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Abstract: This paper investigates vision based robot control via a receding horizon control
strategy for an eye-in/to-hand system, as a predictive visual feedback control. Firstly, the
dynamic visual feedback system with the eye-in/to-hand configuration is reconstructed in order
to improve the performance of the estimation. Next, a stabilizing receding horizon control for the
3D dynamic visual feedback system, a highly nonlinear and relatively fast system, is proposed.
The stability of the receding horizon control scheme is guaranteed by using the terminal cost
derived from an energy function of the visual feedback system. Furthermore, simulation results
are assessed with respect to the stability and the performance.

1. INTRODUCTION

Robotics and intelligent machines need sensory informa-
tion to behave autonomously in dynamical environments.
Visual information is particularly suited to recognize un-
known surroundings. In this sense, vision is one of the
highest sensing modalities that currently exist. The com-
bination of mechanical control with visual information,
so-called visual feedback control is important when we
consider a mechanical system working in dynamical en-
vironments (Chaumette and Hutchinson [2006, 2007]).

Classically, there have been two typical configurations to
visual servo control: eye-in-hand configuration and eye-to-
hand configuration. The first configuration has a camera
mounted directly on a robot’s end-effector, and the second
one has a camera fixed in the workspace. Recently, new
camera configurations combined each classical one have
been proposed. Flandin et al. [2000] addressed an eye-
in-hand and an eye-to-hand cooperation approach that
each camera information is partitioned into the positioning
task and the orientation one, respectively. In Lippiello
et al. [2007], the occlusion problem was tackled by using
multi eye-in-hand and eye-to-hand cameras. Although
good control approaches for each new visual feedback
system are reported in those papers, stability does not
addressed and the manipulator dynamics is negligible.

The authors discussed passivity based control in the 3D
workspace with an eye-in/to-hand configuration as shown
in Fig. 1 (Murao et al. [2005]). This configuration consists
of a robot manipulator (a work manipulator) and a camera
that is attached to the end-effector of another robot ma-
nipulator (a camera manipulator). While the objective of
this system is obviously to control the work manipulator,
we also control the camera one in order to enlarge the
field of view. It should be noted that this system includes
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Fig. 1. Eye-in/to-hand visual feedback system.

the both dynamic visual feedback systems with the eye-
in-hand configuration and the eye-to-hand one as the spe-
cial case. However, while it has to be normally treated
both the estimation problem and the control one in a
typical position based visual feedback control, the control
task has negatively affected the estimation one, in Murao
et al. [2005]. Moreover, the control law is not based on
optimization, the desired control performance cannot be
guaranteed explicitly.

Receding horizon control, also recognized as model pre-
dictive control is a well-known control strategy in which
the current control action is computed by solving, a finite
horizon optimal control problem on-line (Mayne et al.
[2000]). For the receding horizon control, many researchers
have tackled the problem of stability guarantees. On the
contrary, for nonlinear and relatively fast systems such as
in robotics, few implementations of the receding horizon
control have been reported. Jadbabaie et al. [2001] showed
that closed-loop stability is ensured through the use of a
terminal cost consisting of a control Lyapunov function.
Moreover, these results were applied to the Caltech Ducted
Fan to perform aggressive maneuvers (Milam et al. [2005]).
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Visual feedback, however, is not considered here. Predic-
tive control could be of significant benefit when used in
conjunction with visual servoing. With the incorporation
of visual information, the system could anticipate the
target’s future position and be waiting there to intercept
t (Hunt and Sanderson [1982]). In Murao et al. [2006],
the authors proposed stabilizing receding horizon control
for the eye-in-hand visual feedback system. However, this
system has been restricted to eye-in-hand systems.

In this paper, as a predictive visual feedback control, a
stabilizing receding horizon control is applied to the 3D
visual feedback system with the eye-in/to-hand configura-
tion, a highly nonlinear and relatively fast system. Firstly,
the dynamic visual feedback system with the eye-in/to-
hand configuration is reconstructed in order to improve
the performance of the estimation. Next, a stabilizing
receding horizon control for the 3D visual feedback system
using a control Lyapunov function is proposed. Then, the
control performance of the simple passivity based control
scheme and the stabilizing receding horizon control scheme
is evaluated through simulation results. The proposed for-
mulation generalizes the results presented in the previous
papers (Murao et al. [2005]: concerning the eye-in/to-hand
configuration) and (Murao et al. [2006]: concerning the
predictive visual feedback control).

Throughout this paper, we use the notation &%« ¢ R3*3
to represent the change of the principle axes of a frame 33
relative to a frame 3,. &, € R? specifies the direction of
rotation and 0, € R is the angle of rotation. For simplicity
we use 59,11, to denote fabﬁab The notation ‘A’ (wedge)

is the skew-symmetric operator such that 50 = &x40
for the vector cross-product x and any vector § € R3.
The notation ‘v’ (vee) denotes the inverse operator to ‘A’,
i.e., so(3) — R>. Recall that a skew-symmetric matrix
corresponds to an axis of rotation (via the mapping a —
a). We use the 4 x 4 matrix

éeab
—_|€ Pab 1
= | 5" (1)
as the homogeneous representation of gup = (Pab, eéeab) €
SE(3) describing the configuration of a frame ¥, relative

to a frame X,. The adjoint transformation associated with
gab is denoted by Ad(y,,) (Murray et al. [1994]).

2. DYNAMIC VISUAL FEEDBACK SYSTEM WITH
EYE-IN/TO-HAND CONFIGURATION

This section mainly reviews our previous works (Murao
et al. [2005], Fujita et al. [2007]) via the passivity based
visual feedback control with the eye-in/to-hand configura-
tion. Additionally, a modified camera control error system
and a modified hand one are proposed in order to improve
the performance of the estimation from the practical point
of view. An energy function and a stabilizing control law,
which play an important role for a predictive visual feed-
back control, are derived.

2.1 Basic Representation for Visual Feedback System and
Estimation Error System

The visual feedback system considered in this paper has a
robot manipulator and a camera mounted on the another

robot’s end-effector and as depicted in Fig. 1, where the
coordinate frames X, Xy, X., X, and X, represent the
world frame, the hand (end-effector of the work manipu-
lator) frame, and the base frame of the camera manipula-
tor, the camera (end-effector of the camera manipulator)
frame, and the object frame, respectively. Then, the rela-
tive rigid body motion from Y. to X, can be represented
by gco- Similarly, the rigid body motions guwe, gwz, gwr and
Jwo, and the relative rigid body motions gcn, 9. and gno
are represented, respectively, as shown in Fig. 1.

The objective of visual feedback control is to bring the
actual relative rigid body motions g., and gp, to given
references g.q4 and gpq, respectively. The references g.q and
gha are assumed to be constant throughout this paper. We
define the camera control error g.. and the hand control
error g.p as follows:

Jec = gc_dlgcm (2)

Geh = Gnd Gho- (3)

Using the notation eR(eée)7 the vector of the camera
control error and the hand control error are given by e, :=

I eg(eéGSC)]T and e, = [pl, e (ewch)] , respectively.

Note that e; = 0 iff p.; = 0 and ef0ei — Is (i € ¢, h).

Firstly, we consider the relative rigid body motion g, in
order to achieve the control objective. The relative rigid
body motion from ¥, to ¥, can be led by using the
composition rule for rigid body transformations (Murray
et al. [1994], Chap. 2, pp. 37, eq. (2.24)) as follows:

Geo = g;clgwo- (4)
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 Murray et al. [1994]. We define the
body velocity of the camera relative to the world frame
Y as V2, = [vT wl 1T where v, and w,,. represent the
velocity of the origin and the angular velocity from 3, to
Y., respectively (Murray et al. [1994] Chap. 2, eq. (2.55)).

Differentiating (4) with respect to time, the body velocity
of the relative rigid body motion g., can be written as
follows (See Fujita et al. [2007]):

Vi, = —Ady, Vo + Vi, (5)

where V% is the body velocity of the target object relative
to Y.

The visual feedback control task requires information of
the relative rigid body motion g.,. Since the measurable
information is only the image information f(g.,) in the
visual feedback system, we consider a nonlinear observer
in order to estimate the relative rigid body motion g,
from the image information f(geo).

Firstly, using the basm representation (5), we choose
estimates g., and V2 of the relative rigid body motion
and velocity, respectively as

Vi, = —Ad ;-1\ Vi + te. (6)
The new input u. is to be determined in order to drive the

estimated values g., and V2 to their actual values.

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
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Jee = gc_olgco- (7)
Using the notation e R(eée), the vector of the estimation

error is defined as e, := [pL, €% (e%%<)]T. 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 g.,.

Suppose the attitude estimation error 6., is small enough

that we can let e%cc ~ I + sk(e%«<). Therefore, using a
first-order Taylor expansion approximation, the estimation
error vector e, can be obtained from image information
f(geo) and the estimated value of the relative rigid body
motion g, as follows (Fujita et al. [2007]):

ee:JT(gco)(f_f)a (8)
where f is the estimated value of image information. In the
same way as the basic representation (5), the estimation
error system can be represented by

Vo = —Ad -1yt + Vi, (9)
2.2 Camera and Hand Control Error Systems

In this subsection, let us consider the dual of the estima-
tion error system, which we call the control error system, in
order to establish the visual feedback system. In previous
work (Murao et al. [2005]), we defined the camera control
eITor as gec = g;dl Jco, Which represent the error between
the estimated value g., and the reference of the relative
rigid body motion g¢.q. However, the estimation input
u. has affected directly the camera control error system,
because the camera control error was defined using the
estimated value g.,. This has deteriorated the performance
of the estimation. In this paper, we reconstruct the camera
control error system using the mew camera control error
Jee = gc_dlgco (2) in order to remove the above negative
effect. Thus, we propose the way of deriving ge. (2) from
the estimation error vector e, and the estimated value ge,,
not using nonmeasurable value g.,.

Using gee, the camera control error can be transformed as

Gec = gc_dlgco = gc_dlgcog;)lgco = gc_dlgcogee~ (10)
In Equation (10), g.q and g, are known information.
While the estimation error vector e. can be obtained as
Equation (8), the estimation error matrix g.. cannot be
directly obtained, because ge. is defined using nonmeasur-
able value g., as Equation (7). Therefore, we consider the
way of deriving g.. from e..

Because of the definition of the estimation error vector e,

ie., e :=[pl, €L (et¥<)]T, the position estimation error p.

can be derived directly from e.. Concerning to the rotation
estimation error ef%¢< if we assume that the region of the
attitude estimation error is —3 < 0. < 7, then £f.. can
be derived as follows:

in—1 éeee .
€0, = S |\€1§§€ i e (egeee)'
ller(esf= )]

Hence, ge. can be derived from e, through &6.. using
Equation (1). Here, it should be noted that the assumption
—5 < 0ee < 5 will not be a new constraint, because we
have already set the assumption that the attitude estima-

tion error 6., is small enough in deriving the estimation

(11)

error vector e. (in Subsec.2.1). Therefore, it is possible
to derive the mew camera control error g.. using known
information g.q, geo and ee.

In the same way as the estimation error system (9), the

camera control error system can be represented as
b b b

‘/ec = _Ad(g;cl)Ad(g;dl)VwC + Vwo' (12)

Similar to the camera control error system, we derive the

hand control error system, using g.p, = g;dl Jho (3), instead

of gen = gj, Gho (Murao et al. [2005]). Using gee, the hand
control error can be transformed as

Geh = Gpd Gho = Gnd Yon Geo = Ind Jon GeoJee-  (13)

Here g, = g;énggzh can be obtained directly, because

the rigid body motions g¢, 9.1 and g,,. are known by the

angles of the manipulators and the structure of the system.

According to Equation (13), it is possible to derive the new

hand control error g.p. Moreover, the hand control error
system can be represented as

b b b
‘/Bh = —Ad(g—l)Ad(g;I)th + Vwo,

eh d

(14)
where V2, is the body velocity of the hand relative to X,,.

2.8 Passivity based Dynamic Visual Feedback System with
Eye-in/to-Hand Configuration

The manipulator dynamics of the camera manipulator and
the work one (we call the hand one, too) can be written
as

Mi(qi)di + Ci(qi, 4i)Gi + 9i(qi) = 7i + Tia, i € ¢, h(15)
where M; € R™*™ ig the inertia matrix, C; € R™*™ is
the Coriolis matrix, g; € R™ is the gravity vector, and ¢;,
¢; and ¢; are the joint angle, velocity and acceleration,
respectively. 7; is the vector of the input torque, and
T;q represents a disturbance input. Here, due to space
limitations, the subscripts ¢ and h are used in the case
of the camera manipulator and the hand one, respectively.
Since the manipulator dynamics is considered, the camera
body velocity and the hand one are given by V!, =
Jeb(qe)ge and V2, = Jnp(qn)dn, respectively, where Jip,(q;)
is the body manipulator Jacobian (Murray et al. [1994]).

Next, we propose the control law for the manipulator as

7 = Mi(qi)Gia + Ci(gi, Gi)dia + 9i(q:)
+ 5 (g0)Ad{ -1 ei + ugi, i€ c,h (16)
id

where ¢;q and §;q represent the desired joint velocity and
acceleration, respectively. The new input wug is to be
determined in order to achieve the control objective.

Let us define the error vectors with respect to the joint
velocities of the camera manipulator and the hand one
as & = (e — Geq and &, = ¢n — qnd, respectively.
Moreover, we design the references of the joint velocities
as Qeq = gb(qc)ucd and ¢pq = ;{b(qh)uhd where u;q is
the desired body velocity which will be obtained from the
visual feedback system. Thus, V2. in (12) and V%, in (14)
should be replaced by u.q and upg4, respectively.

Using (9), (12) and (14)—(16), the eye-in/to-hand visual
feedback system with the manipulator dynamics (we call
the dynamic visual feedback system) can be derived as
follows:
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é ~M; ' Cré + M,:lj,?bAd?;;; en
[ —M'Cobe + M ILA] 1 e
cd
V| = —Ad 1) Jnsén
Vb A ho
o —Ad 1) Jeve
Vee 0
MY 00 0 0 M-l 00
0 M;' 0 0 0 0 M0
+l O O_Ad(ge_l 0 0 lu+| 0 0 Ifw
0 0 0 —Ady,s O 0 01
0 0 0 —Ad ;-1 0 01
(17)
where u := [uETh ugc (Ad(g;dl)Uhd)T (Ad(g:;)ucd)T ulT.

We define the state and the disturbance of the dynamic
visual feedback system as z = [¢} €7 ef eI eI]T and
w = [, 7L (VE)T]T, respectively.

Remark 1. If the camera velocity V!, = 0, the desired
camera velocity u.q = 0, gy, = I, and, the camera control
error e. and the camera manipulator are not considered,
then the eye-in/to-hand dynamic visual feedback system
(17) represents the eye-to-hand one. On the other hand,
if the hand velocity V£h7 the desired hand velocity upq,
the hand control error e; and the work manipulator are
not considered, then the eye-in/to-hand dynamic visual
feedback system (17) represents the eye-in-hand one. Thus,
the dynamic visual feedback systems with the eye-in-hand
configuration and the eye-to-hand one are regarded as the
special cases of the system (17). This is one of main merits
of this configuration.

2.4 Energy Function and Stabilizing Control Law

Before constructing the dynamic visual feedback control
law, we derive an important lemma.

Lemma 1. If w = 0, then the dynamic visual feedback
system (17) satisfies fOT uTvdt > —p, VT > 0 where
v:= Nz, N :=diag{l,I,—I,—I,—I} and 3 is a positive
scalar.

Due to space limitations, the proof is only sketched. By
using the following energy function, the proof can be
completed.

V(z) = 360 Mila)6 + 5E7 Mot
FE(gen) + E(gec) + E(gee), (18)
where E(gqp) := %Hpab||2—|—¢(eéeab) and qﬁ(eéeab) = 2tr(I—
e0av) is the error function of the rotation matrix.

We now propose the following control input for the inter-

connected system:
u=—Kv:=uy. (19)
K :=diag{K¢pn, Kee, K, Koy K} > 0

Theorem 2. If w = 0, then the equilibrium point = 0 for

the closed-loop system (17) and (19) is asymptotic stable.

Proof Differentiating (18) with respect to time yields and
using the control input (19), it can be obtained that

V=2"NTu=—-2"NTKNz.
This completes the proof.

Fig. 2. Block diagram of the control law. (Left: proposed
method, Right: previous one (Murao et al. [2005]))

The block diagrams of the control law in the case of
the proposed method and the previous one (Murao et al.
[2005]) are shown in the left side and the right one of Fig. 2,
respectively. In Murao et al. [2005], the camera control
error e, and the hand one e, have interfered with the
control input for the estimation ue = K. (e, _Ad?eéech)eh -

Ad?eéeec)ec)' In the sequel, the presence of e, or ej has

negatively affected the estimation of the relative rigid
body motion g.,. On the other hand, with the proposed
new visual feedback control law (19), each feedback input
is separated by each error vector, i.e., ugp, = —Kenéa,
Uge = —Kgcfc, Uhd = Ad(ghd)Khem Ued = Ad(gcd)Kcec and
ue = Keee. Thus, the proposed control law can overcome
the problem for the above undesirable influence.

3. PREDICTIVE VISUAL FEEDBACK CONTROL

The objective of this section is to propose a predictive
visual feedback control based on optimal control theory.
A camera can provide more information than the current
derivation from a nominal position at the sample instant.
This property can be exploited to predict the target’s
future position and improve the control performance. As a
predictive visual feedback control, we propose a stabilizing
receding horizon control based on optimization in this
paper.

8.1 Control Lyapunov Function

In this section, the finite horizon optimal control problem
(FHOCP) for the visual feedback system (17) is consid-
ered. The FHOCP for the visual feedback system (17) at
time t consists of the minimization with respect to the
input u(7, (7)), T € [t,t+T1], of the following cost function

T
Ieo,u,T)= [ Ualr), u(r))dr+Fla(t + 7))
L (t), u(t))=gen () 1&n (0> +aee (O I1E ()] +Eqn(gen (t
+ Ege(gee(t))+Eqe(gee (t)) +u” (1) R(t)u(t)(
F(x)=pV (x) (
qen(t)>0, qec(t)>0, qpi(t)>0, qri(t)>0, p >0,
where R(t) is a positive diagonal matrix, and Eg;(ge:(t)) =

pi (t)Hp@i(t)||2—|—qu-(t)¢(eéeci(t)) (¢ € h, ¢, e), with the state
x(t) = xo. The speciality of the cost function (21)—(23) is
that the terminal cost is derived from an energy function

(21)

)
22)
23)

5344



17th IFAC World Congress (IFAC'08)
Seoul, Korea, July 6-11, 2008

of the visual feedback system. Furthermore, the rotation
error related part of the stage cost is derived from the error

function ¢(e$?) instead of the commonly used quadratic

form ||er(e$?)||2. For a given initial condition xo, we denote
this solution of the FHOCP as u*(7,z(7)),7 € [t,t + T].
In receding horizon control, at each sampling time ¢, the
resulting feedback control at state zq is obtained by solving
the FHOCP and setting

urp = u* (9, zp). (24)
The following lemma concerning a control Lyapunov func-
tion is important to prove a stabilizing receding horizon
control. The definition for a control Lyapunov function
S(x) is given by

inf | S(2) +z(x,u)} <0, (25)

where [(x,u) is a positive definite function (Jadbabaie
et al. [2001]).

Lemma 3. Suppose that w = 0, [[0cn||<F, [|0ccl|<F,
[|0cc|| <5 and the design parameter p satisfies

p*I>4QR, (26)

where Q = diag{qennn, geclne, Gprls, qrrls, pels, qrels,
dpels, qrels}. Then, the energy function pV(x) of the
visual feedback system (17) can be regarded as a control
Lyapunov function.

Proof Using Equation (20), which is the time derivative
of V along the trajectory of the system (17), the positive
definite function {(z(t),u(t)) (22) and the stabilizing con-
trol law uy (19) with K = R~ for the system, Equation
(25) can be transformed into

inf[S(x) + I(z, u)]
i PR1Nz)" PR :
_Jg[(u+2fz Nm) R(u+2fz Nx)+q@H&H
2
- pza:TNTR7 1N$—|—q56 1€l 2+th (gen )"‘ch (gec)+qu (Gee )]

2
p _
< —ZxTR o+ genllénll® + gecllécl® + gpnllpenl?

+arenller(e )1 + gpellpecl® + arecller(e’=)||?

+pellpeell® + qreeller (e
2
=z’ <%R1 — Q) x,

where we have used the fact that ¢(eée)§|\63(eée)||2 for
all ||@[|<%. Therefore, the condition inf, [S(x) + I(z, u)]<0
will be satisfied, if the assumption p?I>4QR. (Q.E.D)
Lemma 3 shows the energy function pV(x) of the visual

feedback system (17) can be regarded as a control Lya-
punov function in the case of p?I>4QR.

(27)

3.2 Stabilizing Receding Horizon Control for the 3D
Eye-in/to-Hand Visual Feedback System

Suppose that the terminal cost is the control Lyapunov
function pV(x), the following theorem concerning the
stability of the receding horizon control holds.

Theorem 4. Consider the cost function (21)—(23) for the
visual feedback system (17). Suppose that w = 0,

10chl|<5, 10ccl| <%, [|0cell<F, and p?I>4QR, then the

receding horizon control for the visual feedback system
is asymptotically stabilizing.

Proof Our goal is to prove that J(z*(t),urm,T), which
is the cost-to-go applying the receding optimal control
uryg, will qualify as a Lyapunov function for the closed
loop system. Construct the following suboptimal control
strategy for the time interval [t + 6,¢ + T + 0]
TEt+6,t+T)

()
= {uk(r) LR iNe e+t 8 B

where uy, is the stabilizing control law (19) with K = 2R~
for the visual feedback system. The associated cost is
J(@*(t+6),a,T)
=J(z(t),u",T)+ p[V(z(t+T+9)) — V(z*(t+T))]
t+6 t+T+§
- / Wz (7),u*)dr + / Wx* (T +T),ug)dr, (29)
t t+T
where x* is the optimal state trajectory. This cost, which
is an upper bound for J(z*(t + §),u*, T, satisfies
J(@*(t+0),u",T)— J(x*(t),u",T)
<plV(z(t+T+90)) - V(x*(t+T))]
t+6 t+T+35
- / x* (1), u*)dT + / Wz (t+T),ux)dr.(30)
t t+T
Using the positive definite function I(z(t),u(t)) (22) and
the stabilizing control law wug (19) for the system, and
dividing both sides by § and taking the limit as § — 0,
Equation (30) can be transformed into

lim

6—0 ) )

<—a*T(t+7T) <%R1 - Q) z*(t+T)
—*T(t)Qz*(t) — uw*T Ru*. (31)

Considering that the control input during first § is
upy = u*, by the assumption p>I>4QR, the derivative of
J(x*(t),urm,T) is negative definite. Therefore, we have
shown that J(z*(t),urm,T) qualifies as a Lyapunov func-
tion and asymptotic stability is guaranteed. (Q.E.D)

Theorem 4 guarantees the stability of the receding horizon
control using a control Lyapunov function for the 3D
eye-in/to-hand visual feedback system (17) which is a
highly nonlinear and relatively fast system. Since the
stabilizing receding horizon control design is based on
optimal control theory, the control performance should be
improved compared to the simple passivity based control
ug (19), under the condition of adequate gain assignment
in the cost function. It should be noted that the error
function ¢(e%?) of the rotation matrix can be directly used
in the stage cost (22). Compared with the previous work
(Murao et al. [2006]), the assumption p?I>4QR becomes
very simply, and it is quite easy to set the value of p, by
virtue of the fact that N becomes a block diagonal matrix
in the case of the mew dynamic visual feedback system
(17). Moreover, the main advantage is that the proposed
control law can be applied to not only the eye-in-hand
visual feedback system but also the eye-to-hand one. This
allows us to extend the technological application area.
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.1 0.1

Table 1. Values of the integral cost.

Fig. 3. Hand control error (Left) and camera one (Right).
(Solid: stabilizing receding control law, Dashed: sim-
ple passivity based one)

4. SIMULATIONS

In this section, we present simulation results for the
predictive visual feedback control, compared with the
simple passivity based control law u (19). The simulation
results on two 2DOF manipulators are shown in order to
understand our proposed method simply, though it is valid
for 3D dynamic visual feedback systems. The weights of
the cost function (21)—(23) and the controller parameters
for the simple passivity based control law (19) are selected
in order not to exceed the limit of the input torques for the
manipulators. To solve the real time optimization problem,
the software C/GMRES (Ohtsuka [2004]) is utilized. The
control input with the receding horizon control is updated
every 1 [ms]. It must be calculated by the receding horizon
controller within that period. The horizon was selected as
T =0.02 [s].

The simulation results are presented in Fig. 3. The hand
control error e; and the camera one e. are shown in
the left side and the right one, respectively. The solid
lines denote the errors applying the proposed stabilizing
receding horizon control, and the dashed lines denote those
for the passivity based control law wug (19). In Fig. 3,
the asymptotic stability can be confirmed by steady state
performance. Moreover, the rise time applying the receding
horizon control is shorter than that for the passivity based
control.

The performance for parameter value T and p is compared
in terms of the integral cost in Table 1. Since the cost
of the stabilizing receding horizon method is smaller than
the passivity based control method under conditions of the
adequate cost function, it can be easily verified that the
control performance is improved. With increasing weight
of the terminal cost from p = 1 to p = 1.5 the cost
increases, too. With higher terminal cost the state value
is reduced more strictly, using a large control input. As
the horizon length increases from 7' = 0.005 to T' = 0.04,
the cost is reduced. In the case of T'= 0.1, the calculation
cannot be completed within one sampling interval, due to
limited computing power.

5. CONCLUSIONS

This paper proposes a stabilizing receding horizon con-
trol for a reconstructed 3D eye-in/to-hand visual feed-
back system, which is a highly nonlinear and relatively
fast system, as a predictive visual feedback control. The
dynamic visual feedback system is reconstructed in order

E: T £ 0

i < i” L= Control Scheme cost
" /_\1 2 o ! 2 Passivity based Control 8014

BT s Ol Receding Horizon Control (T'=0.02 [s], p=1) 701
£ - i“ ————— Receding Horizon Control (T' = 0.02 [s], p = 1.2) 878
. T 2 o 1 2 Receding Horizon Control (T'=0.02 [s], p = 1.5) 1194

T op--- AT Eo g Receding Horizon Control (7' = 0.005 [s], p = 1) 710

3 j/" - / Receding Horizon Control (T'=0.04 [s], p=1) 691

1 2 1 2

to improve the performance of the estimation. It is shown
that the stability of the receding horizon control scheme
is guaranteed by using the terminal cost derived from the
energy function of the visual feedback system. Simulation
results are presented to verify the control performance of
the stabilizing receding horizon control law.
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