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Abstract— This paper deals with the control and the estima-
tion of dynamic visual feedback systems with a fixed camera.
Specifically, we consider the target tracking problem of dy-
namic visual feedback systems in the three dimensional(3D)
workspace. Firstly the visual feedback system with four
coordinate frames is established by using the homogeneous
representation and adjoint transformation. Secondly we derive
the passivity of the dynamic visual feedback system by combin-
ing the manipulator dynamics and the visual feedback system.
Based on the passivity, stability and L:-gain performance
analysis are discussed. Finally simulation results are shown to
verify the stability and L»-gain performance of the dynamic
visual feedback system.

I. INTRODUCTION

Robotics and intelligent machines need many information
to behave autonomously under dynamical environments.
Visual information is undoubtedly suited to recognize un-
known surroundings. Vision based control of robotic sys-
tems involves the fusion of robot kinematics, dynamics, and
computer vision to control the motion of the robot in an
efficient manner. The combination of mechanical control
with visual information, so-called visual feedback control or
visual servoing, should become extremely important, when
we consider a mechanical system working under dynamical
environments [1], [2]. Recently, technological fields which
need visual feedback control are undoubtedly increasing,
such as the autonomous injection of biological cells [3], the
laparoscopic surgery [4] and so on. Control will be more
important for intelligent machines as future applications.

Classical visual servoing algorithms assume that the
manipulator dynamics is negligible and do not interact with
the visual feedback loop. However, as stated in [5], this
assumption is invalid for high speed tasks, while it holds
for kinematic control problems. Kelly [5] considered the set-
point problems with a static target for the dynamics visual
feedback system which includes the manipulator dynamics.
In [6], Bishop et al. proposed an inverse dynamics based
control law for the position tracking and the camera cali-
bration problems of the dynamics visual feedback system.
Recently, Zergeroglu et al. developed an adaptive control
law for the position tracking and the camera calibration
problems of the dynamics visual feedback system with
parametric uncertainties in [7]. Although these control laws
guarantee the stability of the system based on the Lyapunov
method and are effective for the dynamics visual feedback
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system, robot manipulators are unfortunately limited to the
planar type.

On the other hand, Kelly et al. [8] considered a simple
image-based controller for dynamic visual feedback system
in the three dimensional(3D) workspace under the assump-
tion that the objects’ depths are known. Cowan et al. [9]
addressed the problems of the target tracking and the field
of view for the 3D dynamic visual feedback system by
using the navigation functions. More recently, the authors
proposed the passivity-based dynamic visual feedback con-
trol for the 3D target tracking problem with the Eye-in-
Hand configuration in [13]. However, this configuration
has only three coordinate frames, while visual feedback
systems typically use four coordinate frames which consist
of a world frame Y,,, a target object frame X,, a camera
frame >, and a hand (end-effector) frame X} as in Fig. 1.
Because the camera is attached to the end-effector of robots,
the camera frame represents the hand one in Eye-in-Hand
configuration.
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Fig. 1. Visual feedback system with a fixed camera

In this paper, we deal with the control and the estimation
problems for dynamic visual feedback systems with the four
coordinate frames. Extending the number of the coordinate
frames from three to four, we propose the dynamic visual
feedback systems with a fixed camera in the 3D workspace,
based on our previous works [10], [11], [12], [13]. In this
framework, we can design the control gain and the observer
gain separately from each other, while the control problem
and the estimation problem of the visual feedback system
are considered in the same strategy. Moreover, we can de-
rive that the dynamic visual feedback system preserves the
passivity of the visual feedback system which is obtained



in our previous works. Stability and Lo-gain performance
analysis for the dynamic visual feedback system will be
discussed based on passivity with an energy function.

Throughout this paper, we use the notation e € R3*3
to represent the change of the principle axes of a frame
> relative to a frame X,. The notation ‘A’ (wedge) is the
skew-symmetric operator such that £§ = & x 6 for the vector
cross-product x and any vector § € R3. The notation ‘V’
(vee) denotes the inverse operator to ‘A’: i.e., so(3) — R3.
& € R3 specifies the direction of rotation and 6, € R
is the angle of rotation. Here é@ab denotes éabeab for the
simplicity of notation. We use the 4 x 4 matrix

E0ap
Jab = [ 60 pib ] H

as the homogeneous representation of ga, = (pap, €5%4%) €
SE(3) which is the description of the configuration of a
frame X3; relative to a frame X,. The adjoint transformation
associated with g, is denoted by Ad(gab y [14]. Let us define
the vector form of the rotation matrix as ep(efer) :=
sk(ec%)V where sk(e%=r) denotes 1 (e0ar — ¢=80ar),

II. PASSIVITY-BASED VISUAL FEEDBACK SYSTEM
A. Fundamental Representation for Visual Feedback System

Visual feedback systems typically use four coordinate
frames which consist of a world frame 32, a target object
frame X,, a camera frame Y. and a hand (end-effector)
frame X, as in Fig. 1. Then, gun = (Pwn, effun) ¢ SE(3),
Juwe = (pwc,eSQwC) € SE(?’) and guo = (pwo;egewo) €
SE(3) denote the rigid body motion from %, to 3, from
Yw to X, and from X, to X,, respectively. Similarly,
the relative rigid body motion from X. to Y, from X,
to X, and from X, to X, can be represented by g., =
(Pen, €59m) € SE(3), geo = (Peo, €%%°) € SE(3) and
Gho = (Pho,e%%m°) € SE(3), respectively. as shown in
Fig. 1.

The objective of the visual feedback control is to bring
the actual relative rigid body motion g, = (pho,e*’"*) to a
given reference g4 = (pg, €%%¢). Our goal is to determine the
hand’s motion using the visual information for this purpose.

Hence we will extend the passivity-based approach which
is proposed for the visual feedback system with Eye-in-
Hand configuration in [13] to the visual feedback system
with the four coordinates. In other words, we consider
the relative rigid body motion from Y. to X,, i.€. geco =
(Peo, €%, and the control problem of the relative rigid
body motion from ¥, to X, i.e. gro = (Pho, €59%2).

However, the relative rigid body motion g., =
(Peo, €59°) can not be immediately obtained in the vi-
sual feedback system, because the target object velocity
is unknown and furthermore can not be measured directly.
Hence, we consider the estimation problem of the relative
rigid body motion g.,.

The relative rigid body motion from ¥, to X, can be led
by using the composition rule for rigid body transformations

([14], Chap. 2, pp. 37, eq. (2.24)) as follows

Geo = e Gwo- 2)

The relative rigid body motion involves the velocity of each
rigid body. To this aid, let us consider the velocity of a rigid
body as described in [14]. Now, we define the body velocity
of the camera relative to the world frame >, as

~ 1. w v b v

V'LZC = gwclg’wc = |: E)UC BUC :| V'wC = |: w’:)ucc ] )
where v, and w,,. represent the velocity of the origin
and the angular velocity from X, to Y., respectively ([14]
Chap. 2, eq. (2.55)). Similarly, the body velocity of the
target object relative to X, will be denoted as

o 1. w v b v
V'LZO = gw;gwo = [ E)UO 80 ] V'wO = |: w’:)uoo ] @)
where v,,, and w,,, are the velocity of the origin and the
angular velocity from 3J,, to X, respectively.

Then, the fundamental representation V2 for the three
coordinate frames X,,, X, and X, is described as follows
[13].

‘/;l)o - _Ad(gc_ol)vtgc + V'Lgo )
where V2 := [ T |7 and V := g..'§eo. The notation

Ady,,) means the adjoint transformation associated with
gap [14]. In the case of the fixed camera configuration,
ie. V5. = 0, the fundamental representation V2 can be
rewritten as

Vi =V), (6)

Roughly speaking, if both the camera and the target object
move, then the relative rigid body motion g., = (peo, €%°)
will be derived from the difference between the camera
velocity V.2, and the target object velocity V’,. Hence,
the fundamental representation V2 equals the target object

velocity V.%,, in the case of the fixed camera configuration.

B. Nonlinear Observer and Estimation Error System

To estimate the relative rigid body motion g., using
visual information provided by a computer vision system.

The visual information f is defined in [13] which in-
cludes the relative rigid body motion can be exploited,
while the relative rigid body motion g., can not be obtained
directly in the visual feedback system. Hence, we consider
a nonlinear observer in order to estimate the relative rigid
body motion from the image information.

We shall consider the following model which just comes
from the actual fundamental representation (6).

Vi =, (7

where V2 = [vL @l

|7 and VP = oo Geo mean the
estimated body velocity. Here, Geo = (Peo, €2%=°) denotes
the estimated relative rigid body motion. The new input u,

is to be determined in order to converge the estimated value



to the actual relative rigid body motion. Because the design
of u,. needs a property of the whole visual feedback system,
we will propose u, in Section III-B

In order to establish the estimation error system, we
define the estimation error between the estimated value g.,
and the actual relative rigid body motion g., as

Jee = gc_olgcm (8)

e e (pco - ﬁco) and eéeee =
e~ 800800 Note that peo = Peo and eSfec = =00 iff
Gee = Iy, 1. pee = 0 and e&fec = I,

Using the notation ez (e£?), the vector of the estimation
error is given by e := [pZ, eh(e€%¢)]T . Note that ¢, = 0
iff pee = 0 and e$%ec = I;. Therefore, if the vector of the
estimation error is equal to zero, then the estimated relative
rigid body motion g., equals the actual relative rigid body
motion gc,.

We can derive the vector of the estimation error e, from
image information f and the estimated value of the relative
rigid body motion (pe,, e%),

€e = JT(gco)(f - f) &)

where J(g.,) and f are the image Jacobian and the esti-
mated image information, and | denotes the pseudo-inverse
[13]. Therefore the estimation error e. can be exploited in
the 3D visual feedback control law using image information
f obtained from the camera. Hence, the estimation input u,
which can be determined from e, in (9) with an estimation
gain in Section III-B.

The estimation error system will be derived in the same
way as the fundamental representation for the visual feed-
back system. The estimation error system is described as
follows [13].

in other words, pe. =

VE = —Ad,1 e + V0, (10)

This system should be noted that if the vector of the
estimation error is equal to zero, then the estimated relative
rigid body motion g, equals the actual one g.,.

C. Control Error System

Let us derive the control error system. Similarly to (2),
the relative rigid body motion from X;, to X, is described
as

(1)

Because g., can not be obtained directly, we represent the
relative rigid body motion from Xy, to 3, with the estimated
one g, as

_ -1
Gho = Y.p, Geo-

Gho = 9o Geo- (12)

Here gen = gyigwn can be obtained directly, because the
rigid body motion gue = (Pwe, 659““) from ¥, to X,
and gun = (Pwn, €9%") from ¥, to 3 is known by the
structure of the system and the angle of the manipulator. It
is supposed that the relative rigid body motion from X, to

Yh, 1.. gcn, can be measured exactly. Since the problem of
the camera calibration is one of important research topics
and good solutions to it are reported in some papers (see,
g., [6], [7]), we will not consider the error of the camera
calibration in this paper.
Then, the relative rigid body motion g, will be obtained
in the same way as (5).

Vif,)o = Ad(*—l) , + Vcbo

= —Ad Vi, + e (13)

where we exploit (7) and V), = V%, which is derived from
Jeh = g;cl gwh- Here we define the control error between
the estimated value g, and the reference of the relative

rigid body motion g4 as

Jec = g;lgho- (14)

It should be remarked that the estimated relative rigid body
motion equals the reference one if and only if the control
error is equal to the identity matrix in matrix form, i.e. pg =
Pho and €% = e80no iff g.. = I,. Using the notation

er(e®?), the vector of the control error is defined as e, :=
[pec ¢h(ef%)]T. Note that e, = 0 iff p,, = 0 and S0 =
I3.

Similarly to (10), the control error can be obtained as

‘/;bc - _Ad got de + ‘7hl,)o

= Ad(g_l) won + e —Ad, V7 (15)

W] WIT and V) = 97" Ga-

D. Property of Visual Feedback System

where V} :=

Combining (10) and (15), we construct the visual feed-
back system as follows
V'Lgh
Ue

|: ‘/;bc :| — Ad(gho I
Vel
—Ad,,
+ [ 0<gec> ] VP4 [?] Vi, (16)

0 —Adg
Using the relation of the adjoint transformation, i.e.
Ad -1y = Ad(gh—l)Ad(gd), the above equation (16) can be

(gec
rewritten as
Vebc ] _Ad(§h_1) I [ 0 ] b
0 Uee + V. (17)
[Vebe —Adgony | [T
where

Uge 1= [ wh +Ad(9d)Vd ] (18)

Ue

denotes the control input for the visual feedback system.
Let us define the error vector of the visual feedback system
ase:= [el eeT]T which contains of the control error vector
e. and the estimation error vector e.. It should be noted that
if the vectors of the control error and the estimation error

are equal to zero, then the estimated relative rigid body



motion g, equals the reference one g, and the estimated
one g., equals the actual one g.,, respectively. Moreover,
the error and the error vector between g, and g, can be
also represented as g.. and e, by (8), (11) and (12), while
gee and e, are defined as the error and the error vector
between g., and g., in (8). Therefore, the actual relative
rigid body motion g, tends to the reference one g4 when
e — 0.

Now, we show an important lemma concerning a relation
between the input and the output of the visual feedback
system.

Lemma 1: If V2, = 0, then the visual feedback system
(17) satisfies

T
/ ul veedr > —Bee, YT >0 (19)
0
where v, is defined as
~Adl .0
Vee := (94) e (20)
d(e—é9ec) —I

and (.. is a positive scalar.

This proof is not difficult using the same approach as in
[13], and is omitted here due to space limitations.

Let us take u.. as the input and v, as its output. Then,
Lemma 1 would suggest that the visual feedback system
(17) is passive from the input u.. to the output v, just
formally as in the definition in [15].

III. DYNAMIC VISUAL FEEDBACK CONTROL
A. Dynamic Visual Feedback System

The manipulator dynamics can be written as

M(q)i+C(q,¢)g+g(q) =T+ 1a

where ¢, ¢ and ¢ are the joint angles, velocities and
accelerations, respectively. 7 is the vector of the input
torques and 7,4 represents a disturbance input.

The body velocity of the hand V£h is given by

Von = Jo(a)d

where J;(¢) is the manipulator body Jacobian [14]. We
define the reference of the joint velocities as ¢4 := JZ (q)uqg
where ug represents the desired body velocity of the hand.

Let us define the error vector with respect to the joint
velocities of the manipulator dynamics as £ := ¢—q4. Here,
we define the weight matrices W, := diag{wpcI3, wyrcI3}
€ R®*6 and W, := diag{wpels, wrels} € RE*C where
Wpe, Wre, Wpe, Wre € R are positive. Now, we consider
the passivity—based dynamic visual feedback control law as
follows.

7 = M(q)Ga + C(q,4)da + 9(q)
—l—JbT(q)Adj;Jl)chc + ue. (23)

21

(22)

The new input u¢ is to be determined in order to achieve
the control objectives.

Using (17), (21) and (23), the visual feedback system
with manipulator dynamics (we call the dynamic visual
feedback system) can be derived as follows

é —M-1C¢ + M‘lJbTAd(T N
b 9a
vi | ~Adggpy) Tt
Vee 0
]\4_1 0 0 M—l 0
-
+| 0 _Ad(_z];ol) I u+{ 0 O [Vgo]
0 0 — d(ge—el) 0 I
ex
a [ pu ] @9
where
3 ug
ri=1| e |, u:= ud—l—Ad(gd)de
€e Ue

€ and p are weight matrices for the state and the input,
respectively. We define the disturbance of dynamic visual
feedback system as w := |7, (tho)T]T. Before construct-
ing the dynamic visual feedback control law, we derive an
important lemma.

Lemma 2: If w = 0, then the dynamic visual feedback
system (24) satisfies

T
/ wIvdr > -3, VT >0 (25)
0

where
I 0 0
vi=Nz, N:=|0 —Adad—l)wc 0
0 Ad(e‘éQec)WC —We
Proof: Consider the following positive definite func-
tion

1 1 ;
V() = 36" ME+ Swpel[pecl® + wred(et*)
1 ~
+§wpereeH2 + wre(b(egeee)- (26)
where ¢(e$0) := Ltr(I — e&?) is the error function of

the rotation matrix and has the following properties (see
e.g. [16]). Differentiating (26) with respect to time yields

} 1 .
v = ¢TI
M(q) 0 0
+aT 0 WcAd(eéegc) 0 ‘/Z’C (27)
0 0 WeAd(eé%e ) Vebe
Observing that the skew-symmetry of the matrices pe. and
Dee, 1.€., pzcﬁece_gedwwh = _pzc(e_gedwwh)/\pec =0,
Pl pecwwe = —pL@wepee = 0, the above equation along
the trajectories of the system (24) can be transformed into
I 0 0
V = ],‘T 0 _WCAd(gd_l) WcAd(eEQQC) u. (28)
0 0 W,



Integrating (28) from 0 to T, we can obtain

/0 w'vdr =V (z(T)) — V(z(0))

> —V(2(0) == -8 (29)
where [ is the positive scalar which only depends on the
initial states of &, ge. and gee. |

Remark 1: Similarly to Lemma 1, Lemma 2 would sug-
gest that the dynamic visual feedback system is passive
from the input « to the output v just formally. From Lemma
2, we can state that the dynamic visual feedback system (24)
preserves the passivity of the visual feedback system (17).
This is one of main contributions of this work.

B. Stability Analysis for Dynamic Visual Feedback System

It is well known that there is a direct link between
passivity and Lyapunov stability. Thus, we propose the
following control input.

Ke 0 0
w=-Kv=-KNz, K:=| 0 K. 0 | @30

0 0 K.
where K¢ := diag{k¢1,-- -, ken} denotes the positive gain
matrix for each joint axis. K. := diag{ke1,- -, kes} and

K. := diag{ke1, -+, kes} are the positive gain matrices
of x, y and z axes of the translation and the rotation for
the control error and the estimation error, respectively. The
result with respect to asymptotic stability of the proposed
control input (30) can be established as follows.

Theorem 1: If w = 0, then the equilibrium point xz =
0 for the closed-loop system (17) and (30) is asymptotic
stable.

Proof: 1In the proof of Lemma 2, we have already
derived that the time derivative of V' along the trajectory
of the system (24) is formulated as (28). Using the control
input (30), (28) can be transformed into

V=-2"N"KNz (31)
This completes the proof. [ ]
Considering the manipulator dynamics, Theorem 1 shows
the stability via Lyapunov method for the full 3D dynamic
visual feedback system. It is interesting to note that stability

analysis is based on the passivity as described in (25).

C. Loy-gain Performance Analysis for Dynamic Visual Feed-
back System

Based on the dissipative systems theory, we consider Lo-
gain performance analysis for the dynamic visual feedback
system (24) in one of the typical problems, i.e. the distur-
bance attenuation problem. Now, let us define

1 1 1
Pi= NTEN = W - S||e[” - S [oK N
272 2 2

where v € R is positive and W := diag{[l, 0, W2}. Then
we have the following theorem.

Theorem 2: Given a positive scalar v and consider the
control input (30) with the weight matrices ¢, p, W, and
W, and the gains K¢, K. and K. such that the matrix P
is positive semi-definite, then the closed-loop system (24)
and (30) has Lo-gain < 7.

Proof: By differentiating the positive definite function
V' defined in (26) along the trajectory of the closed-loop
system and completing the squares, it holds that

| 2
V43l - Lwl? < —a"Pr<0  (32)

if P is positive semi-definite. Integrating (32) from 0 to T’
and noticing V(T') > 0, we have

T T
/ [ 2]|2dt gf/ lw||?dt + 2V (0), YT > 0. (33)
0 0

This completes the proof. [ ]
Theorem 2 can be proved using the energy function (26)
as a storage function for Lo-gain performance analysis. 7y
represents a disturbance attenuation level for the dynamic
visual feedback system. Theorem 1 and 2 can be proved
using the energy function (26) as a Lyapunov function and a
storage function, respectively. Therefore, the passivity of the
dynamic visual feedback system is particularly important in
our framework.

IV. SIMULATION

The simulation results on the two degree-of-freedom
manipulator as depicted in Fig. 2 are shown in order to
understand our proposed method simply, though it is valid
for 3D visual feedback systems. The target object has four
feature points and moves for ¢ = 4.8 [s] moves along
a straight line (0 < ¢t < 2) and a “Figure 8” motion
(2 <t < 4.8) as depicted in Fig. 3 and Fig. 4, respectively.
Specifically, we use the reference of the relative rigid body
motion as a constant value, i.e. pg = [00 —0.81]7, %% =T
and de = 0, for the tracking problems in the simulation.

Camera Frame
Ze
IR ivl

e Hand Frame World Frame

Ye i T P
[ ~ a7~ h Zw
| \\ Geh ~~-<_ Eh w
|II gwc\\\ o Zw
gCO I|I
l'Z _____
II| AO 9ho
9u,-aq‘> T
A e 2DOF Robot
Manipulator
Yo 20

Target Object Frame

Fig. 2. Coordinate frames for dynamic visual feedback system with two
degree of freedom manipulator

Firstly, we design the weight matrices concerning con-
trolled output as ¢ = diag{0.4, 0.4, 1, 1, 0.25, 0.25, 0.25,
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1, 2.5, 2.5, 0.025, 0.025, 0.025, 2.5}, p = diag{200, 200,
2,2,1,1,1,2,0.1, 0.1, 0.001, 0.001, 0.001, 0.1} x 1073.
Also, we select the weight matrices for control design as
W, = 0.1I and W, = I. Control gain of manipulator is
chosen as Ky = diag{20,20} and gains K. and K. are
chosen as follows

Gain A : K. = diag{100, 100, 50, 50, 50, 100}, K, = 25T
Gain B : K, = diag{2,2,1,1,1,2} x 10?, K, = 501.

Then, the closed-loop system (24) and (30) with gain A has
v = 0.229 and with gain B has v = 0.159.

In Fig. 5, dashed line and solid line show the norm of z
in the case of v = 0.229 and v = 0.159, respectively. In the
case of static target object, i.e. after t = 4.8 [s], all errors in
Fig. 5 tend to zero. It can be concluded that the equilibrium
point is asymptotically stable if the target object is static.
In the case of v = 0.159, the performance is improved as
compared to the case of v = 0.229. After all, the simulation
results show that Lo-gain is adequate for the performance
measure of the dynamic visual feedback control.

V. CONCLUSIONS

This paper dealt with the control and the estimation of
dynamic visual feedback systems with a fixed camera. The
main contribution of this work is that the dynamic visual
feedback system with four coordinate frames is constructed
in order to extend our previous works. In this framework, we

can design the control gain and the observer gain separately
from each other, while the control problem and the estima-
tion problem of the visual feedback system are considered
in the same strategy. Stability and Ls-gain performance
analysis for the dynamic visual feedback system have been
discussed based on passivity with the energy function. The
experimental results is omitted due to space limitations, the
reader is referred to [17] for more details.

In our future work, we will establish the more general
framework by combining Eye-in-Hand configuration with
the four coordinate frames. Additionally, we consider that
the reference velocity Vé’ will play a role in the trajectory
planning of the dynamic visual feedback systems.
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