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Abstract

This paper describes an attractive application of the
so-called “visual servoing” approach to robot position-
ing with respect to an object and to target tracking.

After having briefly recalled how the task function
approach may be applied to tasks which include the
use of visual features, we give a simplified control ex-
pression which explicitly takes into account the case
of moving objects. Estimating the target velocity
while performing the tracking control finally leads to
a kind of adaptative control scheme. We then con-
sider the specific case of a “square” target and derive
all the components of the control scheme. Finally, we
present some experimental results performed at the
video rate in an experimental system composed of a
camera mounted on the end effector of a six d.o.f.
robot.

1 Introduction

Recent advances in vision sensor technology and vi-
sion processing now allow the effective use of vision
data in the control loop of a robot. The main benefits
are the followings. Concerning robotics applications,
this enables to handle uncertainties and/or variations
of the environment (for example, to compensate for
small positioning errors, to grasp objects moving on
a conveyor belt,...). Concerning vision aspects, it is
then possible to control the camera motion in order to
improve recognition, localization or inspection of the
camera environment.

We can distinguish two different approaches in vi-
sion based control [11]: the first one is based on a 3D
position servoing, the second one on a visual feature
servoing:

e The Look and Move approach: the task con-
sists in positioning of the camera to a desired position
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7*, which signifies desired location and attitude be-
tween the camera and a frame linked to the environ-
ment (see Figure 1). At each iteration of the control
loop, an estimate # of the actual position has to be
achieved from the vision data. This scheme works in
open loop with respect to vision data and can not take
into account sudden or large variations of the environ-
ment, inaccuracies and uncertainties occuring during
the processing. Furthermore, such an approach needs
to perfectly identify all the 3D models (sensor geome-
try, environment and robot models).

Figure 1: Look and Move

e The visual servoing approach: in this ap-
proach, the task is directly specified in terms of regu-
lation in the image (see Figure 2). This requires the
design of a set s of visual features which are sufficient
and relevant for the completion of the task. Thus, a
closed loop can be really performed from vision data,
which allows to compensate for the perturbations us-
ing a robust control scheme. The work described in
this paper deals with such an approach.

Figure 2: Visual servoing

2 General framework

2.1 The task function approach

For a given task, let us recall that we have to choose
in visual servoing a set s of visual features suited for



achieving the task. Then, we can define a task function
vector e (7(t)) such that:

e (7)) = C (s (7F(¥)) - 57) 1)

where

- §* can be considered as a reference image target
to be reached in the image frame,

- s (F(t)) is the value of the visual features currently
observed by the camera, which only depends on
the position between the camera and the scene,

- C is a constant matrix which allows, for robust-
ness issues, to take into account more visual fea-
tures than necessary, and which will be fixed af-
terwards.

e Remark: The task function approach is a very
general one which allows to perform classical robotics
tasks as well as sensor based tasks [8]. A general ap-
proach of the control problem is presented in [9].

When stating the control problem as an output reg-
ulation problem, it appears that the concerned task is
perfectly achieved if e (7(t)) = 0. We may emphasize
robustness issues with respect to model uncertainties
by expressing this regulation problem as the problem
of minimizing ||e (7(t))||. Although all the theory was
developped in a dynamical framework [9], [3], with true
joint torque control, we here assume for simplicity that
the velocity T, of the camera may be considered as a
“control” vector. Furthermore, let us consider in a
first step that the objects of the scene are motionless.
We thus may choose the following control law:

T. = =X e (7(t)) (@)

with A > 0. Indeed, we have:

é:%Tc:

-acLt
ar €

(3)
where LT = %% is called the interaction matrix asso-
ciated to s and is similar to a jacobian (§ = LTT).
An exponential convergence will thus be ensured un-
der the sufficient condition:

crt >0 (4)

in the sense that a nxn matrix A4 is positive if T Az >
0 for any nonzero z € R™.

A good and simple way to satisfy this convergence
condition in the neighbourhood of the desired position
is to choose for the matrix C the generalized inverse
of the interaction matrix associated to s*:

+
c=1L",, (5)
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o Remark: As we can see on that last equation, it
is necessary to know a model of the interaction matrix
of visual features for using them in visual servoing. In
[10] and [6], an experimental learning approach is pro-
posed. It is also often possible to explicitly compute
this matrix: the results for points and segments are
given in [4] and [5], for lines in [7]. In [2] and [3], a
general method for computing the interaction matrix
of any visual features defined upon geometrical primi-
tives is proposed and explicit results are given for the
parameters describing the projection in the image of
circles, spheres and cylinders.

2.2 Case of a mobile object

Let us now consider that the primitives constituting
the scene move with a velocity T, with respect to the
camera frame. We now have:

. Oe
6=

de

Tor Tt ot ©)

The control law (2) leads in this case to a tracking
error, the size of which decreases with A. For sup-
pressing this tracking error, we may introduce in the

control law a model %‘f of 2¢ and we finally obtain:

ot
5\ %
e e
T.=-de—|— ]| — 7
¢ (8F> ot U
% is obviously chosen as CL]7;=5-' % may also be

estimated on-line and re-injected in (7). This leads to
an adaptative control scheme of indirect type. For ex-
ample, when taking a model with constant velocity, it
is possible to show that an adequate estimation scheme
is simply:
de
— =pu(t)e 8
5 = k(@ (8)
e Remark: Taking u (t) = y and considering the

(%)
9t ) 411
de

e a (2) <o
+ pep wi EY =
k 0

at
(9)

discrete time case, is given at the iteration

k + 1 by:

5
ot
k+1

As we can see on that last equation, the estimation
algorithm takes effect as a simple integrator.



Furthermore, since we are provided with an estimate
of —g%, we can obtain an estimate T, of the object ve-
locity through:

+ Oe

T, = -(CLf,-,) 1 (10)

|s=s*
Indeed, we have é = CLT T, + % =CLT (T, - T,).

o Remark: If the matrix CLTKS. is not of full rank,
an estimation of the components of the object velocity
which belong to the null space Ker (CLITJ:S.) is impos-
sible. Indeed, if s = s*, such motion does not modify
the value in the image of the visual features used in e.

3 Application to a positioning
task

Let us suppose that it is wished to set the camera with
respect to a plane object which may be characterized
by four points defining a square. Adequate visual fea-
tures for this positioning task are the image coordi-
nates of the four points: s = (X, -+, X4, Y1, -+, Ya).

Let us consider a camera as a perspective projection
model (see Figure 3). Without loss of generality, the
focal length is assumed to be equal to 1, such that
any point m with coordinates (z yz) is projected on
the image plane as a point M with coordinates (X Y')
where:

X=z/z,Y =y/z (11)

Figure 3: Model of the camera

If the goal position is such that the image plane is
parallel to the object plane with the four image points
forming a centred square, the image feature is obtained
using (11): s* = (—a,a,a,—a,a,a,—a, —a) where a =
[/2z*, | being the vertex length and z* the final wished
range.

As we have seen in the previous section, we need
to compute the interaction matrix associated to s*.
By differentiating (11), we can derive the well known
equation relating optical flow measurement to 3D
structure and camera motion:

X\_(-1Y= 0 X/z XY -1-X* Y\_,
Y/ \ 0 -1/z Y/z 1+Y* -XY -X)°°

(12)

The interaction matrix LT associated to s* is thus
immediately obtained through (12):

L 0 —a/z* —d® ~I a

L 0 afz" a® -l a

L 0 a/z® —a® -l -—a
T L 0 —a/z* a? -l -a .
Ljs=se = 0 L a;z‘ I a® a (13)

0 4L afz* I, —a® —a

0 l] —a/z‘ 12 (l2 —a

0 &L -—a/z" L -a’ a

with §) = —1/2z* and Iy = 1 4 a®. Since LT_,. is of
full rank, it is possible to compute its pseudo inverse
C such that CLT_,. =1Ts:

[55] c1 (4] (4] —C2 Cc2 —C2 c2

—C2 €2 —C2 c2 c1 c1 €1 €1

—C3 C3 Cc3 -—C3 Cc3 [o%] —C3 —C3

C =

—C4 Cq —C4 Cs 0 0 0 0

0 0 0 0 Cq —C4 Cq4 —Ca

Cs Cg —C; —Cs Cy —Cs —Cs Cs

(14)

with{ 1= —2*/4, ca = 2" (1 + a?)/4a*
! c3=2"/8a, ca=1/4a®, ¢5 = 1/8a

At this step, the control law given by (7) in order
to perform the positioning task over a square is com-
pleted.

e Remark: If the length of square vertex is un-
known, it is not possible to set the final range 2* from
camera to objet. Positioning at an unknown range is
however possible by setting the desired square length
in the image, 2a, and taking as coefficients of C:

c1=—1/4, ¢3 = (1 + a?)/4d? (15)
cs=c5=1/8a, cqg = 1/4a®

Indeed, the convergence condition (4) is ensured for
s=s":

(CLT)jgzse = < ]Iaéz' ]12 ) >0 (16)

4 Experimental results

4.1 Description

This task has been implemented on an experimental
testbed including a CCD camera mounted on the end
effector of a six d.o.f. robot (Figure 4).

A camera calibration step allowing to obtain the
model of Figure 3 was done, and the transformation
matrix from the camera frame to a frame linked to
the end effector was identified using methods given in
[1]. This allows the desired velocity T. of the cam-
era to be transformed in a desired joint velocity vector



Figure 4: Experimental cell

g. using the inverse jacobian matrix of the robot J-!
(¢e = J~1 T¢). The computation of J~! is realized on
a 68020-based dedicated board with a sampling rate
of 5 ms. The useful part of the scene is a set of four
white coplanar disks on a dark background. Owing to
this simplicity, mass centres of image disks and veloc-
ity screw T, are computed in less than 20 ms, which
ensures that the video rate is respected.

4.2 Positioning with respect to a mo-
tionless square

Figure 5 shows an image sequence taken during a po-
sitioning task. The dimensions of the square are as-
sumed to be known (a = 3 cm) and z* is set equal to
25 cm. The used value of A is 0.1 and, since the object
is motionless, we have p = 0. The plottings of the
time variation of the components, in pixels, of s — s*
(on the left) and T, in cm/s and dg/s, (on the right)
show the stability and the convergence of the control
law.

Of course, we can specify an other position to be
reached between the camera and the square. For in-
stance, we can choose to position the camera to 20 cm
of the object with an attitude of 45 degrees. We then
have:

1 0 0 0

_l o v2/2 V22 0
M=1, —2/2 V2/2 0.2 (17)

0 0 0 1

where M is the desired homogeneous transformation
matrix between the camera frame and the object
frame. Since the dimensions of the square are known,
it is possible to compute the coordinates of the points
to be reached in the image, the pseudo inverse C of
the interaction matrix L‘Ts‘m., and to apply the control
law (7). The results are given on Figure 6, structured
as previously.
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Figure 5: Positioning with respect to a square
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4.3 Following the square and estimat-
ing its velocity

From this position, the object moves with a constant
velocity Vi of 0.4 cm/s in the direction described Fig-
ure 7, then stops and moves in the opposite direction
with a constant velocity V5 of 1.7 cm/s. Since we know
the transformation matrix between the camera frame
and the object frame, we can easily obtain (see Fig-
ure 8a) the time variation of the components of the
object velocity T, expressed in the camera frame.

O

O

\%

) Yy,
Figure 7: Motion of the square (in the object frame)

When no estimation scheme of 2¢ (ie. p = 0) is
used, we logically observe, on the left plot of Figure 8b
which represents the time variation of s—s*, a tracking
error, constant for a constant velocity of the object,
increasing with the motion size and which disappears
after some iterations when the object stops. The time
variation of the camera velocity (on the right plot)
approximatively looks like the object velocity.

If we now introduce the estimation of 2¢ given by (9)
with ¢ = 0.1, we observe on Figure 8d structured as
previously, that the tracking error is almost zero for
a constant velocity of the object. Owing to the effect
of the estimator, an overshoot occurs during the sharp
variations of motion of the object.

Finally, let us remark that, since we have CL|7;=S. =

Is, the estimated velocity i of the object is simply
given by (see (10)):

- &

°T ot

(18)

which is plotted on the Figure 8c and which we can
compare with the real one given on the Figure 8a. Let
us emphasize that none assumption on the direction
or on the norm of the object velocity has been done.

5 Concluding remarks and
future issues

As we try to show in this paper, visual servoing ap-
proach seems to be an original and powerful way for
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solving some ”classical” problems in robotics and 3D
vision: positioning of a robot with respect to the en-
vironment, tracking a 3D moving object, 3D motion
estimation and so on. Characterizing this approach
can be made in terms of robustness and generality. It
may then be shown that some ill-conditionned prob-
lems becomes well-posed. In recent papers, [3], [2], we
proposed a general way to compute the interaction ma-
trix (which is the central point of the approach) from
any 3D geometric primitives which can be expressed
as a parametric equation. The knowledge of this in-
teraction matrix embedded in a general robot control
formalism, the task function approach [9], allows to de-
rive a robust closed loop control scheme for realizing
positioning tasks with respect to static 3D objects. In
this paper, the previous approach was extended in the
case of moving objects by introducing an estimation
scheme which allows to take into account the velocity
of the object. A simple estimation scheme was tested
given good results which are discussed in the paper.
As a secondary but important result, we showed that
such an approach provides with an estimate of the in-
stantaneous velocity of the object.

From this approach, several issues remain to be in-
vestigated: firstly, the accuracy of the object velocity
estimate might be improved by taking into account
positioning and tracking errors explicitly. Secondly,
we have to consider the case corresponding to an ini-
tal position of the camera far from the desired one at
the beginning of the tracking. Finally, a natural exten-
sion will be to revisit the siructure and motion problem
from this new point of view and to embed it in a more
general scheme based on an active vision approach.
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