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Abstract— This paper investigates stabilizing receding hori-
zon control via an obstacle avoidance navigation function for
three-dimensional (3-D) eye-to-hand visual feedback systems.
Firstly, a visual motion observer for a controlled mobile robot
is presented. Then, visual motion observer-based stabilizing
receding horizon control for 3-D visual feedback systems, highly
nonlinear and relatively fast systems, is proposed. Moreover, a
path planner to be appropriate for the visual motion error
system is designed through an obstacle avoidance navigation
function to keep collision-free during servoing. Finally, the ef-
fectiveness of the proposed method is verified through computer
simulations.

I. INTRODUCTION

Visual feedback control, which can be regarded as a cross-
point between control theory and computer vision, is now
a very flexible and useful method in robot control [1].
Recently, Lippiello et al. [2] presented position-based visual
servoing for hybrid eye-in-hand/eye-to-hand multicamera
systems by using an extended Kalman filter and a multi-
arm robotic cell. Gans and Hutchinson [3] proposed hybrid
switched-system control which incorporates both an image-
based visual servoing controller and a position-based one.
Swensen et al. [4] presented featureless kernel-based visual
servoing and discussed a domain of attraction of the method
through experiments. Allibert et al. [5] reported comparison
results between two image prediction models for an image-
based visual servoing scheme based on nonlinear model
predictive control. Gans et al. [6] proposed a method which
regulates functions of the current image features without the
need of a goal image or a goal feature trajectory. The authors
have been proposed passivity-based visual feedback control
for three-dimensional (3-D) target tracking in a series of
papers [7]-[9].

On the other hand, obstacle avoidance coupled with ac-
curate path following control which is to move a vehicle
towards a target location free of collisions with the obstacles
has attracted much attention of a great amount of robotics
researchers [10]. One of the representative works for obstacle
avoidance problems is a method using a navigation function
that is globally convergent potential function proposed by
Rimon and Koditschek [11]. The feature of this efficient
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Fig. 1. Eye-to-hand visual feedback system with obstacles.

approach is that automatically merge path finding and tra-
jectory generation in a closed-loop fashion. Some navigation
function approaches for visual feedback systems are reported
in [12]-[14]. Cowan et al. [12] proposed a visual feedback
controller to bring a robot to rest at a desired configuration
keeping all feature points within a camera field of view
by using navigation functions. Chen et al. [13] and the
authors [14] developed an off-line path planner based on an
image space navigation function with an adaptive 2 1/2-D
visual servoing controller and a stabilizing receding horizon
one, respectively. However, all these approaches [12]-[14]
take advantage of navigation functions to solve the camera
field of view problems but not to deal with the obstacle
avoidance problems.

Among the different proposals from the navigation func-
tion approach, a number of navigation strategies for obstacle
avoidance in conjunction with visual information has been
reported. Huang et al. [15] presented a local navigation
method with a single camera for obstacle avoidance using
headings to obstacles and their angular widths. Cherubini and
Chaumette [16] proposed appearance-based visual navigation
with obstacle avoidance for real outdoor environments. This
appearance-based visual navigation, which is one of the few
methods for obstacle avoidance through the camera model,
avoids new obstacles by using a range scanner. Although
good vision-based navigation approaches for the obstacle
avoidance problems are presented in [15] and [16], they are
restricted to a ground vehicle. Moreover, the desired control
performance cannot be guaranteed explicitly, since these
control methods are not based on optimal control theory.

In this paper, stabilizing receding horizon control via a
navigation function for obstacle avoidance is applied to 3-D
visual feedback systems with an eye-to-hand configuration
as shown in Fig. 1, highly nonlinear and relatively fast
systems. Firstly, a visual motion observer for a controlled



mobile robot is constructed. Secondly, stabilizing receding
horizon control for a visual motion error system using a
control Lyapunov function is proposed. Then, a path planner
to be appropriate for the visual motion error system is
designed through an obstacle avoidance navigation function
in order to move the robot towards a desired pose and away
from obstacles without additional sensors such as a range
scanner. Convergence analysis of the proposed path planner
is provided. Finally, control performance of the proposed
control scheme with obstacle avoidance and the previous
one [9] is evaluated through simulation results.

II. VISUAL MOTION OBSERVER FOR CONTROLLED
MOBILE ROBOT

The section II-A and II-B mainly reviews our previous
work [7] via the passivity-based visual feedback control.

A. Vision Camera Model

Eye-to-hand visual feedback systems with obstacles use
four and n coordinate frames which consist of a world frame
Yw, a fixed camera frame Y., a mobile robot frame >, a
target object frame X, and n obstacle frames Yy, 2,
as depicted in Fig. 1. Let pj, € R3 and %% € SO(3) be a
position vector and a rotation matrix from the mobile robot
frame X, to the target object frame X,. Then, a relative pose
from X, to X, can be represented by gro = (Pho, 659’“’) S
SE(3).

The objective of position-based visual feedback control is,
in general, to bring the relative pose gy, to a final reference
one gnod, - The relative pose g, can be represented by using
the composition rule for rigid body transformations [17] as
fotlows: Gho = 95900 M
The relative poses g., and g., can be led using poses under
the world frame >, as

Geh = GueGuwhs Geo = G Guo- 2)

The relative pose involves a velocity of each rigid body. We
define a body velocity of the mobile robot relative to the
world frame ¥, as V2, = [(v%,)T (w®,)T]T, where v,
and wzjh represent a velocity of an origin and an angular
velocity from 3, to X, respectively [17]. Differentiating
Eq. (2) with respect to time, the body velocities of the relative

poses g, and g., can be written as follows (See [8]):
Vcbh = va;hﬂ Vcbo = V£O, 3)

where V%, is the body velocity of the target object relative to
Y. Here, we exploit the property of the eye-to-hand visual
feedback system whose camera is fixed in the environment.

In this visual feedback system, we use a pinhole camera
model with a perspective projection. Here, we consider m (>
4) feature points on the rigid mobile robot and target object
in this paper. Let ) be a focal length, p,; € R? and p; € R?
be the position vectors of the i-th feature point relative to
Y, and X, respectively. Here, we represent each observed
frame (i.e., Xy or ¥,) as X,. Using a transformation of
the coordinates, we have D.oi = gcaPai» Where peq; and

Pai should be regarded, with a slight abuse of notation,
as [pL, 17 and [pI, 1]T. We assume that the position of
multiple points on the mobile robot pj; and that on the target
object p,; are given. The perspective projection of the i-th
feature point onto the image plane gives us the image plane

coordinate feq; := [feaiz feaiy]? € R? as

A { Feai } : ()

fcal - Zecai Yeai
where peq; [Teai Yeai Zeai]t. It is straightforward to
extend this model to m image points by simply stacking
the vectors of the image plane coordinate, i.e., f(gcq) =
[fZ, -+ f2 17 € R?>™. Hereafter, f., means f(g.,) for

simplicity. The image features f.; and f., only depend on
the relative poses g.n and g.,, respectively.

B. Estimation Error System for Target Object

In this subsection, we consider a nonlinear observer (we
call a visual motion observer) for the target object in order
to estimate the relative pose g., from the image feature f.,.
Using the body velocity of the relative pose g., (3), we
choose estimates G.o = (Peo, €5%-2) and V2 of the relative
pose and velocity, respectively as

V2 =t &)

The new input u, is to be determined in order to drive the
estimated values g., and V) to their actual values.

In order to establish an estimation error system, we
define an estimation error for the target object between the
estimated value g., and the actual relative pose g., as

Geo = gc_olgco- (6)

We next define an error vector of the rotation matrix e$%i as
re; := sk(ef%)" where sk(e%¢7) denotes 3 (et —e~t0i),
Using this notation, the vector of the estimation error for
the target object is given by e, := [pL, r1]*. Suppose an
attitude estimation error ¢, is small enough that we can let
et0eo ~ [ + gk(es%). Therefore, using a first-order Taylor
expansion approximation, the estimation error vector e, can
be obtained from the image feature f., and the estimated
value of the relative pose g, (i.e.,the measurement and the

estimate) as follows:
€o = JT(gco)(fco - fco)a @)

where fco is an estimated value of the image feature and
J(gco) is an image Jacobian-like matrix [8]. In the same
way as Eq. (3), the estimation error system for the target
object can be represented by

Ve, = —Ad o1y, + Ve, ®)

C. Estimation Error System for Controlled Mobile Robot

In our previous work [7], we constructed the visual motion
observer for the mobile robot, which estimates the relative
pose g.n from the image feature f.p, using the same dy-
namical model as the visual motion observer for the target
object, i.e., Vcl}l = up. However, the estimation input uep,
has directly affected not only estimation but also control;



as a result, this leads to degraded estimation performance
from the practical viewpoint. In order to remove the above
negative effect in this paper, we design a novel visual motion
observer to embed the input of the controlled mobile robot.
Firstly, we define the estimation error for the controlled
mobile robot between the relative pose g.;, and the estimated
value g.p, as L
geh = gc_h 9ch- (9)
The vector of the estimation error for the controlled mobile
robot is also represented as ey, := [pL, 75 ]T. It should be
noted that this estimation error vector e, can be calculated

as _
en = J(Gen) (for — fen),

where fch is an estimated value of the image feature f.j,.
Next, we consider the following dynamical model in order
to estimate the controlled mobile robot:

‘701}1 = Ad(geh)v'f)h + up.

(10)

Y

Here, the estimation error matrix g.p is extracted using
the estimation error vector e¢j in Sec III. Also, the new
input uy, is designed in the next section. The visual motion
observer for the target object cannot embed the body velocity
Vb because the movement of the target object is unknown
information. On the other hand, the input of the controlled
mobile robot V%, can be utilized to the visual motion
observer as Eq. (11).

Differentiating Eq. (9) with respect to time, the estimation
error system for the controlled mobile robot can be repre-
sented by
Vh = -Ad

€

(ge—hl)Uh. (12)
III. VISUAL MOTION OBSERVER-BASED STABILIZING
RECEDING HORIZON CONTROL

A. Pose Control Error System

Let us consider the dual of the estimation error system in
order to achieve the control objective. We define the pose
control error as follows:

Gee = GhoiGhos (13)

which represents the error between the relative pose gy, and
the reference one gp,q. It should be remarked that the relative
pose gro can be calculated by using the estimated relative
poses gen and g., and the estimation error vectors e, =

LorT T and e, = [pI, rI 17 equivalently as follows:
Gho = gghl.g;}llgcogeo (14)
-1 o—1
sin™! ||7ep, sin™!||r
gaeh = M’reha gaeo = Mreoa (15)
[7enll [I7eol|

although gy, cannot be measured directly (see [9] for more
details). It should be noted that the estimation matrix gep,
is calculated in this process. Similar to the estimation error
vectors, the vector of the pose control error is defined as
o = [pL, L.

Differentiating Eq. (13) with respect to time, the pose
control error system can be represented as

b _ b b b
VE = —Adg, 1, (Ad(g;;d)vwh + v,wd) FVE(16)

where Vhbod is the body velocity of the reference of the
relative pose gnod-

B. Passivity of Visual Motion Error System

Combining the estimation error systems (8) (12) and
the pose control one (16), we construct the visual motion
observer-based pose control error system (we call the visual
motion error system) as follows:

%44 —Ady 0 0 I

vh | = ~Ad, 1y 0 ut| 0 |V, (17)
v 0 —Adny I

where

T
we= [l uf uwd | ue = Ad o Vi o+ Vi (18)

Let us define the error vector of the visual motion error
system as z := [el e} el]T which consists of the pose
control error vector e. and the estimation error vectors ey,
and e,. It should be noted that if the vectors of the pose
control error and the estimation ones are equal to zero, then
the actual relative pose gp, tends to the reference one gpoq
when x — 0.

The visual motion error system (17) has important relation
between the input and the output.

Lemma 1: 1f V2, = 0, then the visual motion error system

(17) satisfies T

ul'(—z)dt > —B, YT >0
0

19)

where [ is a positive scalar.
The Lemma 1 can be proved by using the following
positive definite function:

V = E(gec) + E(geh) + E(geO)a

where E(gei) = gl|peill®+¢(e*?<) and ¢(et%) := Jtr(1—
e%9<1) is an error function of the rotation matrix.

(20)

C. Visual Motion Observer-based Stabilizing Receding Hori-
zon Control

In this subsection, the finite horizon optimal control prob-
lem (FHOCP) for the visual motion error system (17) is
considered. The FHOCP for the system (17) at time ¢ consists
of the minimization with respect to the input u(7, z(7)), T €
[t,t + T, of the following cost function

t+T
(o, u,T) = / 1(2(7), u(r))dr + F(a(t + T)) 1)
l(z(t),u(t)) = ch}gec(t)) + Eqn(gen(t)) + Ego(geo(t))
T () R()ult) 22)
F(z) = pV(z) (23)
4pi(t)>0, qri(t)>0, p >0,

where R(t) is a positive diagonal matrix, and Fy;(gei(t)) ==
Qi (1) [pei (1) |12 +qri(t) p(e£9< (D) (i € ¢, h, 0), with the state
x(t) = xo. The speciality of the cost function (21)—(23) is
that the terminal cost is derived from the energy function
of the visual motion error system. Furthermore, the rotation
error related part of the stage cost is derived from the error



function ¢(ef%) instead of the commonly used quadratic
form ||74]|%. For a given initial condition x, we denote
this solution of the FHOCP as u*(7,z(7)),7 € [t,t + T).
In receding horizon control, at each sampling time J, the
resulting feedback control at state x( is obtained by solving
the FHOCP and setting

u=u*(d, o). (24)

Suppose that the target object is static, the following the-
orem concerning the convergence of the stabilizing receding
horizon control for the visual motion error system.

Theorem 1: Consider the cost function (21)—(23) for the
visual motion error system (17). Suppose that V%, = 0,
[0ccll<5. 0cnll<%. [0col| <%, and p>I>4QR, then the
receding horizon control for the visual motion error system
is asymptotically stabilizing.

Theorem 1 concerning stability of the receding horizon
control can be proved by using the control Lyapunov function
for the 3-D visual motion error system (17) similar to [9].
Since the stabilizing receding horizon control design is based
on optimal control theory, the control performance should be
improved under the condition of adequate gain assignment
in the cost function.

Remark 1: One of the contributions in this paper is that
the proposed control law can be applied to the 3-D eye-to-
hand visual feedback systems with the mobile robot, because
the visual motion error system is combined with the visual
motion observer for the controlled mobile robot unlike [9].

IV. OBSTACLE AVOIDANCE NAVIGATION
FUNCTION-BASED PATH PLANNING

Vision-based navigation with obstacle avoidance should
offer great perspectives in many applications, such as surveil-
lance, patrolling, search and rescue or high risk missions.
However, few results have been applied to the full 3-D visual
feedback system that includes the camera model with the
perspective projection. In this section, as a first step for a
vision-based navigation, we design a path planer through an
obstacle avoidance navigation function for 3-D eye-to-hand
visual feedback systems. The control objective in this paper
is stated as follows:

Control Objective: The mobile robot follows the target
object, i.e., the relative pose gno(t) is coincided with the
time-varying desired one gj,q(t) which is generated to avoid
unexpected obstacles, and which converges the final desired
One Ghod -

From the proposed stabilizing receding horizon control
law for the visual motion error system, the input to the
mobile robot is designed as follows:

Vbh = Ad(ghod) (uc - Vlfod) :

w

(25)

Hence, the mobile robot input is needed the body velocity
Ve =18, )T (Wb, )T1T of the reference of the relative

1
POSE Ghod'-

IThe relative pose gnoq can be obtained solving gpoq = QhodV;fo a

A. Rotation Error for Path Planning

In rotation control, we consider only convergence to the
final desired rotation. We define the rotation error between
the time-varying relative desired rotation e&%roa and the final

one €745 as follows:

eéeed — e_gehodf eéehod.

(26)
The vector form is defined as r.q := sk(eéeed). Differentiat-
ing Eq. (26) with respect to time, the rotation error system
for path planning can be written as

wly=uwl . (27)

B. Visual Motion Observer for Path Planning

Obstacle avoidance navigation function-based path plan-
ning needs the relative position of the obstacles from the
camera frame pg,,. In this section, we design the visual
motion observer in order to estimate the relative position pp,
using the image feature fep, := f(gep, ). Now, we assume that
the camera can observe the multiple points on the obstacles
and the position of them py;; is known, similar to the case of
the target object and the controlled mobile robot. The body
velocity of the relative pose gqp, can be written as follows:

Ve, = =Ad (1) Ve + Vi, (28)

where qujbi is the i-th obstacle body velocity. Using the body
velocity VC%L (28), we establish a following estimate model
for the obstacles:

‘7c%¢ = _Ad(’fl)vul;c + Up,,

9eb

(29)

where gy, and V5 are the estimated values of g, and V5
respectively. We define the estimation error for the obstacles
geb; between the actual relative pose g.p, and the estimated
one g, as follows:

Geb, = Gopy Gob, - (30)

The vector of the estimation error for the obstacles e;, =

[pZ, 7Z,]7 can be obtained by exploiting the image feature

feb, and the estimate values g.p, and fep, as
€y, = Jg (gcbq')(fcbq' - bei)'

Hence, the relative position p.;, can be calculated as follows:

€19

Peby = €7 Doy, + Peb, (32)

through gcp, = Geb, Gev, - The estimation error system for the
obstacles can be obtained as

Vh = —Ad oy, + Vi, (33)

C. Obstacle Avoidance Navigation Function

In this subsection, we develop the obstacle avoidance
navigation function ¢(penq) [11], [18]. In this paper, we
assume that the workspace and the obstacles are spherical.
This assumption does not constrain the generality of this
work since it has been proven that navigation properties
are invariant under diffeomorphisms in [18]. Here, we se-
lect pcng, instead of ppog, as the variable of the obstacle
avoidance navigation function.

2There is a relationship gpoq = g;hldgco between pcrq and ppod-



Firstly, we define a space D where the mobile robot can
move avoiding obstacles as follows:

M
D=F— U B;, (34)
i=1

where F := {pcha : ||[peha—peol|? < p3} is the mobile robot
movable space which represents a Euclidean 3-dimensional
disk with the center p.oy and the radius pg > 0, and B; :=
{Pend : ||pehd — peb; || < p3}, @ = 1...M denotes a M-
th obstacle space in I’ with the center p.p, and the radius
pi > 0. We impose the additional constraint that all obstacles
closures are contained in the interior of the workspace;
i.e. ||peb; — Peoll + pi < po, 1 < i < M, and that none of
them intersect; i.e. ||pc, — pev, || > pi +pj, 1 <4,5 < M.
If pcha € D, the mobile robot keeps collision-free.

Here, we introduce the navigation function-based method
as a technique for constructing artificial potential fields in
order to design V2 , which can achieve the control objective.
The navigation functions used in this paper are defined as
follows:

Definition 1 ([11],[18]): A smooth Morse function
©(pera) D — [0,1] is a navigation function if it is

1) a unique minimum exists at pexq,;

2) uniformly maximal on the boundary of D.

A smooth vector field on any sphere world with a unique
attractor, must have at least as many saddles as obstacles. The
property of a Morse function whose Hessian at all critical
points is non-degenerate establishes that the initial conditions
that bring the system to saddle points are sets of measure
zero. In view of this property, all initial conditions away from
sets of measure zero are brought to the unique minimum [18].

In order to design the obstacle avoidance navigation func-
tion, we utilize the following function which represents the
distance to the final desired relative position p.pq 5

s (pchd) =

where x > 0 € R is an additional parameter to change the
potential field. Next, let define the obstacle function which
includes the function no for keeping in the space F' as

H 7 pchd

. _ — |Ipehd — peol|*  for i =0
Milpena) = { lpeha — pev, |* — p2. fori=1---M

Then, the model space navigation function @(z) €

Peha — Pena, |I>* (35)

N(Pehd) (36)

R?™ — [0,1] and a k-th root function are defined as
x
o(x) = 37
o) = 37)
and 1
plx) =xx, (38)

respectively, where 4 > 0 € 7R is a parameter. The
function (38) is important in order to change pcpq, to a non-
degenerate critical point. From Eqgs. (35)—(38), the obstacle

3The position pepqg 5 can be calculated as gepq ;= gwg;o1 dy The
relative pose gco can be obtained by using the visual motion observer for
the target object in Sec II-B.

avoidance navigation function denoted by ¢(pcrd) € D —
R, can be developed as follows:

- S
©(Peha) = popo ;(pchd)

_ ( 5(pend) )%

— \un(pena) + 5(pena)
where o denotes the composition operator. Using a similar
way in [18], it can be verified that the function (39) is the
navigation function if the parameter « is selected adequately.

(39)

D. Path Planning of Desired Body Velocity

We design the desired body velocity Vhbod and the input
for the estimation uy, as follows:

—E€0hod (4, A b b
Vb — —€ On d(vchd - phOdwchd) + Vg (40)
hod —£0.4
_Kdre “Ted
up, = Kepes,, (41)
where

Vb — [ vghd ] _ —eijecthbde(plEpchd) (42)
e&0hod (wco _ whod)

b UZO —1: \V
cho = wb = (gco gCO) . (43)
de = dlag{kdpla kdan kdp3} Kdr =
diag{kar1, kar2, kars} and K, = diag{kei,- -, kpe}

are the positive gain matrices for the translation and the
rotation of the desired body velocity and for the estimation

3 0¢(Pend) r 1
respectively. Vo(pepd) = (7C) which

OPchd
denotes the gradient vector of ¢(p.nq) can be calculated as

Eq. (44) at the bottom of the next page. The relative pose
Jeo can be obtained by using the visual motion observer for
the target object in Sec II-B.
We are now in a position to state the main result of this
paper concerning the convergence of the path planner.
Theorem 2: Suppose that V.5, = 0 and V.2, = 0, and the
initial desired relative position p.nq(0) satisfies pepqa(0) €
D. Then, the desired relative position p.nq(t) ensures that
perd(t) € D and gpoq(t) has the asymptotically stable
equilibrium point gpnod,-
Proof: Consider the following positive definite func-
tion: R M
Voo = @(pena) + &(e5%) + > E(ges,)-
i=1

input,

(45)

Evaluating the time derivative of V,, along the trajectories of
Egs. (27), (33), (40)-(42) gives us

Vi = (V) Pena+r cae FOed b ed T Zeb Ad (&0t )‘/ebb,i
i=1
= (vso)Tegec}ldvchd + Tedegeedwzod
M
—1
+ e, Ad e, (ZAd,, yus)

=1
(VSO)T E0cha —Eecthd V&p —r defechd e fecd Ted

—|—Z (_ebiKbebi)

—(ch) KV — (eiéeedred) Kgre™ edr ed
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Fig. 2. Block diagram of visual motion stabilizing receding horizon control
with obstacle avoidance navigation function-based path planner.

M
T
— E e, Kpep, .
i=1

It is clear from Eq. (46) that V;, is a non-increasing function
in the sense that

(46)

Vi < Vo (0). (47)

From Egs. (45) and (47), the condition p.pq(t) € D, Vi > 0
is satisfied for any initial condition p.,4(0) € D. Since the
estimation error vector e;, — 0, the position pg,, which
is utilized in the obstacle functions converges actual value.
Thanks to the property of navigation functions [18], it can
be shown pena(t) — pena, through Vo(pena) — 0. On the

other hand, the rotation eSbea (t) — €% can be verified
because of e ¢%dr.,; — 0. Using the relationship gpoq =
gc_hldgco, it can be concluded that groa(t) — Gnod, - [ |

Theorem 2 guarantees the convergence of the time-varying
desired pose gnoa(t) to the final one gnoa,. The path planner
can be designed to keep collision-free based on the obstacle
avoidance navigation function. The block diagram of the
visual motion stabilizing receding horizon control with the
obstacle avoidance navigation function-based path planner is
shown in Fig. 2.

Our proposed approach, which deals with the estimation
problem from the visual features explicitly, can be applied to
3-D visual feedback systems without restriction to the ground
vehicle. Thus, the proposed method which is connected the
visual motion observer-based stabilizing receding horizon
control and the obstacle avoidance navigation function-based
path planner without additional sensors allows us to extend
technological application area. The main contribution of this
paper is to provide that the path planner which can achieve
obstacle avoidance during the servoing is designed for the
visual feedback receding horizon control based on optimal
control theory.

Remark 2: In our passivity-based visual feedback con-
trol approach, the image Jacobian-like matrix J(-) of the
pinhole camera model is exactly the same form as that of
the panoramic camera model [19]. Therefore, the proposed
approach can be applied to 3-D eye-to-hand visual feedback
systems with a panoramic camera using the image Jacobian-
like matrix J(-) in [19].
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Remark 3: Our previous work has proposed the stabiliz-
ing receding horizon control for visual feedback systems with
the manipulator dynamics [9]. In a similar way, our proposed
approach can be applied to robot systems which have to be
controlled with a small sampling period.

V. SIMULATION RESULTS

In this section, we present simulation results for the visual
feedback control with the path planner via the obstacle
avoidance navigation function, compared with the constant
desired relative pose proposed in [9].

Firstly, we present some results for stability analysis with
the static target object and the two static obstacles. The
simulation is carried out with the initial condition py, =
[~1.697 0.859 1.214]T m, &0y, = [7/12 — w/12 w/3]T
rad. The final desired relative pose is proa, = [0 0.3 0]7
m, §0hoa, = [0 0 0]7 rad. The other conditions are set
as Peo = [0.3 2 —2]T m, €0, = [0 0 07 rad, poy, =
[-0.2 0.9 —2.75]7 m, €0, = [0 0 0]7 rad, p; = 0.5
m, peb, = [0.75 1.4 — 2.25]7 m, €0, = [0 0 0] rad,
p2 = 0.5 m. To solve the real time optimization problem,
the software C/GMRES [20] is utilized. The control input
with the receding horizon control is updated every 10 ms. It
must be calculated by the receding horizon controller within
that period. The horizon was selected as 7" = 0.01 s.

The simulation results for the static obstacles are presented
in Figs. 3 and 4 and Table I. Fig. 3 shows the actual
pose control error e, which is the error vector between the
current relative pose gp,(t) and the final desired one g4 e
The asymptotic stability can be confirmed by steady state
performance in Fig. 3.

Fig. 4 presents the trajectory of the position of the mobile
robot p,n. In Fig. 4, the spheres and the cube show the
static obstacles and target object, respectively. The solid (red)
lines denote the trajectory applying the proposed stabilizing
receding horizon control with the path planner, and the
dashed (blue) lines denote those with the constant desired
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TABLE I
VALUES OF THE COST FUNCTION.
Control Scheme cost

Feedback Control without Optimization 0.557

Receding Horizon Control (7" = 0.01 s) 0.409

Receding Horizon Control (I = 0.1 s) 0.180

Receding Horizon Control (I" =1 s) 0.057

value. The trajectory should be designed that the mobile
robot moves toward the cube avoiding the spheres. From
Fig. 4, it is concluded that the proposed method can make the
mobile robot avoid all obstacles. Although the convergence
to the desired values is also achieved in the case of the
previous method [9] in the simulation, it corresponds to
fail in the actual experiment since the mobile robot hits the
obstacles.

Subsequently, the performance for the stabilizing receding
horizon control is compared in terms of the integral cost in
Table I. The cost is calculated by the following function:

8
Costz/o l(x(7),u(r))dr.

Since the cost of the stabilizing receding horizon method
is smaller than the previous method without optimal control
theory [8] under conditions of the adequate cost function,
it can be easily verified that the control performance is
improved. In addition, the cost is reduced as the horizon
length increases from 7' = 0.01 to T' = 1.

Next, we perform the simulation with the moving obstacle.
Although one of the assumptions of Theorem 2, i.e., Vuljbi =
0, is not satisfied in the case of the moving obstacle, we
also validate the effectiveness of the proposed method from
a practical point of view. The condition of the obstacle 2
changes to pep, = [0.75 1.4 — 0.05¢t — 2.25]7 m from the
aforementioned one. The simulation results for the moving
obstacle are presented in Fig. 5. From Fig. 5, the path planner
generates the reference trajectory avoiding the obstacle and
the mobile robot follows the generated trajectory. This result
leads to the consideration that the proposed control scheme
would be useful in the case of the moving obstacle.

(48)

VI. CONCLUSIONS

This paper proposes stabilizing receding horizon control
via an obstacle avoidance navigation function for 3-D eye-

to-hand visual feedback systems, which are highly nonlinear
and relatively fast systems. The main contribution of this pa-
per is to show that the path planner which can avoid obstacles
during servoing is designed for the visual feedback receding
horizon control based on optimal control theory. Simulation
results are presented to verify the control performance with
obstacle avoidance of the proposed control scheme.
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