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is delayed due to the visual process. This subject is
exhaustively discussed in [6].
One way to cope with the latency is prediction of
the target state. A common approach is the usage of
a Kalman Filter [10] or Model Predictive Control [4].
Besides the predictive control strategy Corke shows in
[1] that a feedforward structure is necessary to achieve
high performance in visual servoing. This will be a
further important part of the control architectures investigated.
The goal of this work is to investigate di erent control architectures to nd and to analyse the characteristics to nd a general rule to build up a control loop
for visual servoing. Therefore a comparison of these
di erent structures using the same control algorithm
and mechanical setup is done to achieve guidelines for
an optimal control structure.
In section 2 this work starts with the description of
the hardware used and the visual process to track the
target in 3D space. In section 3 the di erent control
architectures are explained and an overview is given of
their properties. Section 4 illustrates these properties
with measurements and points out the di erences in
more detail. A conclusion summarizes the results of
the experiments and gives an outlook over future work.

Abstract
This paper deals with active tracking of 3D target motion. Visual servoing has the main problem of handling the latency produced by acquiring and processing
the image produced by the CCD-camera. The performance of the visual control structure depends both on
the visual process and the control structure. In this
work di erent control structures are investigated. To
characterise the system performance from the control
point of view four standard types of target motions are
used: ramp, step, parabola and sinusoid. The quality
criteria of the di erent structures allow conclusions of
an optimal system structure. The main result is that
the usage of a higher sampling rate for the mechanism
improves the transient behaviour and that a feedforward signal is only advantageous for smooth motions.
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Introduction

Visual control of motion is a main task in active vision
that includes complex topics of visual processing and
control. It is a powerful technique to control the motion of a mechanism from images, as demonstrated in
recent workshops and tutorials ([5, 8]). Visual servoing can either use cameras that are xed in the work
space or mounted on a robot or an active head. Applications range from following a person with an active
head over steering cars to grasping moving parts with
a robot. Besides the reliability of image processing, it
is of high interest to optimise the entire visual control
loop to obtain good dynamic performance.
The latency introduced by the visual feedback is
one of the reasons that make vision-based control so
diÆcult. Latency is introduced by the time necessary
to acquire the image and by processing the image (or
parts of the image) to obtain the target information
needed at the controller. The main problem is that
the target motion as the \real" reference for controller

1.1

Previous Work

Vision-based control of motion using an active head or
a robot has been demonstrated in many systems (see
overviews in [5, 7]). Each system gives an example
of an image processing and control architecture optimised regarding dynamic performance. The complexity of control architectures varies from structures with
a controller in the forward tree added with a feedforward signal ([1, 3]) to systems with complex cascade
control structures [2]. The results achieved are dependent on the vision system used and of course on the
mechanism and the controller.
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Independent of this variety of systems implemented, prediction of the target state, e.g. after
Kalman [9] and Model Predictive Control (MPC) are
a common approach to cope with the delay. A systematic investigation of the dynamic behaviour of visionbased control of motion was started in [1] using both
a simple feedback controller and a feedforward structure. The performance of MPC is shown for example
in [4]. Also the possibility of a combination of these
two predictive control strategies is investigated. Comparing these single results is not so easy as they depend
strong on the system.
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System Architecture

The system used for vision-based control of motion is
an active head. Tracking is performed in 3D space
with two independent rotational axes: pan and tilt.
The motion of the target in the image depends on the
target motion and on the motion of the mechanism
(egomotion). For visual control we are only interested
on the motion of the target, thus egomotion has to be
compensated. The system consists of four main parts.
A block diagram is given in the following section as it
depends on the control architecture.
running at 25 Hz gathers information of the target. A standard PC processes the
image using optical ow. The target velocity is calculated using two consecutive images. The di erence image, obtained after egomotion compensation, contains
the points where motion occurred. Position is estimated as the average location of the set of points with
non-zero optical ow and brightness partial derivatives, with respect to X and Y . It is assumed, that
all moving pixels in the image have the same velocity.
The velocity vector is estimated considering the ow
constraints and applying least-square estimation. The
visual delay consists two parts, the time needed for acquiring (40 ms) and processing (6 ms) the image.
is used to estimate the targets
angular parameters (image position , velocity !
and acceleration ) assuming a constant acceleration
model between frames. Further tasks of the Kalman
Filter are the prediction of the target state and the
calculation of interpolated values between two frames.
is used in di erent ways dependent
on the control architecture. In this work an optimised
GPC is always used to compare the control structures.
The controller works either as main controller receiving the target information direct from the Kalman Filter or as an auxiliary controller responsible to hold a
reference, which is generated from the Kalman Filter
/ Interpolator with the knowledge of the target and
The CCD-camera

A Kalman Filter

The controller

motor state. In the rst case the whole loop has to
be modelled including the visual process, in the second case the model for the controller only includes the
motor.
equipped with optical encoders for position feedback generate the motion of the active head.
An independent module that implements an inner
closed loop with a digital PID lter running at 1 kHz
controls each axis. Each servo loop can be commanded in velocity by adding a pro le generator that
integrates the velocity sent by the superimposed process. Communication is synchronous at a frequency
of 166 Hz. For this reason two communication rates
are possible, either the maximum rate of 166 Hz or
a rate of 25 Hz given by the visual process. Depending on the communication rate two di erent models of
the motors are identi ed using standard identi cation
techniques.
The higher sampling rate gives the possibility to
build up a middle level loop running at 166 Hz embedded in the visual process running at 25 Hz. The
separation between these two rates can be done either
in an interpolator or in the controller. The higher
communication ensuring a tight control of the motors.
When using the middle level loop a reference for the
auxiliary controller is used. In this case the Kalman
Filter handles the dynamic behaviour of the visual system.
DC-motors
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Control Strategies

In vision-based control of motion the target motion
is not direct accessible and acts therefore as disturbance. To implement high performance tracking certain issues, such as robustness to sudden changes of
the target trajectory and velocity must be taken into
account. Evaluation of both vision and control strategies within a common framework is needed for optimising the global system performance. This framework has been studied in previous works [1, 2, 3]. The
controller cannot react immediately to changes in the
target motion as the visual process delays the information. A certain overshoot is therefore unavoidable. To
minimise these overshoot an investigation of di erent
control architecture is needed.
The di erent architectures can be divided in two
groups. The rst group works completely at 25 Hz
frame rate, as the second group uses a middle
level loop with the maximum communication rate at
166 Hz. This ensures a more tight control of the motor. The main limitation of visual servoing still comes
from the visual system but the middle level loop improves the transient response.

3.1 Architecture without middle level
loop

The basic visual control loop is displayed in g. 1. The
whole control loop works at 25 Hz (40 ms). The motor
motion Xm superimposes the target motion Xt, which
is the input for the vision system V (z) that includes
the CCD-camera and the visual processing. The output is the image plane error X and the target velocity
in the image X_ , which is the input to a Kalman Filter
KF . The Kalman Filter calculates the angular position  and velocity and predicts the target state
in the future. The controller C (z) calculates a velocity signal uc to move the mechanism in the direction
of the target. Velocity control is used to avoid path
planning. The model of the motor includes therefore
one integrator to convert the velocity command into a
position. This structure is denoted as .
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Figure 1: Control loop without middle level loop using
only visual information.
To increase the performance a feedforward signal
uff is added (
). The feedforward signal is the
measured target velocity, which is added to the control signal calculated by the controller. For the GPC
a feedforward signal is a disturbance, but as the disturbance works against the second disturbance in this
loop (the target motion) the system behaviour is improved, dependent on the type of motion.
The advantage of these two structures is the easy
implementation and the rather smooth behaviour, it is
not necessary to observe the position of the motor, the
information is delivered purely from the vision system.
The feedforward signal is especially advantageous for
a sinusoidal motion or a parabola, because these motions are smooth.
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a reference trajectory is generated with the usage of
the position information of the motor. The generation
of the reference makes only sense, because the GPC
does not use the control error e(t) = ref (t) m(t)
but a ltered control error ef (t) = fref (t) fm(t).
For the design of the controller the di erence arise
from the fact that the model for the GPC does not
include the transfer behaviour of the vision system.
In principle the GPC acts only on the motor, while
the motion of the target is handled via the generation
of the reference with the Kalman Filter and the motor
position.
Once again a feedforward signal can be added. The
disturbance is stronger in this case compared to the
rst architecture, as the GPC acts direct on a reference
and not on a disturbance as in the rst case. Due to
the fact, that the reference is recti ed every step the
response is improved dependent on the type of the
motion. The two structures are denoted in section 4
by
and
.
The problem of the generation of the reference is a
time shift between the measured values of the vision
system and the position of the motor. This e ect can
lead to oscillation. An advantage compared to the rst
two structures is the possibility to tune the transfer
and noise behaviour separately.

+

Xt

3.2

40prf

Architecture with middle level
loop

A middle level loop is used to increase the performance of the visual loop, see g. 3. The di erence
to the structures in g. 1 and g. 2 is that the blocks
C (z ) and M (z ) work at 166 Hz sampling rate. The
new sampling rate results in a new motor model. The
reference is generated in the Kalman Filter including
visual information (velocity and position) and the motor position at time instant of the grabbed image. The
reference produced is a position signal therefore the
controller can directly use the position values of the
encoder to calculate the ltered control error.
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Figure 2: Control loop without middle level loop using
visual and motor information.
The next architecture is shown in g.2. In this case
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Figure 3: Control loop with middle level loop using
position information in the middle level loop.
Four possibilities exist to use this structure, with
and without interpolator and in each case with an

additional feedforward signal. The easiest way is a
stepwise reference, where the separation between the
subsystems working at 25 Hz (V (z) and KF ) and at
166 Hz (C (z) and M (z)) is done with the controller.
The interpolator described in section 2 is not used
in this case. The feedforward signal introduced is no
improvement because the controller tries to hold the
reference during the whole period of 40 ms. The feedforward signal tries to move the motor in the direction
of the target motion but as the controller does not have
the information, that this movement corresponds better to the target motion than the reference, the controller works against the feedforward signal. These
two control architectures are shortened with and
.
The next step is the introduction of an interpolator
seen in g. 3 ( and ). This interpolator generates with the velocity and position information a reference trajectory, which smoothens the steps between
two images. The tuning of the controller can be done
faster, as the reference is smoother.
This control structure shows an improved behaviour compared to the structure without interpolator. The Interpolator ensures a good reaction and the
introduction of the velocity measured in the Kalman
Filter is straightforward. The position measured is
very important for the generation of the reference,
therefore the position signal must be reliable not robust.
The last structure in g. 4 uses velocity information
in the middle level loop ( ). To ensure an o set free
control it is necessary to introduce the position error
in the reference. Therefore the usage of the interpolator is important. The generation of the reference is
not so straight forward as in the structures using position information in the middle level loop, because the
position error must be converted into a velocity signal. This introduction may cause problems, because
small position errors can lead to oscillations and have
to be damped. Despite this problem the usage of the
velocity signal might be necessary when the velocity
signal measured is more reliable than the position information. Another advantage is that the interpolator
increases the type of the system without adding an explicit interpolator. A disadvantage is that the generation of the reference must be investigated carefully as
a bad tuning can lead to an oscillating behaviour. The
motor velocity for the controller is calculated with a
discrete di erentiation out of the encoder signal.
Without a feedforward signal the GPC yields good
results for vision-based control of motion. The problem with combining the GPC with a feedforward struc6po
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Figure 4: Control loop with middle level loop using
velocity information in the middle level loop.
ture is, that the GPC calculates an optimal sequence
of control increments taken into account the past increments. The feedforward signal acts as a disturbance at the input of the plant and this is a rather
strong perturbation for the controller. This a ects
the controller especially when the feedforward signal
changes abrupt like for a ramp or even a step.
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Experimental Results

The experiments are done with a stereo head using
\synthetic images". The trajectories applied are a
ramp, a sinusoidal and step with a ramp. The target motion is generated with synthetic images to receive comparable trajectories with exact motion parameters. The usage of this technique instead of real
images has several advantageous. First the mathematical functions corresponding to the target motion
could be generated accurately and repeatable. Second
the comparison of the control architecture, which is
the main goal of this work, is not so dependent on the
visual process. The images have to be generated online, as the captured frames depend not only on the
prede ned motion but also on the camera orientation.
Fig. 5 and g. 6 show the image plane error X
in P ixel of the control architectures for a sinusoidal
motion. Both images use the same scaling factor of
the axes for an easier comparison.
When comparing the structures without middle
level loop in g. 5 it is clear, that the feedforward
signal gives an improvement, because the sinusoidal
motion is smooth and well predictable. Therefore the
maximum image plane error is reduced nearly by a
factor two. The important thing during the sinusoidal
motion is, that the motion can be divided in two parts.
During one part the position error is small and the
velocity is high, in this stage the main control e ort
comes from the feedforward signal. During the other
part the position error is large and the velocity is high
and therefore the GPC reacts more active. With this
separation the main control e ort changes from the
GPC to the feedforward signal and back.
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Figure 6: Image plane error X as response to a sinusoidal target motion for the structures with middle
level loop.
velocity error and larger position error. Also it is obviously, that the structures with feedforward signal have
a lower position error without a much higher control
e ort. Comparing the RLS-values of the velocity error
and control increment it must be mentioned, that this
values contain more data for the structures with middle level loop, as the sampling rate is higher. Only the
structure shows low values for all three criterions.
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Figure 5: Image plane error X as response to a sinusoidal target motion for the structures without middle
level loop.
Fig. 7, shows for a better comparison, three quality
criterions of the sinusoidal motion (the criterions are
always normalized with the mean value). The quality
criteria calculated are the random least square (RLS)
value of the image plane error (RLS (), of the velocity error (RLS ( )) and of the control signal de ned
by
s Z
1 t0 +t[u(t)]2
RLS (u) =
(1)
t t0
to assess the control e ort. The structures
and
have a much higher control e ort with a large
6po
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In g.6 the structures show a little bit di erent behaviour. The feedforward structure gives now not that
improvement. For the structure without interpolator
(
) this comes from the fact that the GPC
works against the feedforward signal as explained in
section 2. For the structure with interpolator (
) the inclusion of the velocity signal in the reference is a type of feedforward signal, so there is nearly
no improvement due to the introduction of the feedforward signal at the input of the plant.
The the structures , and shows the best
behaviour. Structure has a little bit larger error,
because the information of the position error is not
taken full into account. The larger error occurs at the
peaks in the position. In this moment the position error represents the main in uence to the reference trajectory and, because the weight to this position error is
decreased, it is clear that the reaction becomes slower.
Comparing the results of this structures with the results achieved with the structures
and
at
can be seen, that the maximum error is nearly the
same (5 Pixel for
and ). So the middle level
loop does not give a large improvement during the
steady state. An improvement can be seen on the end
of the sinusoidal motion, where the structures with
middle level loop show a smaller overshoot.
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Figure 7: Quality criteria of the nine control structures
for a sinusoidal motion.
Fig. 8 shows the quality criterions for a ramp like
motion. The RLS-value of the velocity is now replaced
by the standard deviation of the velocity during the
steady state of the ramp. Once again the structure
shows for all criterions very good values. The structures and have a lower value of the position
error for the cost of a higher velocity value and a much
higher control e ort.
The last experiment is a step in the position with
parabola starting immediately after the step. Once
again the quality criterions are displayed in g. 9. In
this case the velocity is not the critical variable and
therefore the maximum image plane error xmax is
displayed. In this case the feedforward signal is no
improvement compared to the structures without feed6v
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Figure 8: Quality criteria for the nine control structures for a ramp with about 37 P ixel=s.
forward signal because the values for the position error
is larger. The structure shows once again a good
compromise of good error values with a decent value of
the control e ort. Conspicuous are the values of
with the lowest values of Xmax and RLS (X ). In
the case of the step the assumption made for the generation of the reference are quite good (also for
) and therefore the reaction of the controller is
very well.
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Figure 9: Quality criteria for the nine control structures for a ramp with about 37 P ixel=s.
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Summary and Conclusions

The main objective in this work was to nd the optimal control architecture for visual-based control of
motion. The experiments show that the introduction of a middle level loop, sampled at a higher rate,
gives an improved transient response of a higher control e ort. Also the interpolator is very important
when using the middle level loop. This interpolator
is very critical when using the velocity information in
the middle level loop. The decision of using either velocity or position information in the middle level loop
is mainly answered what signal is more reliable.
It seems that the generation of the reference for a

structure without middle level loop does not have a big
advantage. The time of the visual and motor information must t well otherwise an oscillating behaviour
occurs. The feedforward signal is for structures without middle level loop only an advantage if the motion
is predictable (sinus or parabola). This is an issue
of the GPC as the controller calculates a sequence of
optimised control increments.
Future works investigate the connection between
GPC and the feedforward structure and will make a
comparison with real images. A further investigation
will be a state space controller, as this would solve
the problems of introducing the position error in the
velocity trajectory.
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