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Abstract

Aiming at the problem of tracking delay and large errors when

conventional image-based visual servo is applied to tracking moving

objects, a velocity compensation image-based visual servo controller

is proposed for head-fixed oculomotor control in this paper, which

covers saccade, smooth pursuit and vergence. The controller consists

of a basic visual servo sub-controller and a velocity compensation

sub-controller. The former is used to eliminate position error and

the latter takes into account the target’s velocity. Corresponding

Jacobian matrixes are derived to implement the controller. At the

same time, a novel adaptive gain is designed to boost the control law

and continuous velocities are implemented to avoid abrupt changes.

A simple but stable fixation point detection method is proposed to

provide the input for the whole system. Extensive experiments are

conducted and analysed in a real binocular platform implemented

with off-the-shelf set-ups, which demonstrate the effectiveness of the

proposed method.
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1. Introduction

Biology can provide biomimetic components and new con-
trol principles for robotics. Eyes are the most important
sensors for human beings during the process of information
acquisition. More than 80%of information is acquired by
eyes. The human visual system is highly developed and
perfect after millions of years of evolution, which can lock
the object at the centre of the retina (foveal area) even
when the position of head or object changes drastically.
This is of great significance for robots who always work
in the bumpy and unstructured environment. Studying
bionic eyes which can act like human beings is a difficult
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but exciting task. A robot system equipped with bionic
eyes has a better performance in terms of perception and
control.

When the head is fixed, oculomotor control is com-
posed of a set of basic movements: saccade, smooth
pursuit and vergence. Saccade is used to move eyes volun-
tarily from one point to another by rapid jumping, while
smooth pursuit can be applied to track moving targets.
Saccade and smooth pursuit always cooperate with each
other to finish the tracking task: the tracking process
always consists of slow stabilizing on the current target
(smooth pursuit) interspersed with fast redirecting gaze
onto a new target (saccade). Vergence occurs when human
beings change their binocular fixation in distance, causing
both eyes to move in opposite directions. Generally, several
eye basic movements cooperate with each other to perform
a set of visual behaviours, such as fixation and holding.
The performance of visual tracking will be improved by
imitating the mechanism of these eye movements.

Almost all of primates have binocular systems and
many robot systems are also equipped with binocular vi-
sion to track targets [1]–[5]. Three-dimensional motion in-
formation, including depth information, can be introduced
by binocular structure. This is of great importance and
convenience for robots to track targets more accurately.
Depth is an important kind of information and has been
successfully utilized in numerous computer vision applica-
tions [6], [7]. But it is often ignored in robot tracking
systems. In this paper, the depth information is calculated
and estimated by the stereo vision method and Kalman
filter, and then is used to design the control law.

Visual servo has been applied widely in different ar-
eas, such as unmanned aerial vehicle, robot manipulator
and robotic harvesting [8]–[10]. According to the features
used as feedback in minimizing the positioning error, vi-
sual servo is classified into three categories, position-based
visual servo (PBVS), image-based visual servo (IBVS) and
hybrid visual servo. IBVS is used to implement basic
eye movements because of its robustness to camera model
errors and calibration errors. The conventional IBVS
can achieve good results when dealing with static targets,
but for moving targets in head-fixed oculomotor control
of bionic eyes, there will be tracking error when general
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IBVS is applied. So, this paper gives a velocity compensa-
tion image-based visual servo (VC-IBVS) controller to deal
with this problem. At the same time, an adaptive gain
is adopted to increase the convergence speed and the task
sequencing approach [11] is applied to ensure continuous
velocity. Meanwhile, a simple but stable fixation point
detection method is proposed to provide the input for the
whole system. The results of experiments show that the
proposed VC-IBVS method can achieve oculomotor control
more quickly and accurately.

The paper is organized as follows: Section 2 summa-
rizes the related work about the motion control of eye
movements. In Section 3, a VC-IBVS controller is devel-
oped to imitate basic eye movements. In Section 4, the fixa-
tion point is detected using colour and motion information.
The position and velocity information is estimated within
the framework of Kalman filter. In Section 5, extensive
experiments are conducted in a real binocular platform,
and the results are analysed and compared with conven-
tional IBVS, which confirms our method’s better effective-
ness. Finally, some conclusions and future improvements
are drawn in Section 6.

2. Related Work

Research on bionic eyes’ motion control has rapidly evolved
since Young and Stark [12] proposed the sampled data
model for saccade in 1963. The existing study of bionic
eyes can be divided into two main categories: one is study-
ing bionic eyes from the physiological point of view, which
explores physiological structure of human vision system
and its neural mechanism. Another focuses on the func-
tion implementations of bionic eyes from the cybernetic
perspective, which is more task-orientated and designed
for the specific applications. As the velocity compensation
method is adopted in this paper to improve the response
performance of control system, some related filtering works
are also reviewed in this section.

With respect to the first category, advances in the
anatomy and physiology have given rise to the development
of bionic eyes. Robinson [13] proposed a saccadic model
based on the brain stem organization of eye movements,
which is consistent with neurophysiology because of the
fact that brain processes data in parallel. Both clinical and
experimental evidences indicate that the superior colliculus
and the cerebellum are important to produce accurate
saccadic movements, and Quaia et al. [14] proposed a
new model for saccade based on this fact. In these control
models, saccade control system acts as a position servo
controller to change and keep the target at the centre
of the retina with minimum time-consuming. The study
of Robinson et al. [15] showed that smooth pursuit is
a continuous negative feedback system responding to the
eyeball velocity, which is different from saccade. Many
current smooth pursuit models are descendants of the
original model of Robinson. In the control models, smooth
pursuit system should act as a velocity servo controller to
rotate the eyes at the same angular rate as the target and
should use some predictive controllers [16], [17]. There
are evidences that indicate saccade and smooth pursuit

cooperate with each other to finish the tracking task [18].
A complete overview of motion control on bionic eyes can be
found in [19]. Although many oculomotor control models
are derived from neural pathways, the neural mechanisms
are too sophisticated to imitate perfectly. So, the first
category is restricted by the slow development of physiology
and neuroscience.

Besides, the function implementation of bionic eyes,
which is from the cybernetic perspective, has been boom-
ing over the last 20 years. In 1997, Bruske et al. [20] im-
plemented saccadic control on a binocular vision system by
using the feedback error learning strategy. In 2013, Wang
et al. [21] designed an active vision platform to imitate
saccade, smooth pursuit and vergence. In 2015, Antonelli
et al. [22] realized saccadic movements on a robot head by
using a model called recurrent architecture. Saccade always
is implemented with an open-loop controller, while smooth
pursuit adopts closed-loop based on the image information.
However, the implementation of above methods requires
sophisticated and expensive platforms, which is unrealistic
for both the common laboratory studies and industrializa-
tion of bionic eyes. So, this paper proposes a VC-IBVS
scheme to implement basic eye movements, which covers
saccade, smooth pursuit and vergence. IBVS is robust
to camera model errors and is insensitive to the camera
calibration error, which means that the eye movements
can be imitated by off-the-shelf set-ups. This is significant
for both the laboratory studies and industrialization of
bionic eyes.

As the velocity compensation method is adopted in
this paper to improve the response performance of con-
trol system, there are also some related filtering works
to be reviewed in this section. In paper [23], authors
design a passive filter for neutral-type neural networks with
semi-Markovian jump parameters and mixed time delays.
The exponential stability of proposed method guarantees
that the resulting system will attain a fast and satisfac-
tory response. Meanwhile, the passive filter design is con-
verted into a convex optimization problem to reduce the
computational burden of the cone complementarity lin-
earization procedure. Paper [24] converts the phase-type
semi-Markov process into associated Markovian jump sys-
tems, and considers its state estimation and sliding mode
control problems. Paper [25] designs an active power fil-
ter with active disturbance rejection control (ADRC) and
PI-fuzzy controller. Comparing with the direct control
technique, the proposed control method has a better dy-
namic performance and robustness with model uncertainty
and external disturbances. These works [23]–[25] are in-
tended to improve the response performance and stability
of corresponding control systems. It is noted that all the
results of these three papers are verified by simulations. In
our paper, a VC-IBVS controller is proposed to deal with
oculomotor control, which considers the motion of target
using the Kalman filter method. Asymptotic stability of
control systems can be proved by introducing the Lya-
punov stability theory. At the same time, an adaptive gain
is adopted to increase the convergence speed and the task
sequencing approach is applied to ensure continuous veloc-
ity sequencing. Meanwhile, a simple but stable fixation
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point detection method is proposed to provide the input
for the whole system. Different from simulations in the
above papers, a comprehensive set of experiments with a
real binocular platform are conducted to demonstrate the
effectiveness of the proposed method.

3. Velocity Compensation Image-based Visual
Servo Method

Compared with PBVS and hybrid visual servo, IBVS has
three main advantages. First, IBVS is a model-free method
[26], which means that it does not require the model of
target object. Second, IBVS is robust to camera model
errors [27] and is insensitive to the camera calibration
error. Third, in the image plane, the image feature point
trajectories are controlled to move approximately along
straight lines [28].

In this section, an improved IBVS control scheme is
designed to implement head-fixed oculomotor control of
bionic eyes. The conventional IBVS control scheme is
described in detail in [10], [29]. However, [10], [29] deal
with static target while target motion exists in the head-
fixed oculomotor control of bionic eyes. Besides, there are
problems with respect to convergence speed and velocity
discontinuities in conventional IBVS. The improvements in
this section are listed as follows:

1. The motion of target is considered and decoupled with
motion of cameras. That is to say, the estimated
motion target information is added to the control
diagram to develop a VC-IBVS controller.

2. An adaptive gain is adopted to increase the conver-
gence speed.

3. Continuous velocity sequencing is ensured using the
task sequencing approach.

3.1 IBVS with Target Velocity

The error function during tracking for bionic eyes can be
defined in image planes, which is simpler and less sensitive
to system calibration errors. In this case, the visual
servo problem is to minimize the image error e defined as
follows:

e =‖ f 0 − f ‖ (1)

where f and f 0 represent the current image feature vector
and the desired vector, respectively. Current feature f is
the function of the relative pose between target and camera
which can be described as follows:

f = F (P (c , t)) (2)

where F represents the projection mapping of the imag-
ing system, c and t are positions of camera and target,
respectively. Compared with conventional visual servo
task where the target is static, target motion exists in the
head-fixed oculomotor control of bionic eyes. By denoting

q as the position of joints, the following equation can be
obtained:

ḟ = J c · ċ + J t · ṫ = J c · cJ q · q̇ + J t · ṫ (3)

where J c denotes the image Jacobian matrix which rep-
resents the relationship between the change of the image
feature of the target and that of joint vector, J t denotes
the image Jacobian matrix which represents the relation-
ship between the change of the image feature of the target
and the change of the target position in the 3D world, cJ q

is the Jacobian matrix between camera space and joint
space.

In the camera coordinate system, the target velocity
cṗt can be represented as follows:

cṗt =
fcṗt − (Ωc × cpt + ṗc) =

fcṗt − ṗc −Ωc × cpt (4)

where fcṗt represents the target velocity in the fixed cam-
era coordinate system, cpt represents the target position
in the camera coordinate system, Ωc and ṗc represent the
angular and translational velocity of cameras, respectively.
So, Ωc × cpt + ṗc is the velocity of camera frame relative
to the target.

When the above vectors are defined as follows:

cṗt = [cẋt,
cẏt,

cżt]
T , fcṗt = [fcẋt,

fcẏt,
fcżt]

T ,

cpt = [cxt,
cyt,

czt]
T , Ωc = [ωx, ωy, ωz]

T ,

ṗc = [ẋc, ẏc, żc]
T

Equation (4) can be rewritten as follows:

⎡
⎢⎢⎢⎣
cẋt

cẏt

cżt

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

fcẋt − ẋc

fcẏt − ẏc

fcżt − żc

⎤
⎥⎥⎥⎦−

⎡
⎢⎢⎢⎣

0 −ωz ωy

ωz 0 −ωx

−ωy ωx 0

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣

cxt

cyt

czt

⎤
⎥⎥⎥⎦ (5)

In the pinhole model of cameras, the relationship bet-
ween the camera coordinate system and image plane can
be written as follows:

⎡
⎢⎢⎢⎣
u

v

1

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣
kx 0 u0

0 ky v0

0 0 1

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
cxt/

czt

cyt/
czt

1

⎤
⎥⎥⎥⎦ = M

⎡
⎢⎢⎢⎣
cxt/

czt

cyt/
czt

1

⎤
⎥⎥⎥⎦ (6)

where [u v 1]T is the homogeneous coordinate rep-
resentation of the target position on the image plane,
[cxt

cyt
czt]

T is the target position in the camera coor-
dinate system, the 3× 3 matrix M is the camera’s intrinsic
matrix. According to (6), the target position on the image
plane can be written as follows:

⎧⎨
⎩
u = kx

cxt/
czt + u0

v = ky
cyt/

czt + v0

(7)
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Taking derivative with respect to time on both sides,
it can be obtained that:⎧⎪⎪⎨

⎪⎪⎩
u̇ = kx

cẋt
czt − cxt

cżt
cz2t

v̇ = ky
cẏt

czt − cyt
cżt

cz2t

(8)

⎡
⎣u̇
v̇

⎤
⎦ =

⎡
⎢⎢⎢⎢⎣
− kx

czt
0

kx
cxt

cz2t

kx
cxt

cyt
cz2t

−kx(
cz2t + cx2

t )
cz2t

kx
cyt

czt

0 − ky
czt

ky
cyt

cz2t

ky(
cz2t + cy2t )

cz2t
−ky

cxt
cyt

cz2t
−ky

cxt

czt

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ẋc

ẏc

żc

ωx

ωy

ωz

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎣

kx
czt

0 −kx
cxt

cz2t

0
ky
czt

−ky
cyt

cz2t

⎤
⎥⎥⎦
⎡
⎢⎢⎢⎣
fcẋt

fcẏt

fcżt

⎤
⎥⎥⎥⎦ (9)

Comparing (9) with (3), J t and J c can be obtained as
follows:

J t =

⎡
⎢⎢⎣
kx
czt

0 −kx
cxt

cz2t

0
ky
czt

−ky
cyt

cz2t

⎤
⎥⎥⎦ (10)

J c=

⎡
⎢⎢⎢⎢⎣
− kx

czt
0

kxcxt

cz2t

kxcxt
cyt

cz2t
−kx(cz2t + cx2

t )
cz2t

kxcyt
czt

0 − ky
czt

kycyt
cz2t

ky(cz2t + cy2t )
cz2t

−kycxt
cyt

cz2t
−kycxt

czt

⎤
⎥⎥⎥⎥⎦

(11)

Figure 1. The coordinate system of the bionic eyes platform. For the left part of platform, Ol0 Xl0 Yl0 Zl0, Ol1 Xl1

Yl1 Zl1 and Ol2 Xl2 Yl2 Zl2 represent the pan, tilt and camera coordinate systems, respectively. The right part is the
same as left part.

Substituting (5) into (8), the relationship between the
target position on the image plane and the motion of
targets and cameras can be obtained as follows:

To obtain cJ q, let x and q represent the position of
camera and joint, respectively:

x = x(q1, q2) (12)

Taking derivative with respect to time on both sides,
it can be obtained that:

ẋ =
6∑

i=1

2∑
j=1

∂xi

∂qj
q̇j (13)

This equation can be rewritten as follows:

[
ẋc ẏc żc ωx ωy ωz

]T
=
[
J 1 J 2

]⎡⎣q̇1
q̇2

⎤
⎦ (14)
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According to the mechanical structure and coordinate
systems definition of the bionic eyes platform shown in
Fig. 1, its DH parameters can be obtained as Table 1.

cJ q =

⎡
⎣h sin θ2 − a cos θ2 d sin θ2 −h− d cos θ2 −1 − cos θ2 − sin θ2

0 a 0 0 0 0

⎤
⎦
T

where a, d and h can be obtained using eye-hand calibra-
tion. Parameter h means that the end-effector coordinate
system and camera coordinate system are not aligned.

Table 1
DH Parameters

Left or Right θi αi (deg) αi (mm) di (mm)

Left θL1 −90 0 0

θL2 0 −1.807 29.680

Right θR1 −90 0 0

θR2 0 −0.135 37.252

3.2 Control Scheme

According to (3) and above Jacobian matrices, the desired
motion of joint can be obtained as follows:

q̇ = (J c · cJ q)
−1 ·K · e − (J c · cJ q)

−1 · J t · ṫ (15)

where image feature error e is defined as the difference bet-
ween given features and captured features. Equation (15)
consists of a basic visual servo item and a velocity com-
pensation item. The former is used to eliminate position
error and the latter takes into account the target velocity.
This equation takes into consideration the current position

Figure 2. Block diagram of the control law, the whole law can be regarded as left and right part; two parts are connected by
depth reconstruction. See Section 4.

According to these DH parameters, Jacobian matrix cJ q

can be determined as follows:

error and velocity information of target at the same time,
thus compensating tracking delay and large errors to a
large extent by controlling predictively. The control scheme
can be designed as Fig. 2 based on (15). The whole
controller is regarded as left and right part corresponding
to each eye movements. Two parts are connected by depth
reconstruction, which is described in detail in Section 4.
Each part of controller consists of a basic visual servo
sub-controller and a velocity compensation sub-controller.

Conventional IBVS deal with static target so ṫ is set
to be 0 and (15) becomes:

q̇ = (J c · cJ q)
−1 ·K · e (16)

However, second item of (15) is necessary when tar-
get moves independently. Otherwise, the tracking error
becomes large because of neglect of target velocity.

If the target is supposed to be in the view of cameras all
the time, then asymptotic stability of control systems can
be proved by introducing the Lyapunov stability theory.

Theorem 1. The control system is asymptotically sta-
ble if the control output is adopted as follows :

q̇ = (J c · cJ q)
−1(K · e − J t · ṫ) (17)

where K is a 2× 2 positive-definite gain matrix, e =
f 0 − f is the image feature error.
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Proof:

The Lyapunov function is defined as follows:

V (t) =
1

2
eTe (18)

Then the following equation is obtained:

V̇ (t) = eT ė (19)

The change rate of feature error:

ė = ḟ
0 − ḟ = −ḟ = −(J c · cJ q · q̇ + J t · ṫ) (20)

Substituting (17) into (20):

ė =−(J c·cJ q·(J c·cJ q)
−(Ke−J t·ṫ)+J t·ṫ) = −Ke (21)

So (22) can be written as follows:

V̇ (t) = −eTKe ≤ 0 (22)

So, the control scheme is asymptotically stable. �

3.3 Adaptive Gain

In the conventional approaches, the gain K in the control
law is usually set constant. However, velocities are high
when the error is large and very low when the error is
near to 0. So, the constant gain increases the time to
convergence. In this section, a gain adaptive adjustment
mechanism is designed to overcome this shortcoming.

In the general case, the control law ensures an expo-
nential decrease of the error with a constant gain. So, a
gain that increase exponentially with error is designed to
shorten convergence time. The formulation of adaptive
gain is set as follows:

k(e) = k1 · e−k2·e + k3 (23)

where e is the error in the u direction or v direction in
image planes and k1, k2 and k3 are constant parameters.
It is noticed that:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

k(0) = k1 + k3

k(∞) = k3

k′(0) = −k1 · k2

(24)

where k(0) represents the gain when error is 0, k(∞)
represents the gain when error is ∞ (∞ can be set a large
value in practical experiment), and k′(0) represents the
slope of k(0). Then parameters k1, k2 and k3 can be
obtained as follows:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

k1 = k(0)− k(∞)

k2 = − k′(0)
k(0)− k(∞)

k3 = k(∞)

(25)

So, parameters k1, k2 and k3 are not set directly, they
can be computed from three other parameters that are
more intuitive to tune.

This gain adaptive adjustment mechanism can boost
the control law especially when the error is near to 0, such
as the last phase in saccade and the process of smooth
pursuit. The gain, which increases exponentially with
error, needs three parameters to be set. So, three other
more intuitive parameters are used to calculate them.
These new parameters represent the gain when errors
are zero and infinite, slope of zero error, respectively,
which can be determined intuitively according to desired
characteristics of the error curve.

3.4 Continuous Velocity Sequences

As shown in Fig. 5, adaptive gain cannot ensure continuous
velocities especially at the first iteration. Rapid changes of
velocities may cause the instability of motors of platforms.
It is possible to ensure continuous sequencing to avoid
velocity discontinuities. This behaviour is achieved by
introducing an additional term to (17). The form of control
law considered here as follows:

q̇ = q̇1 −K · J−1
t=0 · e t=0 · e−λt (26)

where q̇1 is the velocity obtained by (17), second term of
(26) comes from the task sequencing approach described in
[11]. It allows computing continuous velocities by avoiding
abrupt changes in the command. This is of significance for
stability of motors and achieving of smooth pursuit.

4. Motion Estimation Scheme

The error always exists when tracking a moving target by
the conventional IBVS controller unless the target velocity
is predictively considered. So, it is necessary to estimate
the velocity of target to compensate the tracking error. At
first, the fixation point is detected using colour information
and motion information with D–S evidence theory. Then,
the depth information is calculated with the stereo vision
method. Finally, the motion information is estimated
within the framework of Kalman filter to compensate the
tracking error.

4.1 Fixation Point Detection

Fixation point detection provides the controller with visual
input. The movements of target and cameras make it
complex even detect a circle stably and accurately. In
this section, a simple but stable fixation point detection
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method is proposed, which is described for circle but also
suitable for other geometric shapes.

For the sake of simplicity, a red circle marker is used to
dispense the complication of image processing and target
selection. The colour representation method of HSV is
consistent with human perception of colour. The captured
image is converted from Red-Green-Blue (RGB) space to
Hue-Saturation-Value (HSV) space, making it suitable for
image processing.

Colour and motion information are adopted to obtain
the fixation point more accurately. For colour informa-
tion: first, the hue and saturation histograms of object are
pre-calculated as the look-up table. Then, a colour proba-
bility distribution map is calculated by the histogram back
projection:

Mc = αhIh + (1− αh)Is (27)

where Ih and Is are back projection of hue element and
saturation element separately, αh is the weight of hue
element. For motion information: first, the difference
image is calculated by frame differential and binarized by
the Otsu threshold method. Then, a motion probability
distribution map can be obtained by equation as follows:

Mm = Dk ◦Mc (28)

where Dk is the difference image of kth frame from k− 1th
frame, ◦ represents the dot product operator. Then,
the colour probability distribution map can be integrated
with the motion probability distribution map using D–S
evidence theory as follows:

Mi,j =
Mci,jMmi,j

1− (1−Mci,j )Mmi,j − (1−Mmi,j )Mci,j

(29)

where subscript (i, j) represents the (i, j) element of the
corresponding matrix.

Most of the time, the detected circle region is not
ideal due to various noise. In this section, a simple but
efficient circle fitting method is adopted to extract fixation
point. First, the zeroth and first moments are calculated
to determine the estimated centre of circle, which can be
written as follows:

(uec, vec) =

(∑
i

∑
j iMi,j∑

i

∑
j Mi,j

,

∑
i

∑
j jMi,j∑

i

∑
j jMi,j

)
(30)

where (uec, vec) is the estimated centre of circle. Then,
this estimated centre is set as the initial point to find eight
grey gradient extreme points, which locate apart each 45◦.
So, these grey gradient extreme points can be determined
as follows:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ui = uec + ki cos

(
πi

4

)
,

vi = vec + ki sin

(
πi

4

)
,

i=0, 1, 2 . . . 7 (31)

where

ki =argmax
m<k<n

∣∣∣∣∣∣
3∑

j=−3

f

(
uec +(k + j) cos

(
πi

4

)
, vec +(k + j) sin

(
πi

4

))∣∣∣∣∣∣

and [m, n] is the search interval. Finally, these points are
used to fit a circle using the least squares method. In the
two-dimensional plane coordinate system, the general form
of equation for a circle is:

x2 + y2 + ax+ by + c = 0 (32)

The optimization goal of the circle fitting is to find an
optimal solution for coefficients (a, b, c) to minimize an
objective function, which is defined as the sum of squared
distances from the sample points to the circle:

f0 =
∑

[(X2
i + Y 2

i + aXi + bYi + c)]
2

(33)

This problem is solved by the using least squares
method, then the centre of circle is regarded as the fixation
point.

4.2 Kalman Filter

The depth information can be calculated by using method
in our previous work [30]. Then, the 3D information
can be used to design motion controllers. But the delay
always occurs when tracking a moving target by the IBVS
controller. So, some predictive methods should be adopted
to compensate those delays.

In this section, we estimate the velocity of the target
to reduce the tracking error when the target is moving.
The velocity of the target is filtered by a Kalman filter
with a constant acceleration state model. The state vector
and measurement vector in the Kalman filter are defined
as follows:

x̂k = [x̂t, ŷt, ẑt, ˆ̇xt, ˆ̇yt, ˆ̇zt, ˆ̈xt, ˆ̈yt, ˆ̈zt]
T (34)

yk = [xt, yt, zt, ẋt, ẏt, żt]
T (35)

where x̂k is state vector which consists of estimated po-
sition, velocity and acceleration. 3D position in the
workspace can be obtained with stereo vision while the
3D velocity is calculated by the time derivation of target
positions. Then, the 3D position and velocity information
can be regarded as the measurement vector yk.

The predictive position and velocity of 3D workspace is
obtained within the framework of Kalman filter. Then, the
3D information is projected on the image planes and those
projected information are regarded as the target motion
parameters in the corresponding images. All the above
motion information is used to design the motion controller
in Section 3. Different from simulations in filtering pa-
pers [23]–[25], a comprehensive set of experiments with a
real binocular platform are conducted to demonstrate the
effectiveness of the proposed method.
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Figure 3. Overview of experimental set-up: (a) The platform of bionic eyes and red marker in (b) is the target.

Figure 4. Experiment results of saccade with constant gain: (a) Articular velocity of joints and (b) errors in image planes.

5. Experiment and Results

To confirm the validity of the proposed approach, a series
of experiments have been conducted with binocular bionic
eyes platform. All the errors in experiments are defined as
pixels between current feature position and centre position
of the image plane.

5.1 Overview of Experiment Set-up

A bionic eyes platform, which adopts a fixed mechatronic
head, is used to imitate the motion mode of eyes. The
head mounts two cameras with a resolution of 400× 300
pixels that can acquire colour images at 30 Hz. Each
camera can tilt and pan actively driven by two independent
stepper motors. Each stepper motor is equipped with an
encoder that can record position information. Compared
with the most existing bionic eye platforms that employ
precise electronics as well as mechanism with high cost,
we adopt off-the-shelf cameras and common motors, which
are more suitable for both the laboratory studies and
industrialization of bionic eyes.

The target is set on the manipulator of a KUKA
robot so that the continuous and smooth motion can be
guaranteed. The target is set in front of the bionic eyes
platform to face each other. This set-up can provide
repetitive trajectory of the target strictly. Figure 3 shows
an overview of experiment set-up. Figure 3(a) presents our
bionic eyes platform and Fig. 3(b) shows the KUKA robot
with the target.

5.2 Experiments of Saccade

Saccade is used to move eyes voluntarily from one point
to another, which can shifts fixation point quickly. During
the experiments imitating saccade, target is static while
camera moves to target at the centre of field of view.

First, the effectiveness of adaptive gain is demon-
strated. Figures 4 and 5 show the results in which the
constant gain and adaptive gain are adopted, respectively.
Figure 4(a) shows pan and tilt joint angular velocity of
left and right cameras when adopting constant gain, and
Fig. 4(b) shows the errors away from the centre of u and v
directions of left and right image planes. Figure 5(a) and
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Figure 5. Experiment results of saccade with adaptive gain: (a) Articular velocity of joints and (b) errors in image planes.

Figure 6. Experiment results of saccade with continuous sequencing: (a) Articular velocity of joints and (b) errors in image
planes.

(b) shows the same curves while adaptive gain is adapted.
As shown in Figs. 4(b) and 5(b), it takes only 1,185ms to
reach the target when adopts adaptive gain, while takes
2,871ms when constant gain is adopted. So, the adaptive
gain is significant for imitating saccade by IBVS because of
its boosting of the control law. Moreover, those parameters
in (25) represent the gain when errors are zero and infinite,
slope of zero error, which can be determined intuitively
according to the desired characteristics of the error curve
in Fig. 5(b). It is noticed that the joint angular velocity in
Figs. 4(a) and 5(a) changes from zero to large in the first
iteration because of the large error. This may cause the
instability of motors of platforms.

As shown in Figs. 4(a) and 5(a), adaptive gain can-
not ensure continuous velocities especially at the first it-
eration. As described in (26), continuous sequencing is
ensured using the approach described in [11]. The effect
of continuous sequencing is illustrated in Fig. 6(a) where
during the first iterations, velocities are starting from zero.

That is to say, the joint angular velocity changes gradually
from zero at the beginning of task, which can reduce the
vibration of the platform. Moreover, compared with Figs.
4(b) and 5(b), the error curve becomes more smoothly
which is shown in Fig. 6(b). It can be found in Fig. 6(b)
that initial errors are 109, 73, 168 and 48 pixels in the u
and v direction of left and right image planes, respectively.
The saccadic amplitudes of four motors are 20.05◦, 10.43◦,
27.51◦ and 9.17◦.

5.3 Experiments of Smooth Pursuit

Smooth pursuit is applied to track targets that move slowly.
During the experiments imitating smooth pursuit, target
is set at the manipulator of a KUKA robot to move side
to side in the horizontal direction. In all experiments of
smooth pursuit, the distance between target and bionic
eyes platform is set 0.5m. Adaptive gain and continuous
velocities sequencing are adopted.
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Figure 7. Experiment results of smooth pursuit with different target velocity: (a), (b) and (c) show tracking error without
target velocity compensation while target moves at 0.1, 0.2 and 0.4m/s, respectively; (d), (e) and (f) show results with target
velocity compensation.

Figure 7 illustrates the tracking errors with and with-
out target motion estimation when target velocity is differ-
ent. Figure 7(a), (b) and (c) presents the errors away from
centre of u and v directions of left and right image planes
without target velocity compensation when target moves
at 0.1, 0.2 and 0.4m/s, respectively. Figure 7(d)–(f) shows
the same error curves while target velocity compensation
is considered. As shown in Figure 7(a)–(c), tracking error
exists because of ignorance of target movements. And error
becomes larger when target moves faster. Figure 7(d)–(f)
illustrates that the tracking error can be compensated to a
large extent with the estimation of target velocity. More-
over, tracking error characteristics are summarized in Ta-
ble 2 for quantitative description. Max and mean error are
calculated using the absolute value of error. Errors in the
u direction are mainly discussed. Error characteristics in
the v direction are similar to that in u if target moves in
the vertical direction. Max error are 14, 25 and 41 pixels
without target motion compensation when target moves
at 0.1, 0.2 and 0.4m/s, respectively, while max error are
4, 5 and 8 pixels with compensation. These errors under
the compensation condition are mainly caused by mechan-
ical precision, precision of depth reconstruction and other
random disturbance. Mean error characteristics also prove
that tracking error is largely compensated by estimation of
target velocity.

The first stage in smooth pursuit is saccade catching
up target. Errors are calculated after saccade. As the
distance between target and bionic eyes platform is set

Table 2
Tracking Error with and without Target Motion

Compensation

Target Distance Compensation Max Mean
Velocity Error Error
(m/s) u (pixel) u (pixel)

0.1 0.5 m No 14 12.3

Yes 4 2.8

0.2 No 25 19.6

Yes 5 4.2

0.4 No 41 37.1

Yes 8 6.9

0.5m, angular velocities of target relative to camera are
roughly 11◦/s, 23◦/s and 46◦/s when target velocities are
0.1,0.2 and 0.4m/s, respectively. As shown in Table 2, the
mean error is 6.9 pixel when target moves at 46◦/s, which
is acceptable considering the mechanical precision, camera
frame rate and random disturbance.

Vergence occurs when human beings change their
binocular fixation in distance, causing both eyes to move
in opposite directions. During the experiments imitating
vergence, the target is set at the manipulator of a KUKA
robot to move from front (0.4m) to back (0.8m) among
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Figure 8. Experiment results of vergence, errors in image
planes.

the depth direction at 0.4m/s. Figure 8 illustrates the
result of vergence experiments. The max tracking error is
2 pixels.

In this section, saccade, smooth pursuit and vergence
experiments are conducted with binocular bionic eyes plat-
form. In the saccade experiment, it takes only 1,185ms to
reach the target when adopts adaptive gain, while takes
2,871ms when constant gain is adopted. So, the adaptive
gain is significant for imitating saccade by IBVS because
of its boosting of the control law. In the smooth pursuit
and vergence experiment, results illustrate that the track-
ing error can be compensated to a large extent with the
proposed VC-IBVS method. It is noted that the proposed
VC-IBVS method, including adaptive gain, continuous ve-
locity sequencing approach, velocity compensation and a
simple but stable fixation point detection method, are not
only able to achieve the oculomotor control of bionic eyes
platform, but it can also be applied to other robot control
systems.

6. Conclusion

In this paper, we presented an improved IBVS scheme for
head-fixed oculomotor control. The main novel contribu-
tions of this paper were the following: (1) A VC-IBVS
controller is proposed to deal with the movement of target.
(2) An adaptive gain is adopted to increase the conver-
gence speed. (3) Continuous velocity sequencing is ensured
using the task sequencing approach. Compared with other
sophisticated and expensive robot systems, this paper pro-
vides an implement of oculomotor control of bionic eyes
with off-the-shelf set-ups. Saccade, smooth pursuit and
vergence experiments are conducted to demonstrate the
effectiveness of the proposed method.

The detected and tracked object will be replaced by
head of human in the future work. And other oculomo-
tor control movements under a head-free condition, such
as vestibule-ocular reflex and optokinetic reflex, will be
discussed.
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