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Visual Servoing of a Wheeled Mobile Robot with the Obstacle Avoidance based on
the Nonlinear Optimization using the Modified Cost Function
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Abstract — The fundamental research for the mobile robot navigation using the numerical optimization method is
presented. We propose an image-based visual servo navigation algorithm for a wheeled mobile robot utilizing a ceiling
mounted camera. For the image-based visual servoing, we define the composite image Jacobian which represents the
relationship between the speed of wheels of a mobile robot and the robot’'s overall speed in the image plane. The
rotational speed of wheels of a mobile robot can be directly related to the overall speed of a mobile robot in the image
plane using the composite image Jacobian. We define the mobile robot navigation problem as an unconstrained
optimization problem to minimize the cost function with the image error between the goal position and the position of a
mobile robot. In order to avoid the obstacle, the modified cost function is proposed which is composed of the image error
between the position of a mobile robot and the goal position and the distance between the position of a mobile robot and
the position of the obstacle. The performance was evaluated using the simulation.
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1. Introduction

Recently, research in navigation of mobile robots has
been dramatically increased in various environments as
the demand increases for service robots. For the accurate
navigation, the accurate localization is needed. However, it
is difficult to obtain the accurate position of mobile robots
in various environments. In order to overcome this

localization problem, many approaches has been
researched such as sensor-based localization, indoor GPS,
the intelligent space, the vision system, etc. A ceiling
mounted camera system is the one of the efficient
solutions which can be used to determine the position
and the orientation of mobile robots. In addition, mobile
robots can be also controlled using visual information
from the ceiling mounted camera system.

Visual feedback control is generally referred to as
visual servoing which is the control method using visual
information. The image-based visual servoing is visual
feedback control to use the image error directly to control
the robot in the image plane with the image Jacobian. A
algorithms for robotic

number of visual servoing

manipulators have been proposed [11[2]. Piepmeier et al.
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in [2] demonstrated the target tracking and obstacle
avoidance of a robot manipulator for uncalibrated visual
servoing. For visual servoing of mobile robots, many
researchers have been focused on on-board camera
[3-10]. Zhang et al. in [7] proposed a visual motion
planning algorithm which can make motion plans directly
in the image plane. For eye-to-hand configuration, some
research in navigation of a mobile robot in the image
plane has been proposed [11-13]. Dixon et al. in [13]
proposed an asymptotic pose tracking controller which is
developed for a wheeled mobile robot with an
uncalibrated ceiling mounted camera system. For the
visual servo navigation of a mobile robot with obstacle
avoidance, the architecture for the navigation of a mobile
robot with the obstacle avoidance was proposed by
Defoort et al. in [8]. Han and Lee in [10] proposed the
navigation algorithm of a mobile robot using circular path
planning algorithm.

In this paper, we are focused on the image-based
visual servo navigation with obstacle avoidance using the
modified cost function of the numerical optimization
method. We define the mobile robot navigation problem
as an unconstrained optimization problem to minimize the
image error between the goal position and the position of
a mobile robot in the image plane [12]. Nonlinear least
squares algorithm has been adopted for solving this
unconstrained optimization problem. In order to avoid the
obstacle, the combined cost function is proposed which is



composed of the image error between the position of a
mobile robot and the goal position and the distance
between the position of a mobile robot and the position of
- the obstacle.

The paper is organized as follows. In section 2, the
kinematic model of a mobile robot is presented.
Perspective transformation is also addressed for the task
space {o the image plane, The image-based visual servo
navigation with the obstacle avoidance is presented using
nonlinear least squares optimization method with the
modified cost function in section 3. In order to evaluate
the proposed visual servoing, some simulation results are
shown in Section 4. TFinally, brief conclusions are
presented in Section 5.

2. Kinematic Model of a Mobile Robot
2.1 Kinematics of a Mobile Robot in the Task Space

Kinematics is the most basic study about mechanical
behavior of robot system. Relative position of mobile
robots can be estimated using kinematic models.

Kinematics for mobile robots is somewhat different
from robot manipulators. Robot manipulators can be
considered to be more complex than mobile robot in some
way because standard robot manipulators generally have
six or more joints, whereas differential drive robots have
only two wheels. A robot manipulator is fixed to the
environment; therefore the pose of its end effector can be
achieved by the relation between its end effector and its
fixture. However, a mobile robot is not fixed to the
environment; therefore its pose can be achieved in its
environment.

The major difference between a mobile robot and a
robot manipulator is the method of position estimation.
For the case of a robot manipulator, the pose of its end
effector can be measured by the kinematics of the robot
and the position of all intermediate joints. When we know
the position of all joints, the pose of the robot end
effector is always measurable. However, we cannot
directly measure the pose of a mobile robot
instantaneously because a mobile robot can move by
itself in its environment.

The pose of a mobile robot in the global reference
frame can be defined as shown in Fig. 1 as:

932[9”1? Yr GR}T (D

where zp, y, and #; denote the position and orientation
of a mobile robot, respectively.,
The kinematic model of a differential drive robot with

wheel diameter r is shown by using Jacoblan matrix
as[12]{13]:
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Fig. 1 Configuration of robot and camera system
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where g& is the rotating speed of each wheel, gbr and @
and W is the distance between two wheels.
Using the linear and angular velocity of a mobile robot,

the speed of a mobile robot can be acquired as:

. ; cosf, 0
4= Tlaz) - m where T(qg)= |sind, 0 3
01

where Vg and wp are the linear and angular velocity of

a mobile robot, respectively.

2.2 Perspective Transformation for the Task Space to
the Image Plane

The kinematic model in the image plane can be modeled
using the similar manner in the previous section. The
pose of a mobile robot in the image plane as shown in
Fig. 1 can be defined as!

fe=len v 0g ’ (4

where 7., yp, and 5,? denote the position and orientation
of a mobile robot in the image plane, respectively.

The configuration of robot and camera system is shown
in Fig. 1. The camera is fixed on the ceiling and its
image plane is assumed to be parallel to the plane of the
robot workspace. And we assume that the origin and the
axes in the task space correspond to the origin and the
axes in the image plane.

The kinematic model of a mobile robot in the image
plane is shown by using the linear and angular velocity
in the image plane as:
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where 1(f )= sin@R 0 )
0 1

fRz?(fR) :

Vg
We

where v, and w, are the linear and angular velocity of a
mobile robot in the image plane, respectively.

In order to find the position and orientation of a robot
in the image plane, we know the relationship between the
position in the task space and the position in the image
plane. The position of a robot in the image plane can be
acquired using the position of a robot in the task space
by the perspective transformation which projects 3-D

points onto a plane as:

Ty _A k, 0|z
Bt ®

where X is the focal length of the camera and k,, k, are

the conversion parameters (unit: pixel/m) to convert the
unit of the task space to the pixel level in the image
plane.

After taking the time derivative of (6) and substituting

the velocities along the axes in the task space, z, and

Yg, in (3), we obtain the equation as follows:

Ha

where « and 8 are A-k,/h and X -k/h, respectively [6].
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Using (5), the following equation can be acquired as:
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We multiply vzo0s6, by osfz/a and also multiply
ERsinéR by sinfp/a. Then, the following equation can be

obtained as:
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Add rows of the vector in (9), and then we have the

relationship as follows.

vy = %ooséﬁoosﬁﬁ-i—%sinéﬁsinﬂﬁ 512 a0
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In order to relate w, to wp, we use (5) for eliminating

v, and obtain the following equation:
:;R = ;Rtangl? an
After substituting (7), we arrange (11) as:

«a

5 tan@R (12)

tanf, =

We take the time derivative of (12) and we acquire the

equation as:

4, (13)

a
2, R g 2
cos G, B8 cos Op

Using some - manipulation of (13) the equation is

obtained as follows.

0, = %cos203+§sin203 0, (14)

LE R
We can find the Jacobian matrix which represents the
relationship between the linear and angular velocity in the

task space and the linear and angular velocity in the

image space as follows:

vg| .
[‘”R] = g

The final goal of this section is to find the composite

Vg

Wg

(15)

img

J
where —[ ! 0}
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image Jacobian which represents the relationship between
the speed of wheels of a mobile robot and the robot's
overall speed in the image plane. A mobile robot can be
directly controlled in the image plane using the composite
image Jacobian, which is called the image-based visual

servo control.

The composite image Jacobian, J,ER**, can be
acquired as:
Fo=TUn) Jl - T (ag) * i - 0=, + (16)

where T7(qz) is the pseudo inverse matrix of 7{g;) as
THap)= (777 " - 17

The rotational speed of wheels of a mobile robot can be
directly related to the overall speed of a mobile robot in

the image plane using the composite image Jacobian in
(16).



3. Nonlinear Least Squares Optimization for Mobile
Robot Navigation with the Obstacle Avoidance

We define the visual servo navigation with obstacle
avoidance of a mobile robot as the unconstrained
optimization problem to move a mobile robot to a goal
position. In order to avoid the obstacle, the combined cost
function is proposed which is composed of the image
error between the position of a mobile robot and the goal
position and the distance between the position of a mobile
robot and the position of the obstacle. The nonlinear least
squares optimization method with the modified cost
function is used for solving this problem. Fig. 2 shows
the control architecture of the image-based visual servo
control system.

3.1 Modified Cost Function for Visual Servoing with
the Obstacle Avoidance

Considering the eye-to~hand vision system, the camera
can observe the pose of the mobile robot in the image
plane as shown in Fig. 2. In the image plane, the goal
position is virtually represented by f and the pose of the
mobile robot is represented by fplv) as the function of
the robot wheel variables, ¢. The image error between

the goal position and the pose of the mobile robot is
defined as!

elp)=fplol—f (17
In order to avoid the obstacle, the distance function

between the pose of the mobile robot and the position of
the obstacle is also defined as:
dle)=7ple)= 1.1, (18)

where [, is the position of the obstacle in the image

plane.

The control problem which is to move a mobile robot to

a goal position with the obstacle avoidance can be
defined as the minimization of the image error.

In order to minimize the image error between the goal
position and the pose of the mobile robot and avoid the
obstacle concurrently,

we define the combined cost

function as:

1 (/o 7 W
'ECT(QD)B(@)‘F-Q'(UZ;“M ~d,/(<p)d(g0)) if ldlp) Il <d,,,
Ho)=17
¢ lplelp) else
(19)
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Fig. 2 The control - architecture of the proposed
based visual servo control system

image-

where K is a gain factor on the repulsive gradient and
dmax 1s the maximum distance which allows the robot to
ignore the obstacle sufficiently far away from it.

The combined cost function is defined by the square of
the image error and the cost function for the obstacle
avoidance. This cost function is a nonlinear function
because the image feature of a mobile robot is determined
by the complex geometric relationship.

Method Nonlinear Least

3.2 Gauss—-Newton’s for

Squares Optimization

The nonlinear least squares optimization problem for
moving a mobile robot toward a goal position with the

obstacle avoidance can be defined as:

£ (

2 a;

min Fly)= min - (20)

CERT FERT

{%er(cp)e(g@}+ 'dl‘(@d(@)}

which is minimized at the robot joint configuration, ¢,
satisfying the equation, 6E(cp*>/8@a=0. If we assume the
linear model in the neighborhood at ¢, the cost function
can be approximated using the Taylor series expansion

Ho)=Ep)+ VEp) - (p—) (21)

If we assume that the cost function is the second order
differentiable for ¢, the gradient of the approximation

model is shown as!

Bil;):vE(@Hv?w) (p—¢) (22)
H &g M2 2501
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We define the composite image Jacobian of robot,
J“,(QO)Z af y(p)/op, in (16). The cost function can be the
minimizer of the cost function if the gradient of the
approximation model at ¢, is zero. The first and second

order differential terms of the cost function are shown as:

n

VEp) =;( » Ve lp)- Kd, (o) - Vd(¢)) (23)
=J () (elp)— Kdlp))
V2Ep)= E(Vq(s&) - Ve o) +e,(0) - Ve, (p)) (24)

i=

—KZ(vd - Vd ()" +d(p) - Vd,(p))
()TJ(</J +RBp)— K ()T (0)+ R())

where the residual terms derived by (17) and (18) are
Rp)=vV(J,(¢)"el¢) and Re)=V(J, () dlp), respectively.
The iterative form of the joint value to minimize the

cost function becomes:

Pre1 = (Mabat bs)il‘]w(@k)T( ( ) Kd((p)) (25)

These equations contain the Hessian term. For the zero
residual case, these terms can be ignored. Therefore, the
residual terms are set to be zero.

If the norm of the distance function between the robot

and the obstacle is sufficiently large, M,, and Ad(y) in
(25) will be zero by the definition of the combined cost

function in (19).

4. Simulation Results

The proposed methods were applied on a differential
drive mobile robot for the eye-to-hand configuration. The
simulation was performed for the visual servo navigation
with the obstacle avoidance using the proposed algorithm.

A mobile robot is nonholonomic system. Therefore,
performance of navigation is greatly affected by the
orientation data of a mobile robot at the initial position.
Therefore, the simulation was performed for different
orientations at the same position of a mobile robot. An
obstacle is set to be located on the robot path.

The initial position of a mobile robot is (100, 100) and
the goal position is (400, 400) in the image plane. The
gain factor, K is set to be 10 and the maximum distance,
dmax 1s set to be 30 pixels in (19). The sampling time is
100 ms. The steady-state is defined as the state after
achieving [ e(#,) |, <10 pixels.

2502

Fig. 3, Fig. 4 and Fig. 5 present the results of the
visual servo navigation with the obstacle avoidance for
the different initial orientation. The result for the initial
orientation of 0 deg. is shown in Fig. 3. The obstacle is
located at (200, 100) in the image plane. The average
steady-state error norm is 56648 pixels and the
convergence time is 95 sec. In Fig. 4, the result for the
initial orientation of 45 deg. is presented. The obstacle is
located at (200, 200) in the image plane. The average
steady-state error norm is 8309 pixels and the
convergence time is 17.1 sec.
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Fig. 3 The simulation result when the initial orientation is 0°
and the obstacle is located at (200, 100): (a) the
trajectory of a mobile robot, (o) the image error and
(c) the heading direction of a mobile robot
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Fig. 4 The simulation result when the initial orientation is
45° and the obstacle is located at (200, 200): (a) the
trajectory, {b) the image error and (¢} the heading
direction

Finally, the result for the initial orientation of 90 deg.
is presented in Fig. 5. The obstacle is located at (100,
200) in the image plane. The average steady-state error
norm is 5.6648 pixels and the convergence time is 95
sec.

According to the simulation results, the proposed visual
servo navigation algorithm with obstacle avoidance is
feasible for the autonomous navigation. The results show
the suitable performance of navigating toward the goal
and avoiding the obstacle, simultaneously.
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Fig. 5 The simulation result when the initial orientation is
90° and the obstacle is located at (100, 200): (a) the
trajectory, (b) the image error and () the heading
direction

5. Conclusions and Future Works

We proposed a navigation algorithm with the obstacle
avoidance using image-based visual servoing utilizing a
fixed composite
proposed using the kinematic model of a wheeled mobile
Using the
composite image Jacobian, the rotational speed of wheels
of a mobile robot can be directly related to the overall
speed of a mobile robot in the image plane. Nonlinear

camera. The image Jacobian was

robot and the perspective transformation.

least squares algorithm was adopted for solving the
unconstrained optimization problem.
The composite image Jacobian was applied to nonlinear
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least squares algorithm. For avoiding the obstacle, we
proposed the composed cost function for the nonlinear
least squares algorithm. The simulation results showed
the validity of the proposed image-based visual servo
navigation algorithm with the obstacle avoidance.

This research has been performed as the fundamental
research in the general visual servo navigation algorithm
using the numerical optimization. The future work will
include consideration of the nonholonomic constraint and
experimental evaluation using the real robot system and
be also focused on the extension of the general mobile
robot navigation algorithm using the numerical
optimization.
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