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Abstract Visual servoing methods for hand-eye config-
uration are vulnerable for hand’s dynamical oscillation,
since nonlinear dynamical effects of whole manipula-
tor stand against the stable tracking ability (trackability).
Our proposal to solve this problem is that the controller
for visual servoing of the hand and the one for eye-
vergence should be separated independently based on
decoupling each other, where the trackability is verified by
Lyapunov analysis. Then the effectiveness of the decou-
pled hand and eye-vergence visual servoing method is
evaluated through simulations incorporated with actual
dynamics of 7-DoF robot with additional 3-DoF for eye-
vergence mechanism by amplitude and phase frequency
analysis.

Keywords Visual servoing - Eye-vergence - Trackability

1 Introduction

Recently, much research attention has turned to focus on
full DoF pose control of the robot end effector toward a
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target object [1]. Full 3D visual servoing requires simul-
taneously full 3D pose measurement and 3D motion con-
trol also. But researches so far seem to have tended to deal
with these two problems separately as isolated issues.
Different kinds of visual servoing—position-based [2],
image-based [3] or 2%—D visual servoing [4]—usually dis-
cuss their methodologies based on an assumption that pose
measurement is known or could be easily received from
some other devices.

Eye-vergence function bears two fundamental fruits as
kinematical merit and dynamical one. First, kinematical
merit is described. Observing ability of a fixed-hand—-eye
configuration may be deteriorated by relative geometry of
the camera and the target, as the robot cannot observe the
object well when it is near the cameras (Fig. 1a), small
intersection of the possible sight space of the two cameras
(Fig. 1b), and the image of the object cannot appear in the
center of both cameras, so we could not get clear image
information of target reflected at its periphery, reducing
the pose measurement accuracy (Fig. 1c). To solve these
problems, eye-vergence functions to rotate eye cameras
orientation to see target object at center of the cameras’
view, as shown in Fig. 2(a—c), enhancing the measure-
ment accuracy in trigonometric calculation and avoiding
aberration, i.e., peripheral distortion of camera lens.
Moreover, recent researches on visual servoing are lim-
ited generally in a swath of tracking an object while
keeping a certain constant distance [3, 5, 6], which are the
researches based on different task scenarios from the
approaching visual servoing discussed here. The second
merit is concerning dynamical effects to keep tracking a
moving target in the camera’s view. Needless to say in
visual servoing application, keeping closed loop of visual
feedback is vital from a view point of stability in control
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Fig. 1 Disadvantage of fixed-
camera system

(a)Smaller possible
sight area

Fig. 2 Advantage of eye-
vergence system
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theory. Cameras fixed at the hand of manipulator are kept
staring at the object at first, but when the target moves so
fast that the manipulator cannot catch up with the speed
of the target because of whole manipulator’s dynamics,
resulting in the visual feedback cut, loosing feedback. To
improve this pose tracking difficulty of fixed-hand-eye
system, the eye-vergence function seems dynamically
effective, because of small mass and inertia moment of
the eye ball compared to those of full manipulator’s
structure. Therefore, tracking ability of eye-vergence can
be better than fixed, like animals tracking target with eye
motion before rotating their heads to the target. In this
report, we propose a new control method of hand and
eye-vergence dual visual servoing system with a stability
analysis of Lyapunov method, guaranteeing that both the
tracking pose errors of hand and eye-vergence orientation
error converge to zero, providing target object stopping in
work space. Further to evaluate the trackability through
frequency response experiment, we need a new measure
to rate the eye’s trackability to the target object oscillat-
ing with designated amplitude and angular velocity. We
also come up with a yardstick to measure the eye’s
trackability.
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(¢) Not in the center
of the sight

(b) Cannot be seen when the
object near to the cameras

(¢)In the center
of the sight

(b) Can be seen when the
object near to the cameras

2 Simulator and robot dynamics
The dynamics equation of the system is

M(q)j+h(q.q)+g(q) == (1)
here ¢ is a vector expressing the angle of each joint, where

g can be divided into g = [qf,qt]" where ¢ and g

express the joint angles of the manipulator and the camera
system, respectively, T = [t],. .., ‘cI]T is the input torque,
and M(q) is the inertia matrix, h(q,q) is the vector rep-
resenting the centrifugal and coriolis forces, g(q) is the
vector representing the gravity load.

The simulator is based on the actual physical parameters
of MITSUBISH PA-10 robot arm. Two cameras, which
have 3 degrees of freedom, are mounted on the end-
effector of PA-10 robot arm. The structure of the system is
shown in Fig. 3. The homogeneous transformation from
coordinate static to the end effector ) ¢ to the end effector
coordinate ) is expressed by a constant matrix 8T. In
this paper we use T to express homogeneous transforma-
tion matrix. » 4 and ), express the coordinate of the

right and left camera separately, they will be written as »
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Fig. 3 Frame structure of manipulator and eye-vergence system

and ), . While the two cameras are both installed on the
end effector, both the cameras share a same tilt angle, but
each of them has an own pan angle, angular velocity o;,
angular acceleration @;, link acceleration p; and the
acceleration of the center of gravity §; can be calculated by
the method written in [7].

3 Hand and eye visual servoing
3.1 Desired trajectory

As shown in Fig. 4, the world coordinate frame is denoted
by > . the target coordinate frame is denoted by > ,;, and
the desired and actual end effector coordinate frame is
denoted by ) ", and ) respectively. The desired relative
relation between the target and the end effector is given by
homogeneous transformation as Ed, 1. the relation between
the target and the actual end effector is given by ETg, then
the difference between the desired end effector pose Y 4
and the actual end effector pose ZE is denoted as ETgg,
and calculated by:

FTeq(1) = " (t)™ Ty (1) (2)

Equation (2) is a general deduction that satisfies
arbitrary object motion WTy(z) and arbitrary visual
servoing objective E4Ti(r). However, the relation ETy(r)
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Fig. 4 Motion of the end effector and object

is only observed by cameras using the on-line model-based
recognition method and 1-step GA [8, 9]. Let ZM denote
the detected object, there always exist an error between the
actual object ), and the detected one ) . However, in
visual servoing we use different methods to decrease this
error. For example, we can limit the error inside 5S[mm] in
[10]. So in visual servoing, Eq. (2) will be rewritten based
on >y that includes the error MTy;, as

FTq (1) = Ty (0™'T5 (1) (3)
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where ETy; (1) = ETy(z) which is determined by the given
visual servoing objective. Differentiating Eq. (3) with
respect to time twice,

FTpa(1) = PTy (0" Tra 1) + 2500 M Tra 1)

+ BT ()M Ta (1) (4)

where l‘A’[TEd, MTEd, M Eq are given as the desired visual
servoing objective. FTy,, ETy,, FTy can be observed by
cameras. From these preparations, we can calculate the
variables in the controllers of the system in the next sub-
section, such as Apg and so on, leaving detailed explana-
tion for the next subsection. As shown in Fig. 4, there are
two errors that we should decrease to the value as small as
possible in the visual servoing process. First one is the error
between the actual object and the detected one MTM, and
the other is the error between the desired end effector and
the actual one, ETgq. In our research, the error of MTy; is
decreased by on-line recognition method of 1-step GA,
MFF compensation method and the eye-vergence camera
system, and the error of ETg4 can be decreased by the hand
visual servoing controller.

3.2 Hand desired acceleration

The block diagram of our proposed hand and eye-vergence
visual servoing controller is shown in Fig. 5. The hand
visual servoing is the outer loop. The controller used for
hand visual servoing is proposed by Siciliano and Villani
[11]. First we will introduce the variables defined in the
system:

Apg =p4 — Pg (5)

here d and E in the bottom right corner of the p mean
the desired position and actual position of the end
effector. There is no letter in the top left corner, it

Fig. 5 Hand and eye visual
servoing system

Objective

'

+ Eye- Vergence servoing loo
r

O
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means the vector or the matrix is expressed in the world
frame.

A special type of angle/axis representation of the ori-
entation error is obtained with the quaternion, i.e.

Ey= cos% (6)

EAe = sin%EkEd (7)
here 6 and k are the rotation angle and the rotation axis of
the object. The letter in the top left corner expresses the
coordinate where the vector or the rotation matrix is
expressed in, while the angle velocity error between the
desired and the actual angle velocity is defined as:

(8)

With the variables defined above, we just show main
equations of the hand visual servoing controller that are
used to calculate input torque 7.

AwE = W4 — WE

©)
(10)

aye = pq + Kp, Apg + Kp, Apg
ag = g + KDOA(OE + KPOREEAS

se = Jg (qg){ae — Je(qe. 45)q:}
+ {1 — J{ (g5)Je(qe) HE (94 — g5)
+ Ea(qpq — q5)} (11)

here, py is a 3 x 1 vector representing the desired accel-
eration of the end effector of the PA-10 manipulator. ag is
the end effector desired velocity which can express the
position and orientation, respectively, as [agE,aEE]T. The
quaternion error from the actual orientation to the desired
orientation of the end effector EAg can be extracted from
the transformation ETgg, and the other error variables in
Egs. (9, 10) are described in ) y,, which can be calculated

by the transformation ETgq, ETgg, ETgs in Egs. (3, 4),

P - Hand visual servoing loop

control law

@ Springer

Raw
image | m = = ==
1. q
N
Pose ' 770 Pose |
measurement I prediction I
|

I MFF compensation|



Artif Life Robotics (2013) 18:27-35

31

(a) Tilt angle g, right and left cameras
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(b) Pan angle q, q,,of right and left cameras

Fig. 6 Pan and tilt camera angles defined based on relation between target object and cameras

using the rotational
transformation.

And Jg(gg) is the Jacobian matrix from the world
coordinate to the end effector, which means that
op = Je(qg)qe, and Ji(gg) in Eq. (11) is the pseudo-
inverse of Ji(gg) given by Ji(gg) =JL(UJeJL) ™" K,
Kpp, Ky, Kp, are positive control gains.

matrix Rg through coordinate

3.3 Eye-vergence desired acceleration

The eye-vergence visual servoing is the inner loop of the
visual servoing system shown in Fig. 5. In this paper, we use
two pan-tilt cameras for eye-vergence visual servoing. Here,
the positions of cameras are supposed to be fixed on the end
effector. For camera system, gg is tilt angle, g9 and g are pan
angles, and gg is common for both cameras. As it is shown in
Fig. 6, ExM, EyM, EZM express position of the detected object in
the end effector coordinate. The desired angle of the camera

joints gca = [gsa; God, qlod]T can be calculated by:

gsa = atan2(®yy, Fzg) (12)
god = atan 2(718R + EXM, EZM) (13)
qdi0d = atan 2(lgL + EXM,EZM) (14)

where lg;, = Igr = 150[mm] is the camera location, we set the
center line of a camera as the z axis of each camera coordinate,
so the object will be in the center of the sight of the right camera
when ®xy = 0and Ryy, = 0. Here Rxy;, Ryy, Rzy, express the
position of the detected object in the right camera coordinate.

Agc =qca — 4qc (15)
Sc = éCd + KDCAqC + KPCAqC (16)

here Kp,.., Kp,. are positive definite diagonal matrices.

3.4 Hand/eye-vergence controller

By the desired accelerations from Eqgs. 11, 16), input 7 is
calculated by:

5 = [:E] (17)

©=M(q)s +h(g,9) +2(q) (18)

here if we submit the input torque into the dynamics
equation Eq. (1) we can get the output acceleration equal to
the desired one which will be discussed in detail later.

4 Stability of hand and eye-vergence motion
4.1 Manipulator dynamics
We discuss about the convergence of our proposed hand

visual servoing system. From the input torque of each joint
in Eq. (18) and the dynamics equation of the system Eq. (1)

qg=s (19)
SO
4 = sg (20)

Take Eq. (11) (here we do not consider the second item
in the right side which is the controller of the redundance)
into Eq. (20) we have

ag = Je(qe)ig + Je(qr. 48 )de (21)
SO
[5}2} = Je(qp)dg + Je(qe, 5 )de (22)
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which means

2)-[2]
(275 aoE

Submit apg, a.g in Eq. (23) into Egs. (9, 10),
Apg + Kp,Apg + Kp, Ape = 0 (24)
A(i)E + KDOACOE + KPOREEA&I =0 (25)

4.2 Camera dynamics

For the cameras, from Eq. (19),

4c = sc (26)
from Eq. (16), the close loop becomes:
Agc + Kp.Aqc + Kp.Aqc =0 (27)

4.3 Stability analysis

We invoke a Lyapunov argument, the feed back gains are
taken as scalar matrices, i.e. Kp, =Kp,I, Kp, = Kp I,
Kp, = Kp,I and Kp, = Kp I. Here we assume that the
feedback gains of the links are the same.

V = ApiKp Apg + (Apg)' Apg + Ke, {(n — 1)°

+ (Ae)" Ae} + % (Aog)" Aok + AqiKp.Aqc

+ (Adc) Age >0 (28)
$0

V = 2Apg (Abg + Kp, Apg) + 2Kp, {(n — )it + (Ae)" Aé}
+ (Aog)" Adg + 2A4¢ (Ade + Ke.Aqc)
(29)

From Eq. (24) we can know that
Apg, + Kp,Apg, = —Kp, Apg. (30)

from the quaternion definition we can know that

1
n=- B (Aa)TAwE (31)
and
1
Aé = EE(n, Ag)Awg (32)

where E(1,¢) = yI — S(¢). S(a) is a anti-symmetric matrix
that satisfies S(a)b =a x b.
From Eq. (27) we can get:

AéC + KPchC = _KDCAQC (33)
Substitute Egs. (25), (30-33) into Eq. (29) we can get:

@ Springer

V = —2ApiKp,Apg — AwgKp, Aog — 204 Kp Age <0
(34)

here, because KDp’ Kp, and Kp,. are positive definite, only
if Apgp =0, Aog =0 and Agc =0, V =0, so Apg =0,
from Eq. (24), Apg = 0. For the same reason, when
Agc =0, Agc =0 from Eq. (27), Agc =0. When
Awg =0, Aig =0. And from Eq. (25) EAe = 0. The
definition domain of 0 is (—=, ), so the manipulator and
the cameras asymptotically converge to the invariant sets s.

S:{ApEZOaAI.’E:()v'/I:l?EAs:O;AwE:Ov

Age =0, Agc = 0} (35)
SO
lim ETg = Ilim ETga =0 (36)

substitute Eqgs. (36 to 3),
lim 7y, = lim ™7y, (37)

t—00 t—0o0
and from Egs. (12 to 14)

. R R L
fim "2 = 0. Jim "y = 0. fm 1 =0 @)
which means the object will come to the center line of the
cameras, which means that the object will always come to
the center of the sight of the cameras.

5 Simulation of hand and eye-vergence visual servoing

To verify the effectiveness of the proposed hand and eye
visual servoing system, we conduct the experiment of
visual servoing to a 3D marker that is composed of a red

X
Target Object

Fig. 7 Object and the visual servoing system



Artif Life Robotics (2013) 18:27-35

33

ball, a green ball and a blue ball as Fig. 7. The radiuses of
these three balls are set as 30[mm)].

5.1 Simulation condition

The recognition error does not affect the dynamic error, so
we assume that MTy, = I. The position and orientation of
the target object are given to the robot directly in the
simulation. The initial hand pose is defined as ) . , while
the initial object pose is defined as ZMO, and the
homogeneous.

Transform matrix from  y to >y, is:

0 0 —1 —1410[mm)
wr _ |1 0 O O[mm]
Tw=1o 1 o 355[mm| (39)
0 0 0 1

The target object moves according to the following time
function

Moy = [0, 200 sin(er)[mm], 0,0,0,0]7 (40)

here, o is the angular velocity of the motion of the object.
The relation between the object and the desired end
effector is set as:

Moy = [500[mm], 0,0,0,0,0]" (41)

The controller gain of the system Kp,, Kp,, Kp,, Kp, are
affected by the mass, initial moment, the amplifier output
and many other conditions. From the common sense
because the camera mass is smaller than the manipulator,
Kp. and Kp. can be set bigger than Kp,, etc. Here Kp, =
diag{5,5,5}, Kp.=diag{3,3,3}, and Kp, =Kp, =
KDQ = I(p0 = dlag{l, 1, 1}

Fig. 8 Camera’s and end
effector’s gazing point

Gazing point

5.2 Definition of trackability
5.2.1 Camera trackability

Here, to compare the trackability of the eye-vergence
system and fixed-camera system, we define a concept of
gazing point. As it is shown in Fig. 8 the intersection of the
gazing line of right camera and the ym, — 2vm, plane is
defined as the gazing point. The relative relation between
ZMU and Y is given by homogeneous transformation as
MoTr, MoTR concludes the rotation matrix MRy and the
position vector Mp., and the rotation matrix MRy can be
written as [Moxg, Moy Mozg]. The direction of Moly in Fig. 8 s
same as the direction of xg, and Mol can be expressed as:

Motg =Mopg + ke™xr (42)

here kr is a scalar variable. The gazing point of the right
camera expressed in ), is Mpyp = [0, Moyg, Mozg]". For
Mofg = Mopg in xdirection, (Mopg) + kg (Mxg), = 0. And
usually (Moxg) #0, kg can be calculated by kg =
_(MUPR)X/(M[)xR) , and they, z coordinate of the gazing

point in ZMU can be calculated by:
Yoyor = (Mopg), + ke (Mxr), (43)

Moz = (MUPR)Z + kR(M")CR)z (44)

The target object’s motion is given by Eq. (40), because
the motion of the target object M is parallel to the yy,, we
take Moyy;(#) as the input, and the gazing point of the right
camera Moycg (¢) as the response. And define the concept of
trackability by the frequency response of Moygr(t), the
trackability of the left camera can be defined in the same
way.

@ Springer
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Fig. 9 Comparison of camera’s and end effector’s trackabilities by frequency response

5.2.2 End effector trackability

To compare with the trackability of the camera, it is neces-
sary to define the End effector trackability. Here the gazing
line direction of normal static hand—eye system is same as the
x direction of ), so the gazing point of the static hand—eye
system is same as the gazing point of the end effector, the
similar evaluation method is also used in [12].

@ Springer

5.3 Simulation results

The original position of the target object ™ Ty, is given by
Eq. (39), the target object motion function is Eq. (40). The
desired relation between the end effector and the target
object is given in Eq. (41). The o in Eq. (40) changes from
0.01 to 2.00. In Fig. 9, we show the result of our experi-

ment.

The amplitude—frequence curve and the delay
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frequency curve are shown in Fig. 9(a, b). Here, for the
fixed camera A = max(Myy (7)), B = max(Moygg(t)). For
the right camera of  eye-vergence system
A = max(Moyy (7)), B = max(Moyggr(t)), for the left cam-
era A = max (Moyy (7)), B = max(Moygy(¢)). In these two
figures the abscissa axes are logarithmic scalar of ®. In
Fig. 9(a, b), we sign the angular velocity when o =
0.1256,0.5024, 1.256, and show the position of the gazing
point of the cameras in eye-vergence simulation and the
position of the gazing point of the end effector in fixed-
camera experiment in Fig. 9(c—e). We can see that both the
fixed-camera system and eye-vergence system can track
the target object when w = 0.1256 while the fixed-camera
system cannot track the target object when w > 0.5024 so
in e, and the eye-vergence system can track the target
object even when w = 1.256.

From Fig. 9a we can see the data of the cameras and the
end effector all become bigger as w increases for the reason
of resonance, but the curve of the fixed-camera system is
always below the curves of the cameras, we can see that the
amplitude of the eye-vergence system is more closed to the
target object than the fixed-camera system, the fixed-camera
system cannot track the target object when @ > 0.5024, so
the point line disappear near o = 0.5024, while in eye-
vergence system the fastest velocity of the target object
under which the system can catch up with is 1.6956. From
Fig. 9b the curve of the fixed-camera system is also below
the curves of the cameras, which means that delay of the
fixed-camera system is bigger than the eye-vergence sys-
tem, To be understood easily, we show the position of the
gazing point of the cameras in eye-vergence experiment and
the position of the gazing point of the end effector in fixed-
camera experiment in Fig. 9(c—e). From the figures it is also
easy to see that comparing with the fixed-camera system,
the eye-vergence system can track the target object better.

6 Conclusion

In this paper, we propose a concept of trackability to
evaluate the observation ability on a moving object of

visual servoing system. We get amplitude—frequency and
phase—frequency curves of the cameras of the eye-vergence
system and the fixed-camera system under moving object
with different angular velocity in simulation and get the
conclusion that the trackability and stability of the eye-
vergence system are better than those of the fixed-camera
system.
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