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Abstract

The wvisual servoing is very useful for navigating
robots toward goal positions and orientations reliably.
Unfortunately, the existing methods require calibration
of cameras and robots. It is very difficult to calibrate
cameras and robots accurately and reliably. Thus, in
this paper, we propose a method which enables us to
navigate uncalibrated robots to goal positions by using
uncalibrated cameras. In particular, we show that pro-
jective invariants defined by the epipolar geometry can
be exploited for navigating uncalibrated robots toward
goal positions reliably. The proposed method is imple-
mented and tested in real time visual servoing erperi-
ments.

Keywords: visual servoing, uncalibrated cameras, un-
calibrated robots, epipolar geometry, projective invari-
ants.

1. Introduction

The visual servoing is a method for controlling
robots with cameras to arbitrary goal positions by us-
ing the difference between current images and goal im-
ages. It enables us to control robots reliably, even if
the goal positions move during servoing.

The existing visual servoing methods can be divided
into two groups [7], i.e. position based methods [1, 2, 8]
and image based methods [5, 4]. The position based
methods first reconstruct three dimensional configura-
tions of the scene, and then control robots to the goal
positions. These methods can generate the shortest
path to goal positions. However, they require three
dimensional reconstruction of the scene.

The image based methods, on the other hand, ex-
ploit changes in images directly for feedback gains for
controlling robots to goal positions, and thus do not re-
quire three dimensional reconstruction. However, they
cannot use three dimensional configurations of current
and goal positions, and thus they do not generate op-
timum path in general [5]. To cope with this problem,
the epipolar geometry has been used to divide robot

motions into translational and rotational components,
and to control robots to goal directions directly [3].

Unfortunately, these methods require the calibration
of robots and cameras. That is we have to know inter-
nal and external parameters of cameras before servoing
robots. Also we have to know the relationship between
the control values and the three dimensional motions
of robots. However, in general the real robots do not
move as they are calibrated. For example, as shown in
Fig. 1, three basis axes of many robots are not orthog-
onal each other, even if they are calibrated. Thus, the
calibration of robots and cameras is, in general, very
difficult. Recently, it has been shown that by using
the epipolar geometry it is possible to navigate uncal-
ibrated robots from uncalibrated cameras [12]. Unfor-
tunately, the method is limited for controlling mobile
robots which move on a plane.

In this research, we propose a method for navigat-
ing uncalibrated robots with three dimensional trans-
lational motions from uncalibrated cameras. Since un-
calibrated robots with three dimensional motions have
non-orthogonal three basis axes, it is very difficult to
compute the proper ratios of control values for these
three axes for navigating robots to goal positions.

To cope with this problem, we consider two projec-
tive spaces. That is the projective space defined by
control values for robots, and the projective space de-
fined by the epipolar geometry. By extracting the re-
lationship between these two projective spaces, we de-
rive control values for navigating uncalibrated robots
to goal positions.

In section 2, we first set our problem of uncalibrated
visual servoing. We next apply the epipolar geometry
for identifying goal positions in images in section 3.
We next show how the uncalibrated robots can be nav-
igated toward goal positions from uncalibrated image
information in section 4. Finally, we show the results
of some real time visual servoing experiments.

2. Uncalibrated Visual Servoing

In this research, we assume that robots move in the
3D space, but has only three degrees of freedom in
translational motions. Let Xy, X, X35 be the three



translational axes of robots. If the robots are perfectly
calibrated, then these three axes are orthogonal each
other as shown in Fig. 1 a , and we know the relation-
ship between the motions of robots and their control
values. However, if the robots are uncalibrated or not
perfectly calibrated, then these three axes, Xy, Xy, X3
are, as shown in Fig. 1 b | not orthogonal in general,
and the relationship between the robot motions and
control values are unknown. That is, we do not know
the direction of motions and the amount of motions
caused by a unit translational commands. These are
the uncalibrated robots which we assume in this re-
search. The only assumption on robots is that a fixed
amount of control values causes a fixed amount of robot
motions.

The uncalibrated cameras are fixed on uncalibrated
robots. Thus, the relative positions and orientations
between cameras and robots are unknown. Also, the
internal parameters of cameras are unknown.

Under these conditions, we propose a method for
navigating robots toward goal positions reliably from
uncalibrated cameras.

. 1 olar eo etr and Visual Servo

ing

In this section, we describe how to derive useful in-
formation for navigating robots from uncalibrated cam-
eras.

As it is well known, even if the cameras are uncali-
brated, relative positions and orientations between two
views can be extracted from images as the epipolar ge-
ometry [ ]. In this section, we describe how the epipo-
lar geometry can be exploited for navigating robots to-
ward goal positions. To do this, we first review the
epipolar geometry under translational motions.

Let us consider a pair of corresponding points,
[ ], ] ,inimages at two viewpoints,
, . Then, the relationship between these two points

can be described by the following epipolar equation

where, denotes homogeneous coordinates, and
denotes fundamental matrix. The matrix  can be
computed linearly [ ] or non-linearly [13]. It is known
that  can be decomposed into two epipoles, e, e , and
an epipolar homography,  as follow [11]

1 1

2
e ! e e

is the following matrix

1

where,

1

Furthermore, if the camera motions are pure transla-
tions and if the camera internal parameters are un-
changed under camera motions, the matrix  has the
following form

In this case , and thus two epipoles coin-
cide each other. Also, the epipolar homography can
be described by an identity matrix, and its degrees of
freedom is . Thus, epipolar lines in two views also co-
incide each other. This is called the auto epipolar [1 ].
Fig. 2 shows two consecutive images taken before and
after a translational motion, and shows that epipolar
lines and epipoles coincide in these two images.

Since the fundamental matrix has scale ambiguity,
it has, in this case, just two degrees of freedom which
corresponds to the coordinates of a single epipole. This
means that the epipolar geometry can be computed
just from two corresponding points as shown in Fig. 2.
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The epipolar geometry is very important for visual
servoing. Let us consider a goal position, , and a cur-
rent position, , of the camera under visual servoing.
If we compute epipoles, e and e , from images viewed at
these two positions, the epipole, e, in a current image
shows the goal position, , viewed at the current cam-
era position, . Thus, by controlling robots toward the
direction of epipoles, e, we can navigate robots to goal
positions, , from arbitrary positions, , as shown in
Fig. 3.

In general we need at least seven corresponding
points to compute fundamental matrices. However,
since we assume that the robot causes no rotational
motions, we can compute fundamental matrices just
from two corresponding points as shown in section 3.1.
If we have more corresponding points, the epipoles can
be computed more accurately from these points.

. Visual

As shown in section 3, we need to control robots to-
ward the direction of epipoles for navigating robots to
goal positions. However, since the robots are uncali-
brated, we do not know how much control values are
required for each axes, X;, X,, X3, to control robots
toward the direction of epipoles. In this section, we
propose a method for computing control values for each
axes to control uncalibrated robots toward goal direc-
tions.

ontrol o Uncalibrated obots

To solve this problem, we consider projective spaces
defined by control values for robots and epipoles in im-
ages. Let us first consider a three dimensional control

space, , defined by control values, * [ 2 3] ,
for three axes. The single control value, 3, for a
robot motion can be considered as a point in the con-
trol space, If the robot moves to a point, 3

] ,in the real three dimensional space, , by a

control value, 3, then 2 and 3 have the following
relationship

3 3 5
where, denotes a 4 4 affine matrix. This is

because we have assumed that fixed amount of control
values cause fixed amount of robot motions, and hence
the distortion of motions of uncalibrated robots can be
described by three dimensional affine transformations.
If we send control values, 3, so that they are on a
plane, , in the control space, , the robot positions,
3 caused by 3 are also on a plane, , in the real
space, , as shown in Fig. 4. Let 2 be the two di-
mensional coordinates of point 3 on the plane , and
2 be the two dimensional coordinates of point 3 on
the plane Then, the relationship between 2 and
2 can be described by planar affine transformations
as follows

3 3

where, 3 3 denotes a 3 3 matrix for planar affine
transformations. Such control values can be produced,
for example, by choosing a fixed amount of control
value for X3 axis. Thus, if we know the affine ma-
trix, 5 3, then we can compute control values, 2,
for controlling robots to arbitrary positions, 2, on

. However, robots are uncalibrated, and thus matrix

3 3 1s unknown. In the following part of this paper,
weuse for 2and for 2 for simplicity. Also, we
use for 3 3.

If we compute epipolar geometry between two im-
ages taken before and after robot motions, the posi-
tions of cameras after robot motions can be observed
as epipoles, e, in images before robot motions. Since
epipoles, e, are the projection of camera positions,
on plane . the relationship between e and  can be
described by planar projective transformations as fol-
low

e 7

where, denotes equality up to a scale. Thus, if
we know the relationship, , between epipoles, e, on a
image plane, , and camera positions, , on a plane,

, in the real space, we can compute camera positions,

, from epipoles, e. However, we do not know | since
cameras are also uncalibrated.

By substituting into 7, we find that the rela-
tionship between control values, , and epipoles, e,
can be described by planer projective transformations
as follows



where, In the next section, we describe a
method for controlling uncalibrated robots from this
relationship.

For computing control values toward goal positions,
we first send four control values, 1 4,
which are on a plane, , in the control space, , as
shown in Fig. 4. These control values can be gen-
erated by choosing a fixed amount of control values
for one axis, e.g. A3 1. These control values can
be considered as projective bases on a plane, . Let

1 4 be camera positions caused by control
values, 1 4 . Then, 1 4 are
also on a plane, , in the real space, as shown in Fig. 4.

ote, is unknown. If we consider an intersection
point, , between and a line through current and
goal camera positions, , our task is to compute
control values, | for controlling robots to on

Although we cannot compute 1 and
directly, these points can be observed as epipoles, ey,

,e and e inimages. Since the relationship between

and e is described by planar projective transforma-
tions, the invariants, , computed from five points,

1 , , in the control space are equal to the
invariants, , computed from five points, ey e,
e in images as follows

11

Y2 Y1

Y3 Ya

a plane b image plane

Thus, by using , 1 and 11, we can compute
control values, | toward goal positions from epipoles,
e e ., e and their control values, .

In this way, we can control robots toward goal posi-
tions efficiently, even if the robots and cameras are un-
calibrated. The path caused by the proposed method is
theoretically the shortest, since we can control robots
to goal directions directly.

By using the proposed method described above, we
can compute the ratio of control values, , for three
axes, Xy, Xy, X3, for controlling robots to goal direc-
tions. However, since epipoles do not have the infor-
mation on distance, we do not know the magnitude of
control values. Thus, we use the parallax in images as
a measure of distance, and achieve the feedback control
for distance.

If the robots are not at the goal positions, we have
the difference, , between goal and current images
as follows

— 12
1

where, denotes the difference in positions of th
feature points. By using as feedback gain, we can
achieve visual feedback control as follows

1
1 13
where, is a set of control values at time , and
is at time denotes a fixed gain.
. eri ents

We next show the results of some experiments ex-
ploiting the proposed method for navigating a real
robot arm with a camera to goal positions.



a 1lmage at goal position

camera lmages

Amipixel]

40

b robot at goal position

robot motions

12 3 45 6 7 8 9 1011 12
times

As shown in Fig. b, a camera is fixed at the
hand of a robot arm. Both the robot and the camera
are uncalibrated. That is we do not know the relation-
ship between control values and robot motions, and
we do not know internal and external parameters of
the camera. The image si e is 32 24 . The fea-
ture points in images are tracked by simple correlation
trackers. Although the proposed method requires only
two feature points, additional feature points can also
be exploited for computing epipoles more accurately if
they are available.

For controlling the uncalibrated robot from un-
calibrated images, we first send four control values,

1 4 . to the robot, and compute four
epipoles, e 1 4 | from images taken before
and after robot motions. Then we navigate the robot
toward goal positions by extracting epipoles, e , of goal
positions, and computing control values, , toward
e . We continue the navigation until the difference,

, between current and goal images becomes smaller
than a threshold value.

Fig. 5 a shows four control values,

1 4 | given to the robot, and b shows extracted
epipoles, e 1 4 . The black dots in b show
feature points used in this experiments, and white dots
show extracted epipoles. Fig. a and b show the
camera image and the robot at a goal position.

Fig. 7 a, b, ¢ show camera images and robot
motions during visual servoing. The camera images are
shown on the left, and robot motions are shown on the
right. Fig. 7 ¢ shows the results after the proposed
visual servoing. As shown in Fig. and Fig. 7 c , the
robot was navigated to the goal position reliably from
the proposed method.

Fig. 8 shows changes in the difference, , between
the current and goal images under the visual servoing.
We find that converges to  monotonically.

We next show the stability of the proposed method.
We navigated the robot from several different start po-
sitions, and evaluated the uncertainty bound of robot
positions after visual servoing.

Fig. a shows the stability of servoing from min-
imum number of feature points, i.e. two points. The
square dots are start positions of the robot, and white
dot is the goal position. The black dots show robot
positions after visual servoing, and the ellipsoid shows
an uncertainty bound with 3 . It is elongated in the
direction of  axis, since it is the direction of camera
axis and the parallax caused by the motion in this di-
rection is smaller than those in other directions, The
black lines are loci of the robot. As shown in this fig-
ure, the robot was navigated efficiently though almost
the shortest path.

Fig. b shows the results from seven feature
points. From Fig. a and b , we find that the num-
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ber of feature points is important for stability of visual
servoing.

We next evaluated the relationship between start
positions and errors in visual servoing. Fig. 1 a
shows the errors in camera position after visual ser-
voing. The hori ontal axis shows the distance between
start positions and a camera axis at the goal position,
and the vertical axis shows the errors in camera po-
sitions. Fig. 1 b shows the parallax, , at start
positions. As shown in a , the visual servoing is inac-
curate if the start positions are near the axis of camera
at goal positions. This is because if the camera mo-
tion is close to the camera axis, the parallax, , 18
small, and thus small image noises cause large errors
in positioning.

. onclusion

In this paper we proposed a method for navigating
uncalibrated robots to goal positions by using uncali-
brated cameras.

We first showed that goal positions can be identi-
fied reliably by using the properties of auto epipolar,
even if the cameras are uncalibrated. We next showed
that by considering the projective space defined by con-
trol values and epipoles, the control values toward goal
positions can be computed from images, even if the

robots are uncalibrated. The proposed method was im-
plemented and test by navigating an uncalibrated arm
robot with an uncalibrated camera to goal positions in
real time.

The proposed method is very useful for real visual
servoing, since it is, in general, very difficult to cali-
brate robots and cameras accurately.
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