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Abstract— In this paper, a biologically inspired motion de-
tector (Reichardt-Model) is introduced into visual servo control
to ensure stability of the system with high gain and time-
delay in its feedback. As a consequence of the specific velocity
dependence of the Reichardt-Model, the stability margin of the
visual servo control is increased and high overall gains, thus,
better performance are achievable. As the first step of the study,
the control performance of visual servo control with different
sampling and different time-delay in its visual feedback loop,
and velocity control performance with Reichardt-Model are
investigated. A high-speed visual servo control system with
up to 500Hz framerate is built up on a 1-DOF linear axis.
With the results of simulation, the inner velocity control loop
with Reichardt-Model is demonstrated to be more stable than
standard model without Reichardt-Model when feedback gain
increases and time-delay is presented. The results of real-time
experiments show an improved performance by utilizing high-
speed visual feedback or when the overall time-delay is small.

I. INTRODUCTION

An important aspect in the research field of robotics and
automation is the use of high-speed visual servo control
loops running at framerate of several 100Hz controlling and
stabilizing the motion of the system. How to improve the
control performance and to ensure the stability of visual
servo control despite the presence of time-delay is an im-
portant issue.

Visual servo is the fusion of results from many elemental
areas including real-time image processing, kinematics, dy-
namics, control theory, and real-time computing [1]. How-
ever, in most of the previous robot systems, the processing
rate of vision sensors, for example, CCD (30Hz) which is
typical, is much slower than the servo rate for robot control
(1kHz) [2]. The faster a manipulator moves, the greater is the
uncertainty. Therefore, the challenge issue here is to achieve
high-speed visual feedback as well as high-speed motion
in order to perform tasks robustly. Moreover, a suitable
controller should be designed to ensure the stability of the
system. Several approaches have been carried out recently.

In [3], a regrasping strategy based on visual feedback is
presented. A high-speed multi-fingered hand is chosen and
a high-speed visual processing is achieved, within 1ms. In
[4], an approach named multi-input multi-output (MIMO)
predictive control is used to model and control high-speed
6-DOF visual servo control loop. The sampling frequency
of the visual loop is 120Hz. In [5], a 1 ms vision system is
developed and applied to high-speed target tracking .

Besides, the research in the field of biologics gives the
inspiration of building a stable visual servo control system. A
fly’s (e.g. Calliphora Vicina) vision system comprises several
photoreceptors and motion detectors which are specialized
for the detection of optical flow fields of typical motion
behaviors [6]. The Reichardt-detector [7] and its variants
[8][9][10] are well-known motion detector models which are
applied to simulate the fly’s motion detection system. It has
been demonstrated in [11] that, as the sensory input is lagged
by a time-delay, the Reichardt-Model in the optomotor sys-
tem leads to a stable performance at least if it operates with
a high gain in its feedback. If the algorithm of fly’s motion
detection can be executed in visual servo control, it will be
more efficient, stable and can fulfill the requirements of real-
time applications (e.g., implement the Reichardt-Model on
FPGA [12]).

In this paper, a high-speed image-based visual servoing
(IBVS) is established on a linear system of 1-DOF. An
array of elaborated Reichardt-Model is implemented to cal-
culate the translational velocity of the camera. The control
performance of the IBVS with visual feedback of different
frequency is presented. Besides, velocity control with and
without Riechardt-Model is tested both in simulation and
real-time experiment. With the results of simulation, velocity
control with Reichardt-Model is demonstrated to be more
stable than standard model without Reichardt-Model.

The remainder of this paper is organized as follows: firstly,
in Section II, the control problem and control law for visual
servo control are presented. In Section III, the basic EMD



and an elaborated EMD model as well as its application
in inner velocity control loop of visual servo control are
introduced. Simulation results of velocity control are given in
Section IV. The experimental setup and experimental results
are shown in Section V and conclusions are given in Section
VI.

II. I MAGE-BASED V ISUAL SERVOING (IBVS)

Position-based visual servoing (PBVS) and IBVS are two
traditional ways for vision-based robot control. They are
classified according to error information connected to the
controller. In PBVS system, the error is computed in the 3D
Carteisan space, while in IBVS system the error is directly
computed in the 2D image space [13]. Moreover, new visual
servo control techniques are proposed: hybrid visual servo
control approaches (e.g. 2 1/2D visual servo control in [14]
which uses the error part in 3D Cartesian space and part in
2D image space) and motion-based visual servo control (the
error is a function of optical flow [15] [16]). In this paper,
the IBVS is chosen since it is known to be robust not only
with respect to camera but also to robot calibration errors
[17].

A. Control Problem

In IBVS, the error information is extracted from image
space. The desired image features are denoted asξd in this
paper. These features can be obtained by using a ”teach-by-
showing” strategy [18]: moving the robot to the reference
desired position, the features extracted from the correspond-
ing image are defined asξd (e.g., coordinates of the object’s
center in the image plane). The objective is to control
the robot configuration to generate the prescribed desired
output ξd in the image plane. However, the desired robot
configuration is not given. The image error is:ξ̃ = ξd − ξ
Therefore, the control aim is to ensure that: limt→∞ ξ̃ = 0
Since the convergence is theoretically ensured only in a
region around the desired position, the initial feature error
should be sufficiently small.

B. Control Law

The following control law proposed in [19] is chosen :

τ = J(q,ξ ,Z)TKpξ̃ −Kvq̇+g(q) (1)

where

J(q,ξ ,Z) = Jimage(ξ ,Z)

[

Rc(q) 0
0 Rc(q)

]

Jg(q) (2)

Kp and Kv are the symmetric positive definite proportional
and derivative matrices which are chosen by the designer.
Rc(q) is the orientation of the camera frame with respect to
the robot frame andJg(q) is the robot geometric Jacobian.
In our experiment, the system is of 1-DOF, thusJ(q,ξ ,Z) is
the same as the image Jacobian matrixJimage(ξ ,Z), defined
by:

Jimage(ξ ,Z) =
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Fig. 1: Block diagram of the IBVS system with position
sensor

where [x y]T is the coordinates of the object center in the
image plane,α is the scaling factor (in pixels/meter),λ
is the focal length. They are intrinsic parameters of the
camera. The depth informationZ can be obtained either
from multi camera, knowledge of the geometric relationship
or additional external sensor. TheJimage(ξ ,Z) describes the
robot motion in terms of the motion of the feature points. In
our 1-DOF system,Jimage(ξ ,Z) = αλ

Z

III. R EICHARDT-MODEL IN IBVS

As introduced in Section II, the feature errorξ̃ in image
plane and the joint velocity of the robot are involved in the
control law. In the experiment, the joint velocity of the 1-
DOF system is the velocity of the end-effector. It can be
easily derived from a inside position sensor and the block
diagram of the system is given in Fig.1. There are two
closed loops in the model working at different frequency:
the inner loop for velocity control works at high frequency
(e.g.1000Hz), while the outer loop works at relative low
frequency (e.g. from 30Hz to 500Hz depending on the
frequency of the image processing).

An alternative to the system in Fig.1 is to get the velocity
of the end-effector directly from the image plane. Therefore,
the position sensor is discarded from the system and only one
camera is demanded. Different methods could be applied to
calculate the optical flow from image sequence, e.g. SSD
algorithm, Lucas&Kanade method, Horn-Schunck method
and so on.

However, there is a shortcoming with such a system.
By introducing the optical flow calculation into the inner
loop, high gain in the velocity control loop, thus, good
performance are not achievable due to the time-delay. The
time-delay here consists of several parts: camera exposure
time, time for image transferring and image processing,
time for data distribution (a distributed system is selected in
the experiment). To overcome this drawback, a biologically
inspired motion detector Reichardt-Model is introduced. As
demonstrated in [11], when its overall gain is large (for
the sake of better performance: compensate disturbances
efficiently), the optomotor system of the fly containing
Reichardt-Model in its closed loop does not get unstable,
while a standard linear system without Reichardt-Model
becomes unstable. This interesting phenomena inspired us
to apply the Reichardt-Model in the IBVS. An example
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Fig. 3: The simple Reichardt-model [6] and its velocity
dependent response [11].

of introducing Reichardt-Model into inner velocity control
loop is shown in Fig.2. An array of Reichardt-Model is
applied to the image and the responses of each model are
summed up which represents the relative velocity of the end-
effector with respect to the object. In the following part, the
intrinsic properties of the Reichardt-Model and an elaborated
Reichardt-Model are introduced.

A. Reichardt-Model

The earliest and probably the most famous model of mo-
tion detector inspired by biological systems was developed
by Reichardt and Hassentein in 1956 [7]. Fig.3 presents a
simplified version of the correlator model.

A1 andA2 are two photoreceptors and they are respectively
temporally delayed by the low-pass filter D. WithA1(t) and
A2(t) representing the input signals at the left and right input
channels, andB1(t) andB2(t) representing the corresponding
filtered signals, one obtains the outputR(t) of a motion
detector:

R(t) = A2(t) ·B1(t)−A1(t) ·B2(t). (4)

The detector generates a direction sensitive response be-
cause of the subtraction between the two symmetric detector
halves. The velocity dependence of the response of the
Reichardt-Model is shown in Fig.3. The model response first
increases with increasing velocity, reaches a maximum and
then decreases again. Hence, the gain of the motion detection
system in the fly’s optomotor pathway is not constant, but
becomes small at high velocities [11].

However, the response of the Reichardt detector is not
always as simple as a peak. For example, when the input is
a pulse, the sign of the response does not directly indicate
motion direction [12].
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Reichardt-Model in the
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B. The Elaborated Reichardt-Model

The simple Reichardt detector has two major drawbacks:

• its response is sensitive to edge contrast, reducing
robustness to lighting conditions;

• its response to step edges is complicated, making scene
interpretation difficult.

Therefore, the simple detector has been improved and two
preprocessors are added:

• logarithmic transformation is applied in order to reduce
the sensitivity to lighting conditions directly after the
receptors;

• this is followed by a temporal high pass filter in order
to obtain a simple response to the most common edge
type as step edge in natural images.

The elaborated EMD is shown in Fig.4, which is also
proposed in [?]. The moving pulse signal (or equivalently a
moving step edge) is transformed by the temporal HP filter
into a moving peak, and thus, leading to a simple response.
The response of this elaborated motion detector is still bell-
shaped.

IV. SIMULATION OF VELOCITY CONTROL

In this part, the velocity control model presented in Fig.2
(model in the red dashed line rectangle) is simulated. In
the simulation it is assumed that, an object moves at a
certain velocity and the goal of the velocity control is to
compensate the motion between the end-effector and the
object. Therefore, the desired relative velocity of the end-
effectorVd is set to zero.

First of all, the response of the Reichardt-Model with re-
spect to velocity is observed. In the experiment, the following
parameters are chosen for the Reichardt-Model:τH = 3.3,
τL = 2, φ = 1. Based on sampled examples observed in real-
time experiment, the response curve given by Fig.5 is then
obtained through interpolation. The response is also bell-
shaped which is similar to Fig.3.

In order to compare velocity control performances of
models with and without Reichardt-Model, the feedback
gains in both models that lead the end-effector motion to
70% of the object velocity are normalized to one (following
[11]).



Fig.6 and Fig.7 are the simulation results of the end-
effector’s velocity and position when the feedback gain is
small in both models.
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Fig. 6: Velocity of the end-effector in velocity control
with/without Reichardt-Model when feedback gain is small.
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Fig. 7: Position of the end-effector in velocity control
with/without Reichardt-Model when feedback gain is small.

.

The object moves at 0.1m/s. The curves s1 and s10 are
the results of standard model when gain is 1 and 10, while
R 1 and R10 are the results of model with Reichardt-Model.
In this case, both systems settle down in steady state.

However, when the feedback gain increases, the model
without Reichardt-Model gets unstable, while model with
Reichardt-Model is still in control which oscillates with
certain velocity (shown in Fig.8 and Fig.9).
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Fig. 8: Velocity of the end-effector in velocity control
with/without Reichardt-Model when feedback gain is 47.

The results of the simulation show that, when time-delay
is presented and the overall feedback gain gets relative high,
inner velocity control loop with Reichardt-Model is more
stable than standard model without Reichardt-Model.

V. EXPERIMENTS

Firstly, the velocity control model simulated in Section IV
is also tested in real-time experiment. Besides, a simple high-
speed IBVS system with position sensor in its inner feedback
loop is firstly developed to show the control performance
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Fig. 9: Position of the end-effector in velocity control
with/without Reichardt-Model when feedback gain is 47.

Fig. 10: Experimental Setup

with the visual feedback which provides the feature error in
image plane.

A. Experimental Setup

A linear axis (STB-2510 [20]) depicted in Fig.10 is
selected as a basic module. Since it is a 1-DOF manipulator,
the system is much simplified. Its end-effector is a slide and
moves horizontally. The peak velocity that can be achieved
is 4.6m/s. A non-contact position sensor is integrated into
the system. Therefore, the velocity of the slide which is
required in the control law (eq.1) can be easily computed.
The control of the linear axis is through a Simulink program,
which runs on a PC (i686, AMD 64 Processor 3000+) with
fixed sampling time 1ms.

A high speed CMOS imaging camera (Mikrotron
MC1319) is mounted on the slide. It provides high speed
imaging with up to 500 full frames per second. The intrinsic
camera parameters contains: focal lengthλ = 17mm, scaling
factor α = 88,888pixels/m. The camera configuration is
fixed during the experiment. The captured image is trans-
ferred to a host PC (x8664, AMD 64x2 dual core Processor
5200+) through PCIe.

B. Parameter Settings and Experimental Results

Three experiments are carried out. In the first experiment,
the velocity control model is tested and the control perfor-
mance is presented. In the second experiment, the system
has constant time-delay but with visual feedback of different
sampling rate. In the last experiment, visual feedback is set
to have a frequency of 500Hz but with different time-delay.



Experiment1: In this experiment, the model simulated in
Section IV is tested on the linear axis. The camera works
at the framerate of 30fps and has a resolution of 640×

480 pixels. The time for computing optical flow through
Reichardt-Model in image plane is about 20ms. The results
of velocity control with and without Reichardt-Model in the
feedback loop are given by Fig.11 and Fig.12. S1 and S50
are the results of the standard model when feedback gain is
1 and 50, while R1 and R50 are the results of control with
Reichardt-Model.
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Fig. 11: Velocity of the end-effector in velocity control
with/wihtout Reichardt-Model when feedback gain is 1 and
50.
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Fig. 12: Position of the end-effector in velocity control
with/wihtout Reichardt-Model when feedback gain is 1 and
50.

In this experiment, due to mechanical restriction the differ-
ences of the control performances are not obvious when the
feedback gain increases. As the length of the linear axis is
limited, it is not allowed to observe the control performance
in steady state. Besides, in order to protect the linear axis
an output saturation module is added in the experiment.
Therefore, the unstable control performance is not possible
to achieve. However, depends on the simulation results, the
following conclusion can still be made: velocity control with
Reichardt-Model in its feedback is more stable than the one
without Reichardt-Model.

Experiment2: In next two experiments, a resolution of
1280×480 pixels is chosen. The camera runs at framerate of
500fps. When the a high framerate is selected, the captured
image is dark due to the short exposure time and is difficult
for image processing. Therefore, a LED is mounted in front
of the camera as the target object in the experiment.

The image processing is running to find the features in
the image plane. In the experiment, there is only one LED
mounted. Thus it is supposed to be only one feature that can
be found in the image. The image processing is started by the
threshold, through which the pixels with high illuminance are
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Fig. 13: Feature error trajectory whenKp = 2.5× 10−4N ·

/pixels2 with different sampling time.

found. Then the resulted binary image is passed to a function
that finds the contour of the selected pixels. Finally, the
centroid is computed. The summed image processing time
is about 1.5ms which is short enough for a vision system
running at a frequency of 500Hz.

The coordinates of the centroid is transferred to the PC on
which the control model runs. Since the linear axis has only
1-DOF, only x coordinate is utilized in the control. Then the
image feature error between the desired feature and current
feature is computed and the controller gives out the torque
which moves the slide such that the error decreases.In the
experiment, the desired feature point is set toξ = 670pixels,
and the initial feature point isξ (0) = 970pixels. Thus the
initial feature error isξ̃ (0) = −300pixels.The fixed overall
time-delay is about 5ms when no additional time-delay unit
is present.

The control output is given by:

τ =
αλ
Z

Kpξ̃ −Kvq̇ (5)

whereZ = 1m, Kp = 2.5×10−4N ·m/pixels2, Kv = 2N ·m·

s/deg. q̇ could be obtained either from the Reichardt-Model
or by differentiating the output of the position sensor (in this
experiment: ˙q is got from position sensor).

The results of the first experiment are shown in Fig.13.
Vertical axis represents the feature errorξ̃ in the image plane
(expressed in pixels), while the horizontal axis is the time.
The visual feedback of three different sampling rate (30Hz,
100Hz, 500Hz) is tested. As shown in Fig.13, after the tran-
sient the three feature error trajectories tend asymptotically
to a small neighborhood of zero. The feature error oscillates
around zero instead of settling down as time increases. The
visual feedback of 30Hz has a oscillate amplitude of about
50pixels, while the 100Hz visual feedback oscillates at a
amplitude of 20pixels. The 500Hz visual feedback has the
smallest amplitude, 12pixels, which means a relatively better
performance.

Experiment3: In this experiment, the system is tested
with different time-delay when the visual feedback has a
high sampling rate of 500Hz. Since several parts of the
overall time-delay are fixed: exposure time, time for data
distribution, and time for mechanical motion of the linear
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axis, an easy way to tune the time delay is to add an artificial
time-delay before sending data to the controller. Different
additional time-delay is tried: 0ms, 2ms, 3ms. Fig.14 shows
the experimental results. It is a little difficult to tell the
difference between these systems from Fig.14. Thus the
variance and integrated feature error in the time interval
[0.5 1.5]s are calculated:

Additional delay Variance Integrated error
(ms) (pixel2) (pixel)
0 288.7 15790.8
2 331.6 16849.9
3 756.3 25300.9

TABLE I: Result Analysis

Table 1 indicates that, the system with less time-delay has
better performance (smaller variance and smaller integrated
error). Therefore, in the system design time-delay should be
taken into consideration.

VI. CONCLUSIONS

In this paper, the biologically inspired motion detector
Reichardt-Model is introduced into visual servo control.
Because of the intrinsic properties of the Reichardt-Model,
the control system with time-delay in its feedback loop is
demonstrated to be stable. As the first step of the study, an
high-speed IBVS with up to 500Hz has been built up in
the lab.The simulation results demonstrate that the intrinsic
properties of Reichardt-Model prevent the control system
from getting unstable when feedback gain gets relative high
and time-delay is presented. Besides, the experimental results
demonstrated that, the system with visual feedback of higher
sampling time takes less time to tend asymptotically to zeros
and also has smaller amplitude when it oscillates around
zero. Moreover, less time-delay brings the system to a better
performance.

In the future, real-time visual servo control with Reichardt-
Model in its inner velocity control loop will be built up. The
comparison of the control performance of the visual system
with and without Reichardt-Model will be carried out. To
realize high-speed and real-time control, the implementation

of the Reichardt-Model on an FPGA platform and its inte-
gration into visual servo control will also be considered.
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