3.1 computes a delayed
trajectory whereas the modified method tracks the edges more closely. The same displacement can be seen in the last row
of Figure 7. Here, with both methods, the original edge can hardly be found. Resuming, the modified method outperforms
the other one, except for special cases where both methods are applicable (see [13] for other examples). Note that the
vertex which is halfway in Figure 7 is not smoothed because this is the point of reversing.

Figure 8 shows the executed motion with respect to the edges, not to the reference path as in Figure 7. We see that with the
first method the edges are not accurately tracked (left hand side of Figure 8), while with the modified variant the desired
path is close to the sensed edges, except at the vertices. Figure 8b shows the reachable accuracy. The actually reached
trajectory is not as close to the edge as the desired motion which has been computed with M =0.0001s2 and D =0.02s .

! For convenience, accelerations exceeding the limitations are scaled to the feasible values.
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Desired (black) and actual (dashed green) path are almost identical.

As regards the parameters, with the method of Section 3.1 we primarily tune M in order to smooth the trajectory and then
set D=2VE-M in order to suppress oscillations. For the modified version of impedance-based control, the tuning of D
controls the amount of smoothing at the vertices, since this reduces the speed error as well. M is tuned to reduce
accelerations caused by noise or by the limited field of view. Figure 9 shows the influence of the two parameters with a

different layout of the sheets.
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5. Conclusion

The paper presents two methods that enable the execution of a tracking task for which explicit sensor-based control would
exceed the acceleration limits of the robot. This is reached by tolerating a reduction of the standards of position accuracy
for specified components. The user has to specify parameters in order to find a compromise between a smooth trajectory
and minimum path deviations with respect to the sensed edges. The modified impedance-based method effects that the
robot follows the sensed edge as accurate as possible, except for vertices or discontinuities where the path is smoothed.

Both methods are qualified to smooth given robot paths or sensor-based trajectories, where for the latter it is favourable if
a predictive sensor is used. We adopt the separation of the position control in an inner loop and the determination of the
desired trajectory in the outer loop. The latter is modified by this kind of impedance-based approach. It is therefore
independent of the implementation of the robot control and of existing control errors.
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