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Abstract
This paper poses a number of questions related
to the performance and structure of closed-loop
visual control, or visual servo, systems. While
the fundamentals of visual servo control are well
known and systems have been demonstrated for
many years, the achieved performance is far less
than could be expected. In particular the questions discussed relate to fundamental control system structure, performance metrics, compensator
design and the choice of feedback versus feedforward control.

1 Introduction
The use of visual sensors with robot manipulators
has a history of over two decades, dating back to
early work with block worlds. However the performance of modern closed-loop visual control, or
visual-servo, systems is signi cantly poorer than
would be expected from a control systems point of
view. In this paper it is argued that the reason for
such poor performance is that the dynamics of the
system, vision and robot, have been ignored. To
this end, a distinction is introduced between visual servo kinematics and visual servo dynamics.
The former, essentially a \pure computer-vision"
problem, is well addressed by the literature, while
the latter has been largely ignored. Investigating
dynamics, rather than just the kinematics, of visual servo systems leads to advantages beyond the
obvious ones of tracking objects whose pose is unknown and possibly time varying. Visual servoing admits the possibility of \closing the loop" on
the dynamics of the actuator, transmission and
structural compliance, allowing superior control
of end-point dynamics than can be achieved using axis sensing alone.
Related research [1] introduces the concept of

visual dynamic control which is concerned with

dynamic e ects due to the manipulator and machine vision sensor which limit performance and
must be explicitly addressed in order to achieve
high-performance control. That research takes
a very di erent approach to that done by others in the eld, in emphasising temporal and dynamic issues over image processing. \Simplistic computer vision" techniques and a specialised
hardware architecture combine to provide a high
sample-rate and minimum latency vision system.
This is an ideal testbed with which to bring
closed-loop dynamic problems to the fore, conduct modelling and experiment with various control strategies.
One problem that dogs any discussion of visual
servo performance is the lack of agreed, quantitative, performance metrics. It is actually relatively
simple to build a visual closed-loop robot system
which will converge on a target, if the controller is
suciently detuned to ensure stability. Most researchers propose the use of simple proportional
controllers but it can be shown that these have
two undesirable properties. Firstly, feedback-only
controllers have a loop-gain limit due to the openloop delay, and this limits the achievable closedloop bandwidth. Secondly, simple feedback controllers have signi cant phase lag characteristics
which lead to poor tracking. Much research has
focussed on solving the computer-vision part of
the problem, but the control or dynamics problem is generic but not adequately investigated.
The remainder of this section discusses existing
research on visual servoing from a control systems
perspective, and then describes the experimental platform on which the research described in
this paper was conducted. Section 2 then poses
a number of questions which seem to have been
overlooked by the research community, and o ers
some observations and partial answers. Finally
Section 3 provides some conclusions.

1.1 Research to date
Research in visual servoing has, to date, focussed
largely on the visual kinematic issues such as estimating object pose from n points, or analysing
the relationship between Cartesian motion and
the corresponding image plane motion as encapsulated in an image Jacobian matrix. These computer vision problems underpin, respectively, the
position-based and image-based approaches to visual servoing [2]. Both approaches are well known
and have been demonstrated experimentally under laboratory conditions. It could perhaps be
argued that the problem is solved for all practical purposes, and the computational costs of
these two approaches are comparable and readily
achieved. Control of a 6-DOF robot was demonstrated by Ganapathy [3] over a decade ago using
a closed-form solution that executed in only 4 ms
on a 68000 processor. An iterative approach has
even been patented [4]. The 3-D pose estimation
problem can be signi cantly simpli ed by using
non-anthropomorphic direct 3-D sensors | those
based on structured lighting are now compact and
fast enough to use for visual servoing [5].
Recently, however, there has been a considerable growth in the literature which has been fuelled by personal computing power crossing the
threshold which allows analysis of scenes at a sufcient rate to \servo" a robot manipulator. Prior
to this, researchers required specialised and expensive pipelined pixel processing hardware.
An obvious characteristic of many reported visual servo systems is that they appear slow and
\shaky", and exhibit signi cant lag with respect
to the motion of the tracked object. This can be
seen in video tape presentations and in the time
axis scaling for many published results. Reported
results and comments such as \slight instability"
are clear indications of closed-loop systems close
to their stability limit. Another common comment is of \noticeable lag" in the observed performance, which is indicative of a poorly designed
control system, inappropriate control architecture
or both. To the casual observer there are obvious
similarities between the performance of such systems and that of early force controlled robot systems. The force control community learned, long
ago, the importance of dynamic modelling and
how the dynamics of the manipulator, sensor and
environment impact on closed-loop stability [6].
In this paper it is argued that the visual-servo
community has yet to learn this lesson.
Vision is admittedly a \dicult" sensor to use

for closed-loop control due to its low sample rate,
high latency (often one or more sample intervals)
and low spatial resolution. However most reports demonstrate a closed-loop bandwidth which
is only a fraction of that which would be expected. Evidence of stability problems, or tracking lag, has tended to be ignored or blamed on
the low sample rate or low-bandwidth communications link between the vision system and robot.
Unfortunately, rectifying these \de ciencies" will
not solve a problem whose roots are in the fundamentals of the system dynamics. The evidence
points to an underlying lack of control systems
knowledge in this research community. This \dynamics problem" is generic, that is, its existence
is independent of the type of image processing or
scene interpretation performed. Its existence is
due to the temporal characteristics of the camera and vision system, and the robot and its controller.
Problems of delay in visual servo systems were
rst noted over 15 years ago [7] but are not always taken into consideration. The sources of delay include the charge integration time within the
camera, serial pixel transport from the camera to
the vision system, and the computation time for
feature extraction. If the target motion is constant then prediction can be used to compensate
for the latency, but combined with low sample
rate leads to poor disturbance rejection and long
reaction time to target \maneuvers". Grasping
objects on a conveyor belt is an ideal, though
non-challenging, application for prediction since
the target velocity is constant.

1.2 Experimental system

The research described [1] takes a di erent approach from others in the eld, by emphasising temporal and dynamic issues over image processing. \Simplistic" computer vision techniques
and a specialised hardware architecture combine
to provide a high sample-rate and minimum latency vision system. This is an ideal testbed with
which to bring closed-loop dynamic problems to
the fore, conduct modelling and experiment with
various control strategies. A block diagram of a 1DOF system is given in Figure 1. The camera lens
is modelled as a simple gain, Klens , which, due
to perspective, is a function of target distance.
The system is multi-rate due to the di erent sample intervals for the robot's servo system and the
camera's eld rate. Manipulator structural dynamic e ects are represented by Gstruct(s), which
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Figure 1: Block diagram of the 1-DOF visual
feedback system. xt is the world coordinate location of the target, and i Xd is the desired location
of the target on the image plane. Note the two
samplers in this system.
is assumed, for now, to be unity.
The performance of this system, with proportional control D = Kp , has been measured
and Figure 2 shows a step response to a visual
square wave excitation. The `early' and `late' response are related to when the visual stimulus occurs with respect to the system's samplers. The
closed-loop frequency response is given in Figure
3 and shows evidence of a low frequency pole at
approximately 2 Hz, and time delay. The phase
is linear with respect to frequency and indicates
a delay of 58.0 ms.
To simplify analysis, the system may be approximated by a single-rate model operating at
the visual sampling interval of 20 ms. The openloop transfer function may be written as
V (z )D(z )R(z )
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Figure 2: Comparison of measured and simulated
step response. Measured early and late step responses (dotted), single-rate model (solid), and
the multi-rate model (dashed).

(1)

= TTv Kp Klens
(2)
r
and Tv and Tr are the vision and robot servo
sample intervals respectively. The overall delay
is Ord(denominator) ? Ord(numerator), in this
case three sample periods or 60 ms which agrees
with previous observations of latency and the step
response of this model.
The single-rate open-loop model (1) can be
used for stability analysis as well as stateestimator and controller design using classical
digital control theory.
The root-locus diagram in Figure 4 shows that
for the known gain setting, K = 0:132, the poles
are located at z = 0:789, 0:528 and ?0:316.
The dominant pole corresponds to a frequency
of 1.9 Hz which is in good agreement with the estimate of 2 Hz made earlier. This pole is very
sensitive to changes in loop gain such as those
K
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Figure 3: Bode plot of single-rate model closedloop transfer function (solid) with measured frequency response (dotted) overlaid. Note the considerable phase error for moderate frequency demands, eg. 1 Hz. (Kp = 1:3  10?4, Klens = 708)

Perceived error generates a velocity demand which moves the robot toward the
target.
This results automatically in target-following behaviour, but without the complexities of an explicit trajectory generator. This behaviour is
analogous to the way we control cars and boats
within an unstructured environment: we do not
compute a sequence of precise spatial locations,
but rather a velocity which is continually corrected on the basis of sensory inputs until the
goal is achieved. Stated another way, we consider
visual control as a steering problem.
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2.2 What is the most appropriate
axis control method to employ
in a visual servo system?

Figure 4: Root-locus of single-rate model. At a very fundamental level a robot link is moved
Closed-loop poles for gain Kp = 1:3  10?4 are by an actuator that applies a torque or force.
marked (Klens = 708).
However it is common to provide local axis-level
control loops which create the abstraction of a
link whose position or velocity may be speci ed.
caused by variation in target distance. Figure 3 Most
robot applications involve posishows the Bode plot of the single rate model over- tioningindustrial
tasks,
bringing
the tool to a known point
laid on the experimentally determined frequency in the workspace, and this
requires position conresponse function from above.
trolled axes. When the robot is in contact with
a surface some positional degrees of freedom are
lost and the robot must perform compliant mo2 Some questions
tion requiring some, or all, joints to be torque
force) controlled. In some teleoperation apThis section poses a number of questions which (or
plications
it is desirable to consider axes as being
need to be addressed in order to achieve high per- velocity controlled.
Robot joints can thus be conformance visual closed-loop control.
sidered as torque, velocity or position \sources",
and the choice is dependant upon the robot's ap2.1 Is image feature trajectory gen- plication.
The argument in Section 2.1 would indicate
eration necessary?
that axis velocity control was the \natural" choice
Most robot controllers accept absolute position for closed-loop visual control. Surprisingly the
setpoint commands but an end-e ector mounted majority of reported experimental systems imvision sensor provides relative position informa- plement a visual feedback loop \on top of" the
tion. In general, due to limited torque capabil- robot's existing position-control loops. This has
ities, the robot will be unable to reach an arbi- occurred, probably, for the pragmatic reason that
trary target position within one setpoint interval most robot controllers present an abstraction of
and thus requires some \planned" motion over the robot as a position-controlled device. Howmany intervals. In robotics this is the well-known ever some researchers in visual servoing who have
trajectory generation problem, but that approach \built their own" robot controllers at the axis
has a number of disadvantages in this situation, level have all chosen to implement axis-position
since a moving target requires continual path ad- control [9{11]. The redundant levels of control
justment [8] while also maintaining continuity of add to system complexity and may impact on
position and its time derivatives.
closed-loop performance [12]. Exceptions to this
A far simpler approach is to consider the posi- approach are the citrus-picking robot [13] which
tioning task as a control problem:
closes the vision loop about a hydraulic actu-

ator which is a \natural" velocity source, and
also [14,15]. Weiss [2] proposed closing a visualfeature control loop around a torque servo but
conducted only simulation studies.
Sending incremental motion commands to a
robot position controller is essentially velocity
control | the controller is integrating the increments to create an absolute coordinate as a setpoint for the position servos. From a control systems perspective, however, there are some subtle
di erences between a velocity controlled axis and
an incremental position controlled axis. In particular the inner position loop will generally be
very \tight", that is high-gain, in order to minimize position error. For an ideal robot this is
not a problem, but it will exacerbate resonance
problems due to structural and/or drive compliance. It has been shown [16] that for the case of
signi cant structural compliance it is preferable
to use a \soft" velocity loop in order to increase
system damping. This is particularly desirable in
the non-colocated control situation of an eye-inhand camera.
In [1] the three axis control modes were compared for a simple linear discrete-time visual
servo simulation model with proportional control.
Torque control resulted in the slowest closed-loop
poles, and position control the fastest, but with
a steady state error to a step or higher order target motion. The addition of an extra integrator
remedies this, but as discussed above, the structure is now essentially velocity controlled. However when a full non-linear motor model was simulated, the torque-mode controller did not behave
as expected | simulation resulted in very lightly
damped oscillatory responses. This was found to
be due to a combination of non-linear friction, integral action and the relatively low sample rate.
The unmodeled dynamics, particularly stick/slip
friction, are complex and have time constants
that are shorter than the visual sample interval.
It is a \rule of thumb" that the sample rate should
be 4 to 20 times the natural frequency of the
modes to be controlled. Improved torque-mode
control would require one or more of the following: a higher sample rate, friction measurement
and feedforward, adaptive, or robust control. A
more straightforward option is the use of axis velocity control. Velocity feedback is e ective in linearising the axis dynamics and eliminating much
of the parameter variation. Parameter sensitivity
studies showed robustness with changes of up to
25%.

2.3 How should visual servo performance be evaluated?

Performance of the visual servo system can be expressed in terms of time or frequency domain metrics. In the frequency domain, performance is related to the closed-loop bandwidth. While \high
closed-loop bandwidth" is desirable to reduce error it can also lead to a system that is sensitive
to noise and unmodeled dynamics. Additionally,
the notion of \bandwidth" is not straightforward
since it implies both magnitude (3 dB down) and
phase (45 lag) characteristics. Time delay introduces a linear increase in phase with frequency,
and the Bode plot of Figure 3 indicates 45 lag
occurs at less than 1 Hz. For tracking applications phase is a particularly meaningful performance measure | for instance the citrus picking
robot's tracking speci cation [13] was in terms of
phase for a particular fruit swinging frequency.
Common time domain metrics include settling
time, overshoot and polynomial signal following
errors. However many published visual servo results should be subject to close scrutiny about
what they really demonstrate. Any closed-loop
system of Type 1 or greater will have zero steady
state error to a step demand. Since, as described
above, most visual servo systems incorporate at
least one integrator (by virtue of incremental positioning), zero settling error is to be expected.
In fact settling error is the least challenging test
of control performance. For example, the feedback system introduced above has a fast square
wave response (200 ms) but simulated tracking of
sinusoidal motion in Figure 5 shows a robot lag of
approximately 30 and the centroid error peaking
at over 80 pixels.
A better metric for tracking performance would
be related to tracking error such as peak-to-peak
error, or
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which is the RMS pixel error value over the time
interval [t1; t2]. The choice of appropriate target motion with which to evaluate (3) depends
upon the application. For instance, if tracking a
falling or ying object it would be appropriate to
use a parabolic input. A sinusoid is particularly
challenging since it is a non-polynomial with signi cant and persistent acceleration that can be
created readily in the laboratory using a pendulum or turntable.

2.5 What are appropriate control
laws to achieve high closed-loop
performance?
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In control system terms the visual servo system is
a regulator (trying to maintain a constant image
plane target centroid) and the target motion is a
non-measurable disturbance input. Tracking performance can be expressed as a transfer function
for image plane error response to target input, as
shown in Figure 6
iX~ (z )
= 1 + V (zV)(Rz()z )D(z )
(4)
xt(z )
z (z ? 1)DD (z )
(5)
= z 2(z ?K1)lens
Figure 5: Simulated tracking performance of viDD (z ) + Klens T DN (z )
sual feedback controller, where the target is moving sinusoidally with a period of 1.5 s (0.67 Hz). where i X~ = i X ? i Xd is the image plane error
Note the considerable lag of the response (solid) and iXd is assumed, for convenience, to be zero.
to the demand (dashed).
The steady-state value of the image plane error
for a given target motion, xt(z ), can be found by
the nal-value theorem. For proportional control,
and substituting previously identi ed models for
+
V (z ) and R(z ), the steady-state error is
X˜ ( z )
V ( z)
x ( z)
target
i X~ (1) = lim (z ? 1) Klens z (z ? 1) xt(z )
vision
position
z!1
z 2 (z ? 1) + Kp Klens
(6)
D ( z)
which may be evaluated with the target motion
R ( z)
chosen as8one of
compensator
robot
for a step input
>< z?zTz1
for a ramp input
(7)
Figure 6: Block diagram showing target position xt(z ) = > (z2?1)2
: T2 z(z(z?+1)
as input and image-plane error as output.
for
a
parabolic
input
1)3
For the steady-state tracking error to be zero,
the numerator of (6) must cancel the poles at
= 1 of xt(z ) and retain a factor of (z ? 1). This
2.4 What performance should be znumerator
comprises the poles of the robot and
expected?
compensator transfer functions | the latter may
be selected to give the desired steady-state error
response by inclusion of an appropriate number of
The camera frame rate is the sample rate of a integrator terms, or (z ? 1) factors. The number
visual servo system and this is a function of the of such open-loop integrators is referred to as the
standard video formats typically employed (CCIR Type of the system in classical control literature.
or RS170). Most high-performance systems re- Equation (6) has one open-loop integrator and is
ported achieve eld-rate processing at best, giv- thus of Type 1 giving zero steady-state error to a
ing a sample rate of 50 or 60 Hz, which is a ma- step input. A ramp input however will result in
jor performance limiting factor. Franklin [17] a nite error of T =Kp pixels which can be seen as
suggests that the sample rate of a digital con- the substantial lag in Figure 5. Also note that the
trol system be between 4 and 20 times the de- numerator of the closed-loop transfer function (5)
sired closed-loop bandwidth. Such a rule implies has a zero at z = 1 which acts as a di erentiaa closed-loop bandwidth of between 2.5 Hz and tor. From (5) compensator poles will appear as
12 Hz. Corresponding response times would be in additional closed-loop zeros.
the range 80 to 400 ms, which the experimental
Common approaches to achieving improved
system achieves.
tracking performance are:
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Figure 7: Simulation of pole-placement xation
controller, showing response (solid) and demand
(dotted). Closed-loop poles at z = 0:6  0:4j; 0:4.
1. Increasing the loop gain, Kp , which minimises the magnitude of ramp-following error. However for this system, as shown in
the root-locus plot of Figure 4, this approach
is limited, since the poles leave the unit circle as gain is increased. It is not possible to
achieve the stable high-gain control required
for accurate tracking.
2. Increasing the Type of the system, by adding
additional open-loop integrators.
3. Introducing feedforward of the signal to be
tracked. This is an important issue in
machine-tool control and has been discussed,
for instance, by Tomizuka [18]. This approach is discussed in Section 2.7.
A number of control laws including PID,
Smith's predictor, pole-placement, and LQG,
were synthesised and evaluated in both simulation and experiment. In order to achieve good
sinusoid tracking performance, it was found necessary to increase the Type of the open-loop system to 2. However the location of the closedloop poles is fundamentally constrained if a stable
compensator is required. As closed-loop bandwidth is increased the robustness with respect to
plant parameter variation, in particular saturation, is greatly reduced.
Figure 7 shows the simulated closed-loop response for sinusoidal target motion, a detailed
non-linear system model, and a pole-placement
controller. The peak-to-peak error in pixel space
is approximately 28 pixels | clearly a great improvement over simple proportional control |

and the best performance achieved in this work.
However a number of characteristics of the response deserve comment:
 The error is greatest at the peaks of the sinusoid, which correspond to greatest acceleration. The Type 2 controller has zero error
following a constant velocity target (which
the slopes of the sinusoid approximate), but
will have nite error for an accelerating target. That performance is dependent on the
closed-loop pole locations which cannot be
made arbitrarily fast.
 There is considerable delay at t = 0 before
the robot commences moving, due to delay
in the vision system and controller.
 Once again this is a Type 2 system and
the closed-loop response will include a double di erentiator. This e ect is evident in
the initial transient shown in the simulated
closed-loop response of Figure 7.
The closed-loop poles cannot be made arbitrarily fast and are constrained by the practical requirement for compensator stability. Linear discrete-time simulations indicate no diculty
with an unstable compensator, but non-linear
simulations show that the closed-loop system will
be unstable. This is believed to be due to nonlinearities in the plant which change the apparent
dynamics at saturation which is exacerbated by
high controller gains. The addition of integrators,
while raising the system Type, places stringent
constraints on closed-loop and estimator pole locations.
The Smith's predictor also warrants comment
since it is commonly cited by the active vision
community. The essential characteristic of this
predictor is cancellation of open-loop poles. In
linear simulation this approach works well, but
in non-linear simulation or experiment it lacks robustness. Stability can be achieved but only by
choosing \slow" closed-loop poles.

2.6 What are the limitations to
closed-loop performance?

For a feedback system such as described so far the
limiting factor is the low loop gain necessary to
ensure stability in the presence of open-loop delay. The architecture of the system, and in particular communications between the vision and
robot control subsystems should be designed in
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order to minimize this delay. Prediction can be
used to \cover" system delay, but at the expense
of poor disturbance rejection with respect to unmodeled target motions. More sophisticated compensators can be employed, but they remain fundamentally constrained by the requirements for
compensator stability and robustness.

2.7 Why are most visual servo systems based only on feedback
control?

The term \visual servo" is almost synonymous
with \visual feedback" but this need not be so.
The design constraints inherent in feedback-only
control lead naturally to the consideration of feedforward control strategies, since additional design
degrees of freedom are available by manipulating
the system zeros as well as the poles. The feedforward quantity, target position or velocity in this
case, is not directly measurable but can be estimated. The feedforward term is shown in Figure
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Figure 9: Block diagram of velocity feedforward
and feedback control structure as implemented.
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8, and the closed-loop transfer function becomes
i X~ V (z ) (1 ? R(z )DF (z ))
= 1 + V (z )R(z )D(z )
(8)
xt
which has the same denominator as (5) but an
extra factor in the numerator. Clearly if DF (z ) 
R?1(z ) the tracking error would be zero, but such
a control strategy is not realizable since it requires
(possibly future) knowledge of the target position
which is not directly measurable.
Such a controller has been implemented, see
Figure 9, based on estimated target velocity feedforward and with high-performance digital axis
velocity-control loops. In the experiment the
camera has 2-DOF rotational motion and is xated on an object revolving on a turntable. The

The analysis of visual servo dynamics leads to
advantages beyond the obvious ones of improved
tracking performance. Visual servoing admits the
possibility of \closing the loop" on the dynamics
of the actuator, transmission and structural compliance, allowing superior control of end-point dynamics than can be achieved using axis sensing
alone.
Robot speed, or cycle time, is a critical factor in
the economic justi cation of a robot. Although
machines capable of extremely high tool-tip accelerations now exist, the overall cycle time is dependent upon other factors such as settling time
and overshoot. High speed and acceleration are
often achieved at considerable cost since e ects
such as rigid-body dynamics, non-linear friction
and link and transmission exibility [20] become
signi cant. To achieve precise end-point control
using joint position sensors the robot must be engineered to minimize these e ects by employing
gearless transmissions and massive links to minimise friction and compliance. End-point relative
position measurement admits direct end-point,
rather than joint-angle, control. With appropriate control strategies this may result in reduced
overshoot and thus lower cycle time.
Figure 12 shows the measured end-e ector motion of a Puma robot (under native position controller with arm fully outstretched and horizontal) after a high velocity motion. The end-e ector
has overshot by around 12 mm. Although not visible in the gure, the camera acceleration peaks
at 4 g and oscillates at around 19 Hz. This mode
is due to torsion in the vertical drive shaft.
A computed torque controller, with friction
feedforward, runs at 500 Hz
n
o _
d = M d + Kp (d ? ) + Kv (_d ? ^_) + F(^
)
(9)
This is overlaid with a variable structure control
strategy which moves the arm under open-loop
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Figure 12: Measured tip displacement determined from axis sensing (dotted) and end-e ector
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resulting centroid tracking error is shown in Figure 10. Figure 11 compares the measured and
estimated target velocity. Since the majority of
the control e ort is due to the feedforward path,
lower feedback gains can be used thus minimising
problems due to latency. The use of a feedforward
term has been proposed previously by De Schutter [19] in the context of robotic force control.
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Figure 13: Measured tip displacement determined
from end-e ector mounted camera for hybrid visual control strategy.
trajectory generator control to the vicinity of the
target, and once found incorporates visual control
for ne positioning
_d

= i Kp (i Xd ? i X ) + i Kv i X^_

(10)

Experimental results with this controller are
shown in Figure 13. The end-e ector has followed
an almost critically damped path to the target
which was displaced approximately 20 mm from
the destination of the trajectory generator. The
target came into view at 0.32 s and the transition in control strategies occured four eld times
later at approximately 0.40 s. The end-e ector
has settled to within 1 pixel or 0.78 mm of the
target whose position was unknown in advance.
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