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Abstract: The work presented in this paper fits into the realm of robotics and computer
vision. The problem we seek to solve is the accomplishment of robotics tasks by using visual
information provided by a particular sensor, mounted on a robot end effector. This sensor
consists of two laser stripes fixed rigidly to a camera, projecting light planar on the scene.

First, we explain the approaches employed in robot control, using information provided by a
vision sensor. More specifically, we explain the visual servoing approach, which corresponds to
the one we have developed. Then, we express the modelling of visual information from a scene
consisting of spherical objects, by using several representations in the image. This modelling
permits us to establish a relation between the variations of visual information and camera
velocities. Finally, both in simulation and in our experimental cell, results are presented. They
concern the positioning task with respect to a sphere, and show the robustness and the stability
of the control scheme.
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Asservissement visuel en robotique a partir d’un
capteur caméra/laser

Résumé : Le travail présenté dans cet article s’integre dans le theme de la robotique et de
la vision par ordinateur. Le probleme que nous cherchons a résoudre est 'accomplissement de
taches robotiques a partir d’informations visuelles fournies par un capteur particulier, monté
sur 'effecteur d’un robot. Ce capteur est constitué de deux faisceaux laser couplés rigidement
a une caméra, projetant des plans de lumiere sur la scene. En premier lieu, nous décrivons
les approches utilisées dans la commande des robots a partir d’informations fournies par un
capteur de vision, notamment ’approche asservissement visuel qui correspond a celle que nous
avons utilisée. Ensuite, nous abordons la modélisation des informations visuelles pour une
scene constituée d’objets sphériques, en utilisant plusieurs représentations dans I'image. Cette
modélisation nous permet d’établir une relation entre les variations d’une information visuelle
et les mouvements de la caméra. Enfin, nous présentons les résultats obtenus, soit en simulation,
soit sur notre site expérimental. Ils concernent la tache de positionnement par rapport a une
sphere, et montrent la robustesse et la stabilité de la commande.

Mots-clé : asservissement visuel, couplage caméra/laser, fonction de tache, objets sphériques
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1 Introduction

Nowadays, the vision sensor (camera) is more and more essential in order to resolve complex
problems of the environment perception. Its miniaturization and recent image processing deve-
lopments have allowed, first, the mounting of the visual sensor on the end effector of a robot,
and secondly, the integration of visual information in a robot control loop.

These developments have permitted the realization of many more robotics tasks such as
target tracking and obstacle avoidance. The first work concerning the use of visual information
in robot control was conducted by Sanderson and Weiss [17], [21]. It presents two separate
approaches. The first approach, commonly called “Look and Mowve”, is synthetized in terms of
regulation of the end effector situation [2], [3], [20]. Thus, in this approach, an interpretation step
of the end effector situation is necessary. This step is usually obtained with some inaccuracies,
depending on the visual sensor geometry, environment and robot models. Moreover, the search
for the end effector situation is time consuming and may affect the system’s overall behaviour.

The second approach, which removes the drawbacks of the previous approach, controls the
end effector of a robot using visual information. This control scheme corresponds to the one we
developed and is called “visual servoing”.

This paper is organized as follows: Section 2 describes the visual servoing approach and
gives an overview of different aspects employed in robot control using information provided by
a vision sensor. In the case of the camera-laser sensor, we express in Section 3 the modelling of
the visual information obtained from a sphere, by using several representations in the image.
We present results obtained in simulations and in our experimental cell in Section 4, in order
to prove the robustness and the stability of the control scheme.

2 Visual Servoing Approach

2.1 Task Function

In this approach, the control is directly specified in terms of regulation in the image. One can
notice that this approach has the advantage of avoiding the intermediary step of the estimation
of the 3D situation r of the workpiece with respect to the end effector.

For a given robotics task, a target image is built, corresponding to the desired position of the
end effector with regard to the workpiece (see Figure 1). Then, a control scheme is developed
directly based on image errors between the current image and the target image [4], [7].

It may be shown that all visual servoing tasks can be expressed as a regulation to zero of a
function ey(r,t), called vision-based task function [16]. So, the use of a vision sensor allows us
to build up such a task function which will be used in visual servoing. It is expressed by the
following relation [16]:

err,t) = Cls(r,t) — s7] (1)

where

e s* is considered as a reference target image to be reached in the image frame.

e s(r,t) is the value of visual features currently observed by the camera. These features
depend on the situation between the sensor and the scene (noted r).
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4 D. Khadraoui, G. Motyl, P. Martinet, J. Gallice, F. Chaumette

Control Camera
motion
Vision
C(Look”

Figure 1: Visual servoing

e (' is a constant matrix, which takes into account more visual features than the number
of robot degrees of freedom.

For a given task, the problem consists of choosing relevant visual features to achieve the
task, and then constructing the constant matrix C. This matrix requires the establishment of
the interaction matrix related to the chosen visual features. The choice of matrix C will be
discussed later.

2.2 Interaction Matrix

We formalize the problem in terms of sensor-based-control [6] applied to visual servoing. The
visual data, provided by the wrist-mounted sensory apparatus, is modelled as a set of elementary
signals s associated to the 2D geometric primitives in the image corresponding to the projection
of the 3D primitives in the scene. The interaction between the sensor and the scene is described
by a coupling matriz LT which links the behaviour of the signal to the sensor and/or object
motion:

s=17¢ (2)

[

where
e 5 is the time variation of s.
e ¢ isthe object velocity with respect to the sensor, with ¢ = (T, Q) = (T, T, T., 2,, 2, 0)T.

° Lg, called interaction matriz, links the variations of s and camera velocities. It perfectly
expresses the interaction between the robot and its environment.

The first work concerning the modelling of visual information was developed by Feddema
[9], [10]; it concerns the modelling of points and permits to control four degrees of freedom of
a robot (three translations and one rotation).

Next, Espiau et al. modelled a set of low level geometrical primitives such as points, lines,
circles, cylinders and spheres in the case of passive vision [4], [7]. Our work consists in the mo-
delling of visual information by using a sensor called “active” in the sense that it is constituted
by a camera and two laser stripes.

Irisa
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2.3 Redundancy Tasks

Each vision-based task can be conveyed as the regulation to zero of a function e;(r,?), defined
by (1) which depends on the manipulator robot position and on the object motion [16]. This
motion is parametrizable by the time variable ¢.

Now, we define the construction of a global task function e(r, ) given e;(r,t). Indeed, when
only some degrees of freedom are used in a vision-based task, it may be interesting to use the
other degrees of freedom in a secondary task. Generally, the realization of a secondary goal is
expressed as a minimization of a cost function hs(r,?) under the constraint that the main task
is achieved, i.e g (r,t) = 0.

If we consider a main task ¢;(r,#) of dimension m and a secondary task g7 = %, the deter-
mination of degrees of freedom which are left free by the main task requires the computation
of the kernel of the matrix J; = 88%}. In practice, this is equivalent to the knowledge of a m x n
full rank matrix W (where n is the number of robot degrees of freedom) such that :

Ker(W) = Ker(Jy) (3)
Once such matrix is known, a possible global task function may be found [15], [16]:
e=Whe + (L, - WHW)g, (4)

where W is the pseudo-inverse of W and (I, — W*W) an orthogonal projection operator
which projects g7 in the kernel of J;.
In the visual servoing case, the global task function can be expressed by:

e=WHC[s(r,t) — '] + (L — WHW)g,] (5)
Since the interaction matrix is defined by Lg = %, we can write:
%)
So=S=ort (6)
Jar z

and we can easily show from (3) that W can be chosen such that:

Ker(W) = Ker(LT) (7)

provided C satisfies C LT of full rank.

2.4 Control Law and Stability

A basic control law consists of trying to obtain the task error e(r,t) so that it approximately
behaves like a first-order decoupled system [7]. Therefore, we can express:

c=—Ae (8)

with A > 0. Then, knowing that e(r,?) depends both on the manipulator robot position and
the object motion, we can write:

Jde Jde
':_—C _— 9
é a£€+at (9)
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where &, is the camera velocity. Hence, £, should ideally be of the form:

where (g—f) and g—f have to be determined.

It can be shown [7] that a sufficient condition for exponential convergence is given by:
CLIWT >0 (11)

This relation allows us to choose the control matrix C' from W and LT. For that, we use the
pseudo inverse of the interaction matrix related to s*. This choice corresponds to:

C=WILZ, (12)
where Lﬁis* is the value of the interaction matrix at a location corresponding to the desired
feature s = s*. The positivity condition (11) is then satisfied in the neighbourhood of s = s*
since the product WWT is positive. Moreover, it can be shown that this choice of C allows us
to consider in (10) % =1,

Furthermore, since W is constant, and by using the visual task function (4), we have:

Jde Jde 89T
=Wt (1, - W)= 13
a1 prl T (13)

Vector 88%1 represents the contribution of a possible autonomous target motion and is gene-

rally unknown [7]. Consequently, if the object is motionless (aaitl = 0), the control law (10) can
finally be written:
TN
with e = WHYW LI . [s(r,t) — s*] + (I, — WHW)gl

This simple control law only requires the tuning of gain A, which depends on the rate of the
control law and the robot dynamic (in our case A = 0.1).

2.5 Coupling a Camera and Laser Stripe

The use of a laser stripes allows us to reduce illumination problems. A camera alone detects
more information about the image than necessary, and therefore the computing time of the
image processing task is high because of the complexity of the scene. Laser stripes removes this
drawback because only the information given by the laser stripes projection onto the scene is
detected by the visual sensor.

Laser stripes in robotics have been widely used in real-time tracking of moving objects [19],
and also in many applications allowing the recognition and interpretation of a workpiece surface
[1]. The particular aim of these applications was to search for the three dimensional information
of the visualized objects. In our applications, we use two laser stripes rigidly attached to the
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camera, which is fixed to a robot manipulator. Each stripe projects a light planar onto the
scene, which is static. We do not search for the three dimensional information and we mainly
use visual information provided by the laser stripe projection onto the scene.

Moreover, the observed visual features are very straightforward to detect and depends only
on the object geometry. The features are limited to points of discontinuity or lines in a poly-
hedral scene case [11], [12], [18]. Therefore, image processing is significantly reduced, hence a
saving of time which furthers the dynamics of the system.

The only constraint imposed by the laser stripe is to know the position of the laser plane
with respect to the camera frame. This can be obtained using classical calibration technique
[11]. Knowing the laser plane parameters and also the geometry of the scene objects, we can
model visual information from the image. After the modelling of interaction matrices, we can
build the control scheme given by (14) allowing to accomplish a visual servoing.

We now present a general method for the modelling of these interaction matrices. Let
us consider an elementary visual signal s provided by this sensor. This camera-laser feature
characterizes usual geometrical properties of the scene in the image. It is defined as the function
s = f(p(r)) which depends on the configuration of the considered primitives, represented by
the parameters p. These parameters p depend on the position r between the sensor and the
primitive. So, the time variation of s can be obtained as:

(15)

I+
I
[~

S
I$D|I“§>

where
e 5 represents the time variation of s in the image,
e i is nothing but ¢, the object velocity with respect to the sensor ({ =1 = 5£).

We then have the interaction matrix Lg expressed by:

0 s 0
T=2=2L (16)

= Or dp Or

The computation of g—i is generally trivial and we will see in the next section how to compute
dp B
a_z-
e Remark: If we choose a new representation of the considered primitive, parametered by
the function ¢ = ¢(p), which depends on the initial parameters p, we can express ¢ as

follows: p
. q .
= —= 17
1= 5p 2 (17)
and then the corresponding interaction matrix is given by:
0s 0q 0
[T = ek (18)
£ Jdqdpar
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In the past [18], this method has been used to compute interaction matrices related to
polyhedral scenes. In that case, visual features only consist of points of discontinuity or lines.
But, this method is more general since it can be applied for any geometrical primitive. In the
next section, we present the case of a spherical scene by using several representations in the
image.

3 Modelling Visual Features Obtained from a Sphere

In order to model visual features obtained from a spherical scene, it is necessary to select the
ones which can be used in the control scheme. Then, we have to compute the related interaction
matrix.

The sphere (see Figure 2) is represented by its centre m, = (7o yo 20)? and its radius r, i.e:

(z —20)* + (y —y0)* + (2 — 20)" —r* =0 (19)
Camera Sphere projection Ellipse given
Ay by the |aser

Laser X ! P stripe
| aser Visualized image | |
plane — X

\

\WD/ Sphere

Camera-laser coupling Image plane

Figure 2: Camera-laser coupling with a sphere

Each laser stripe rigidly attached to the camera is characterized by a plane equation:
ar +by +cz+d=10 (20)

Considering a pinhole camera with unit focal length, a point z(z,y, z)T in 3D space projects
into X = (X Y 1)T on the image frame with:

X =

IS SN

z (21)

By using (21) into (20) and (19), we can express the ellipse equation giving the projection in
the image of the intersection between the sphere and the laser plane (see Figure 2). Obviously,
the camera only detects the portion of the ellipse corresponding to the sphere top side. The
equation of this ellipse is given by [4]:

Irisa
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(X, A) = X2+ A Y2 4 24, XY + 243X +24,Y + A = Owith { f - g,y) PR
e 1, - 5 £15
where
Ay [0*(25 + y5 + x5 — r?) + 2bdyo + d?]/ Ao
Ay = [ab(z3 +y3 + 23 — r*) + adyo + bdxe]/ Ao
Az = [ac(z3 + yi + 23 — r?) + adzo + cdxg| /Ao (23)
Ay = [be(23 + y3 + 23 —r?) + bdzo + cdyo]/ Ao
As = [A(25 +ys + ad —r?) + 2edzo + d?]/ Ao
and Ay = aQ(Zg + yg + :1;(2) — 7“2) + 2adzy + d* #0

3.1 A, Parameters

In this case, we have s = (A4, ..., A5) and p = (a,b, ¢, d, xo, yo, 20, 7). In order to establish, the
interaction matrix related to these parameters, we have to compute the time variation of A
which can be expressed as follows:

9Adp

A== (24)

In our conditions, we have ¢ = b=c=d=r1= 0, since the laser plane is rigidly attached
to the camera and the sphere keeps its shape. p can thus be restricted to p = mgy = (0, yo, 20).

We have my = —1 — Q A m, which allows us to easily compute %. We obtain :
-1 0 0 0 —z
) o Yo
a—]i 0o -1 0 % 0 —a (25)

0 0 —1 —y a0 0
Moreover, we have from (23):

21)21'0 — OéAl 2[)2?}0 + 2bd — 2G2y0A1 2[)220 — 2@220A1
2abxg 4 bd — oAy 2abyy + ad — 2a*yy A,y 2abzy — 2a%z0 A,

5= A 2acxg + cd — aAs 2acyy — 2a*ypAs 2aczy + ad — 2a*z9As (26)
P 0 2bcry — a Ay 2bcyy + cd — 2a*yo Ay 2bezo + bd — 2a* 20 A4
2¢% 1y — aAs 2c2yy — 2a’yg As 2¢% 20 + 2¢d — 24?29 As

with o = 2a?xo + 2ad.

We finally obtain L£ by the product of matrices 8—;—) and ==:

PI n~° 898



10 D. Khadraoui, G. Motyl, P. Martinet, J. Gallice, F. Chaumette

20%x0—2A1a%x0—2A 1 ad 2bd 4 2b%yo—2 A1 a%yo 220(b*—A1a?)
—2Aa*29—2A%ad + 2abxg + bd  a(d + 2byo—2Aayo) 2az0(b—Aza)

L£ = _Aio —2Asa’20—2Asad + 2acxg + cd 2ayo(c—Asza) a(d + 2cz9—2Asazp)
2bcxg—2A4a%x0—2Aad cd—2A4a%yo + 2bcyo  bd + 2bczg—2A4a% 2
2c%20—2A5a%0—2Asad 2yo(c?— Asa?) 2¢d + 2¢%29—2A5a% 2
—2bdz —2Aqadz 2d(Arayo + bxo)

—adzy dzo(b—2A3a) —d(byo—2Azay0—azy)

adyg —d(24sazp + axg—czp) —dyo(c—2Aza) (27)
d(byo—czp) —d(2A4azp + bzg) d(czo + 2A4ay0)

2cdyg —2d(Asazg + cxg) 2 Asadyg

Knowing equation of the ellipse , we can compute other interaction matrices by using other
representations in the image. One method uses the inertia moments of the ellipse, another one
searches for points of discontinuity from the intersection of the ellipse given by the projection
of the sphere in the image and the ellipse given by the intersection of the laser stripe and the
sphere.

3.2 Inertia Moment

The parameters of the ellipse can be expressed from inertia moments m;; = YxepXyep XY/
with ¢ + 7 < 3. Inertia moments can be easily extracted from a digitized image.

From the equation (22), the natural representation of the ellipse fixing the centre coordinates
(X, Y.), the lengths of axis (A, B) and the orientation (£) allows us to write:

(X - X+ BEY -Y))* (Y -Y.— E(X-X,))
(11 B2 + B+ E7)

—1=0 (28)

with the following relations [4]:

Xo = (A1As — AyAy) /(A2 — Ay)
Yo = (Ag— AxAs)/(A] — Ay)
E = (A —1£ /(A —1)2 +443)/24, (29)

A% = 2(X2 424XV, + AY2 — A /(14 Ay £ /(A — 1)? +443)
B = 2(X? 424, XY, + A Y2 — A5)/(1+ Ay F /(A — 1) +443)

Knowing the parameters given by (29), the inertial moments are defined by:

mog = TwAB; mio=7ABX.; mqg = tABY.
TAB(A* 4+ B*E?*)/4(1 + E?*)+ nABX?
mi TABE(A* — BY))/4(1 + E*) + TABX.Y.
moz = wAB(A?E*+ B*))/4(1 + E*)+ 7ABY?

1720 (30)

Irisa
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Then, we choose as new representation of the ellipse, the parameters = (X, Y2, p20, pt11, foz2)
with [4]:

X. = m10/77”600

Y. = m01/m00

H20 = 4(m20 — moon)/moo = (A2 + B2E2)/(1 + EQ) (31)
i1 = Amar — moeoX.Y.)/meo = E(A* — B?)/(1 + E?)

toz = 4(moz — meoY?)/moo = (A*E? + B?)/(1 + E?)

From this set of parameters and the equation (29), we can find the relation between para-
meters g = (X., Yo, pa0, fi11, flo2) and A = (A; ... As), and we obtain:

Xc — (A1A3 - A2A4)/A

Y., = (A4— AyA5)/A

g = —AK/A (32)
g = —AK/A

poy = —K/A

with  A=A2— Ajand K = X2+ 24, X0 Yo + A4V — As

We can now construct the interaction matrix related to s = p. From (18), we have:

7 o A

“ 7 0A or (33)

where % is nothing but the interaction matrix L£ given in (27) and 2—% can easily be determined

from (31).
Using the following relation:

A = ,Moz/,uzo

Ay = Mn/ﬂzo

Az = —(Xepzo + Yepnn)/ pao (34)
Ay = —(Yopor + Yopn)/ p20

As = [ﬂ%l — M20fo2 T Xf,ugo + 2u11 XY, + ,Mozycz]/ﬂzo

we finally obtain the interaction matrix L;‘f = (Lx., Ly,, LMO,LMH,LMO,Z)T, expressed with re-
presentation p [11]:

PI n~° 898



12 D. Khadraoui, G. Motyl, P. Martinet, J. Gallice, F. Chaumette

Ly =-t2] (2axof1 + pozda + dX . F1) (2ayofr — pr1da + dY.01)
(202081 + dp) d(priczo + f1A1)
d(pozezo — P1Az) d(ayy + B1As3) ]
Li = —&2] (2a9f2 — prda + dX.52) (2ay082 + pooda + dY,32)
(202032 + d32) d(BaA1 — paoeezo)
d(—p11azg — faAa) d(arya + Ba)s) ]

Lzzo = -2 2paoa(axo + Xed) + fo(foro — p11d))  2(p20a(ayo + Yed) + B2(B2y0 + p20d))

2(paoa(azg +d) + B320) 2d(pagady — Bapaozo) (35)
—2d(ptz0a A + Papr1120) 2d(paparAs + y2/02) ]
Ll =52 [(2ua(aze + Xod) [(2u110(ayo + Yed)
=201 Baxo + d(p1101 — to2/32))] =201 Bayo + d(p11 82 — p2061))]
(2una(azg + d) — 281 Baz0) d(2p1ed1 + zo(p2061 — p1162))
—d(2ui1ady — z0(p1151 — po252)) d(2p110X3 — Boyr — Biv2) ]

Lgoz = -2 2posa(axs + Xed) + f1(Prao + po2d))  2(poza(ayo + Yed) + B1(Bryo — pi1d))
2(pore(azo + d) + fizo) 2d(poaad + Brp120)
—2d(proa0x s — po2f1 z0) 2d(pro2ads +v101) ]

K = Ao(/ﬁl_ﬂmmo)

= aX,.+bY.
ﬂl = GIMOQ - ,ullb ?\{1 = ZO ——Ii—/ZO —I_ ‘
with B2 i bpizo — p11a and Ay = w9 — )chO
Y1 = —H11T0 — Ho2Yo A3 = Y.rg — X.yo
Yo = 20T + H11Yo

Let us remark that all these results were computed using MAPLE [5].

3.3 Point of Discontinuity Primitive

In order to elaborate the interaction matrix related to the point of discontinuity primitive, it
is necessary to determine the expression of two ellipses:

o the ellipse given by the projection into the image of the intersection between the sphere
and the laser plane (22);

o the ellipse given by the sphere projection onto the image.

This second ellipse (a circle if the sphere is centered in the image) can be represented in a
similar way to the first one:

Fo(X,B) = X* 4+ B1Y? +2B,XY +2B3X +2B4Y + Bs = 0with {

I [~
|
=
=
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where [11]:

B, = [r*—a3-22]/Bo

By = [zoyo]/Bo

B3 = [l’oZo]/Bo (37)

By = [yoz0]/Bo

Bs = [r* =25 —y3]/Bo

and Bozrz—yg—zg

Theoretically, and knowing these two expressions of the ellipse, we have two points of dis-
continuity X, = (X, Y.) which correspond to their intersections. Then we can determine the
interaction matrix related to each point of discontinuity. We compute the time variation of the

expression F1(X, A) and Fy(X, B). We have:

. ok, . ok, -
E = X, +—A=0 38
1 aie—e —I_ aA — ( )
. oF; oF; .

We thus obtain a linear system with Xe, Y, as unknowns. The resolution of this system
gives the interaction matrix Lg of the point of discontinuity, knowing:

e the expressions A; given by (23), A, given by (27), B; given by (37) and B; obtained in a
similar manner to the interaction matrix of the parameters A;. These expressions depend
on 3D scene parameters and the sphere velocity (T, Q) with respect to the sensor.

o the coordinates X., Y, of the point of discontinuity extracted after each image acquisition.

After some simplifications, the interaction matrix can be expressed by:

PIn~

) X,
() - (10
where
Li = -+ MNB(aof 4+ dX.) + M(Yeas —a1)  AaB(yoB + dYe) + Aa(—Xeas — az)
2208 + d) + A(Xear + Yeasy) az(Agy — dBA2)
—a1(Agy — dBA2) —az(Agy — dBA2) ]
(41)
L = =% =Mp(zof +dXe) — As(Yeas — 1) —MB(yof + dYe) — As(—Xeas — az)
—MB(208 + d) — A3(Xeay + Yeaz) az(A1fd — vy A3)
—ay(A1fd — v A3) —az(A1fd — 7A3) ]
ap = Xezo— 7o A= Bo(X. + BY. + Bs)
oy = Yezo— Yo Ay = Bo(BiY. + B2 X. + By)
with a3 = }/61'0 — XeyO and )\3 = Ao(Xe + Azi/e + Ag)
B = Xa+Y.b+c A = Ag(AY. + A X, + Ay)
~ = }/eyO —|— Xel'o —|— 20 [X’ = 2()\1)\4 — )\3)\2)
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4 Results

The chosen task consists of positioning the camera with respect to a sphere in such way that
the projection in the image gives a centered circle (zg = yo = 0, z9 = z*). The experimentations
have been performed with a sphere of radius 3em, the desired distance z*, between camera and
object, being fixed to 30cm. We use the different parametrizations presented in the previous
section i.e., the A; parameters, the inertia moments parameters and the points of discontinuity
parameters obtained by the intersection of the sphere ellipsis and the laser plane ellipsis [11].
First of all, we briefly present the experimental cell built in our laboratory.

4.1 Hardware System Organization

For visual servoing applications, both the image analysis and the robot control must be per-
formed continuously, in real-time, and with only modest computing hardware. To meet the
practical constraints of cost and real-time implementation, we have built a laboratory experi-
mental cell based on the following considerations.

o The flow of data through the system has to be organized to minimize delays and storage.
Therefore, we opted for an integrated robot-vision control architecture.

e Sensor-motor cooperation : In order to ensure the stability of the control, the system
has to be sampled at an adequate rate. The results computed by the image processing
algorithm have to be furnished at a fixed rate to the robot controller (the results must
be consistent with the given input image). Moreover, the processing time must be consis-
tent with the sampling period of the robot controller. For visual servoing tasks, based on
practical considerations (acquisition time of an image, processing power of current avai-
lable computers and hardware versus amount of processing real-time experiments), we
suggest a minimal rate of 10 images per second. This means that visual analysis has to be
flow-through, avoiding iterative loops, with storage of parameters of visual informations.

The functional elements of our system consists of a robot control and vision processing modules
(see Figure 3). They take place concurrently in an integrated robot and vision controller orga-
nized around the VME bus using a multi-processor architecture. In order to master the timing
of the processing, we use the VERSADOS operating system, a multi-tasking and multi-process
real-time operating system which controls the timing and sharing of the various vision proces-
sing and control tasks. The different tasks communicate with each other by interruptions under
the supervision of a master controller. For visual servoing purposes, only a limited number of
image features have to be detected and extracted at video rate. As we know the information
to extract, the pre-processing stage (processing on the data flow) seems to be the best level for
hardware implementation. Finally, we note that the sensor is positioned on the last body of a
robot with five degrees of freedom.
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l} VME BUS {L
ACQUISITION PROCESSING
HOST
MODULE MODULE
CAMERA
MAXBUS control
MAXBUS data flow
MONITOR

Figure 3: Image processing module

4.2 Results Using the A; Parameters

We first realize the positioning task using the A; parameters. Both laser planes have been

calibrated in order to produce two orthogonal ellipse centered in the image at the desired
position. These particular configurations simplify the relations defined in Section 3. We first

have:
an = 0
Laser 1: b # 0
cn = 1
dll — _(22* _ r2*)/2*

With two laser stripes,

+

a2
bi

2

diz

0
0
Laser 2: ] (42)

_(22* _ r2*)/2*

we can choose s = (All A21 A31 A41 A51 A12 A22 A32 A42 A52) where

A;; 1s the parameter A; corresponding to the ellipse 7. At a desired position, we can compute

s* using (23):

st = (Aﬁ A;l A:*al Az*u A;l ATz Agz A:*az Az*lz Agz)

with:
Al = [6121(2* - rz) + dlzl]/Aél
A3 =0
AL, =0
Ajll = [611011(2* — T2) —|— blldIIZ*]/Agl
Az = [0121(2* - TZ) + 2endpz” + dlzl]/Aél
Agy = df

PI n~° 898

ATz = dlzz/Aéz

A§2 =0

ALy = ancp(z* — 7“2) + apdipz*] /A,
Ap =0

Az, [0122(2* - TZ) + 2cppdppz™ + d?z]/Aéz
Agy = alzz(Z* - rz) + d122
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The interaction matrix related to s = s* is obtained from (27):

0 2bidy 263z —2bydy 2" 0

0
Agl Agl Agl N
bidy 0 0 0 bydyz* 0
Agy Al
¥
yih 0 0 0 ey 0
01 01
d b1(2c12%+dy —c1dy2*
0 141 11 0 0
Agl Agl Agl
0 0 2ei(c1z"+d1) 0 0 0
T A*
LT =
|s=s* —24%,azdy 0 —24%,a32* 0 “24had
Aga A* A%,
0 a2d2 0 —a2d22* 0 0
Ag2 ASQ
—dp(2A3,a2—¢2) —ag(—2co2* —da+2A%,a22%) 0 —doz* (24%,a2—0c2) 0
45, ’ i, - 3,
€242 —CodoZ
0 43, 0 43, 0 0
—2A%,a2d> 0 2c§z*+202d2—2A§2a§z* 0 —2A%,azdp2* 0
Aga Ag, AT
(43)

In this case, the rank of L|S s+ 1s 3. It means that 3 camera degrees of freedom, correctly
chosen using the form of the interaction matrix, are sufficient to achieve this task. Indeed the
kernel of this matrix is given by :

—2* 0 0
0 =z 0
0 0 0
- T B
K er(L|§:§*) = 0 Lo (44)
1 0 0
0 0 1

To perform this task, we have used the camera translational velocities T, T, and T’.. In that
case, the corresponding interaction matrix is composed of the first three columns of the general
form given in (43) and the matrix W can be chosen as I5 (proving the condition (7)). So, the
global task function (5) is given by :

e=WHWLLE (s(r) = s7) = L. (s(r) — 57) (45)

Let us note that, because of the particular configuration of Lﬁzs*, 2, could be used instead
of V,, and Q, instead of V. o

We present simulation results on the Figure 4, with noises corresponding to errors in the
geometric model of the robot and to the ellipsis parameter extraction error owing to the image
processing (2% white noise on the image coordinates and on the camera location).

The different windows show (see Figure 4):

e (a): the target image (configuration of the ellipse in the target image);
.

): the initial image observed by the camera before the visual servoing;

(b
e (¢): the behaviour of each component of the control vector during the visual servoing
(translational velocity T, T',, T',);
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e (d): the evolution of the error :

s = s1;

e (e): the behaviour of each point of discontinuity during the task.

Simulation results with noise

(a)

Final position

(©)

Velocities
— Vix:  -0.0284 <V < 26002
— Vty: -4.9516 <V < 0.0696
-— Vtz:  -211727 <V < 00498

Iterations

e 100

(b)

Initial position

(d)

Errors
— err: 00421 <E< 575112

Tterations

100

Figure 4: Use of the A; parameters in the control law

We can observe in Figure 4 that the convergence to the desired image target is correctly
performed. The stability and the robustness of the control scheme have been proved in several
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simulation conditions. Note that the noise introduced on the measurements and on the robot
locations brings little perturbation to the system.

4.3 Results Using the Inertia Moments

We can realize the same positioning task from parameters given by the inertia moments. We
can choose s = (Xop, Yoi, 0201 1111, 100215 Xegs Yous 2055 11,5 f02, ), Where index ¢ corresponds to
the ellipse given by the laser plane z.

At the equilibrium position, and using (31), we can compute
§* :(X* Y* M;olvﬂT117M6217X* Y*7M§027M7{127M622) Wlth

c1? Tc1? 277 C2

X; =0 X; =0
Vo= =
pro, = rO/(bhET 42 =) and ¢ g, = /(27 =) (46)
Il'[/‘fll = 0 ,U‘f12 — 0
Iugzl — r2*/(22* _ r2*) ﬂ622 — r2*/(al2222* + 22* _ r2*)
By using (35), the expression of the interaction matrix related to s = s* can be easily
obtained:
1 0 0 0 Z 0
“501 _ n2z—a) . “501 ="
0 gy, 6 a2“§21 augy, 0 0
0 2#5015 _2[@01(2*—0)-!-522*] _2@01 Bz 0 0
O‘“&l a2“§21 O‘“&l
-2 0 0 0 ~=
0 0 —2E2) 0 0 0
Ly =~ | = BMCES) ozt 47
B 0 e 0 = (47)
“502 o _ u§02 az®
A0M§22 0 A0M§02 0
0 0 _QM 0 0 0
AOM§02
ol aply, V2>
0 AOM§22 0 AOM§22 0 0
[1ds, (=) ++%2*] x
oy _ 2 ayz
290 0 2 0 22 0
a = (2% —r?)/z*
— *
with s = le’ufol
v 12H20,
Age = ah(z —r?) +a?

This matrix has the same kernel, given by (44), than using the A; parameters. In this case,
we have used camera velocity vectors 17, ), and 2, to accomplish the task. The expression of
the corresponding task function and control law can be obtained in a similar manner as stated
previously.

Figure 5 presents simulation results in the presence of noise.
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PI n~° 898

Simulation results with noise

Vix: V=0
Vty: V=0
-- Vtz: -4.3885 <V < 0.0069

vz V=

Tterations|

Y200

— Vrx: -0.0005<V < 0.0016
— Vry: 00001 <V < 00010

Tterations|
200

—err: 00011<E< 02122

Iterations|

! 200

Figure 5: Use of the inertia moments in the control law
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4.4 Results Using the Points of Discontinuity

The same positioning task has been realized in our experimental cell by using points of discon-
tinuity of the ellipse. Moreover, we use a five degrees of freedom manipulator which does not
provide the rotation €,.

Using two laser stripes to perform this task, we have s = (X1, Y1,..., X4, Ys), where the
first two points belong to the laser plane 1 (a; = 0) and the last two points belong to the laser
plane 2 (b2 = 0). At the equilibrium position, the sphere is still centered in the image, thus
s = (X7,0,—X*,0,0,Y*,0,—-Y™") with X* =Y*=r/y22 —r2

The rank of the interaction matrix, related to s = s*, is again 3. The matrix is obtained
from (41):

2 0 —X*z* 0 22 0
_X*K 2% 42 _ X*Kz*
2[)11 0 2[)11 0 2bll 0
2 0 Xz 0 22 0
X*K 2% 452 X*Kz*
LT _ _i 261 0 261 0 2bp 0 (48)
ls=s* = ¢ 0 YK 2P YRR 0 0
2ao 2ao 2aq2
0 2 —Y*z* —*2 0 0
Y*K 2242 YFKZ*
0 2(112 2(112 2(112 0 0
0 2 Y*z* —*? 0 0

with K = 2% — 42

In this application, the processing applied to the image consists of a simple direct threshol-
ding which allows to keep only the information corresponding to the over light area due to the
laser stripe projection onto the scene. Then it is easy to extract the points of discontinuity of
the ellipse.

Results obtained in our experimental cell using the 3 translational degrees of freedom are
shown in Figure 6. They show the stability and the exponential convergence of the control
law. The convergency to the desired configuration of the target in the image is performed.
These experimental results and those obtained in simulation, with other parameters, possess
approximately the same behaviour.

Finally, we present experimental results of the same positioning task with a secondary task
which consists in a rotation 2, independent of the visual servoing. In order to achieve this
secondary task, it is necessary to choose the matrix W according to the condition Ker(W) =
Ker(Llj;:S*). Intuitively, it seems difficult to define this matrix W from the expression of the in-
teraction matrix. That is why we express this matrix from different rows of L%;:S*. For instance,
W, which has to be a 3 x 6 matrix of full rank 3, may be chosen as: o

2 0 — X" 0 2*2 0
1 X*K 25242 X*K2*
W = = T2y 0 2byy 0 T2 0 (49)
K
0 _Y*K 2F24e? VRRF 0 0
2arp 2arp 2arp

Irisa



Visual Servoing in Robotics Scheme Using a Camera/Laser-Stripe Sensor 21

Experimental results

— Vix: -0.0346<V < 1.0968
— Vity: -0.0416 <V < 1.0251
-- Vitz: -3.6605 <V < 0.0266

|
v

— err: 00000 <E < 763.0000

Iterations|
' 200

Figure 6: Use of points of discontinuity
Then, the global task function e can be expressed as:
e=W*C(s—s") + (I — WHW)g, (50)

where W is the pseudo inverse of W, ¢ = WLLT | and

|s=s*

z 0 0 0 —2 0
0 2z 0 zx 0 0
1 0 0 0 0 0 O
_ + - -
(Is — WTW) (22 + 1) 0O =z 0 1 0 0 (51)
-z 0 0 0 1 0
0 0 0 0 0 1

The secondary task, which corresponds to the rotation of the camera around y axis at a
constant velocity w, comes down to minimize the following secondary cost h,:

he = 5 50,(1) = 0,(0) — 1)’ (5

where 6,(0) is the initial orientation y of the camera, 6,(¢) is the current value and 3 is a
positive scalar weight.
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We can compute:

0 0
0 . 0
oh 0 dg 0
T _ s _ =5 —
s = or 0 ’ t 0 (53)
B(0,(t) — 0,(0) — wt) —pw
0 0
Therefore, we can determine the control law applied to the camera:
—z"(0,(t) — 6,(0) — wt) —2"w
0 0
YE: 0 s 0
c= —AWTCO(s — 5%) — ——F—— R ——— 54
f (§ 2 ) (22* + 1) 0 + (22*_|_ 1) 0 ( )
(0y (1) = 0,(0) — wt) w
0 0

Thus, we choose 3 = (2** + 1) in order that the rotational velocity around y axis has the
desired value w when ¢ = 0. We can note that the secondary task involves the desired rotational
velocity w around y axis but also implies a translational velocity along x axis. This translational
motion compensates the rotational motion in order that the camera turns around the sphere
without any variation in the image. Experimental results of this task are presented in Figure 7.
The amplitude w of the rotational motion has been fixed to 1 degree/s and A = 0.1. The
algorithm is decomposed as follows:

e positioning until the desired situation for 100 iterations,
e rotational motion €2, for 100 iterations,
e opposite rotational motion €, for 200 iterations, e.t.c.

We can see from Figure 7 that the camera moves in order that the desired visual data
is reached in the image after the first 100 iterations. Additionally, the visual data remains
unchanged during the secondary task accomplishment (the error remains around zero).

We can also remark that whatever the used parametrization type, simulation and experiment
be, the results have approximately the same behaviour.

5 Conclusion

In some applications, the passive vision may turn out to be restrictive due to the difficulty of
extracting “useful” information of the image. That is why a particular sensor, constituted by
the coupling of a camera and laser stripe, was chosen. Indeed, with such a sensor, the image
processing is significantly reduced, and moreover the primitives in the image are relatively
straightforward.

Irisa



Visual Servoing in Robotics Scheme Using a Camera/Laser-Stripe Sensor

Experimental results

— Vix: -0.1760 <V < 0.7058
— Vity: -06868 <V < 10739
--Vtz: -3.6964<V < 0.1803

m “"‘“‘”’\ "’“1 Tterations
S

4 ‘ 900

Vry; V=0
— Vrx| -1.829]1 <V < 1.8223
Vrz| V=0

Tterations|

900

— err: 00000 <E < 796.0000

Iterations|
! 900

Figure 7: Use of points of discontinuity (with a secondary task)
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In this paper, we have presented a general method for modelling visual features using this
useful sensor, and applied this method to a spherical scene case. This modelling establishes a
relation between the variation of visual information and the various motions of the sensor. Then,
we integrated these works under the task function approach which allows the achievement of
positioning robotics tasks with good robustness and stability conditions. Finally, in simulation
and in our experimental cell, results were presented for the positioning task with respect to a
sphere.

We have demonstrated the various advantages of a camera-laser coupling. Nevertheless,
this sensor has some constraints. This coupling involves some restrictions in the laser stripe
projection onto the scene. It is necessary to choose the most favourable situation of the laser
stripe in order to achieve a robotics task in conditions of best stability. Moreover, a calibration
step is essential in order to compute each parameter of a laser plane. This calibration step is
necessary in order to compute the desired position to be reached in the image (this could also
be done by a learning approach) but, as shown in [8], calibration parameters are not sensitive
for the stability, robustness and convergence of the visual servoing.

In these approaches, the sampling rate of the robot closed loop control is directly given
by the image processing time. Hence, for this reason, an original vision system (WINDIS:
WINdow DIStributor) based on a modular and parallel architecture concept is developed [14].
This permits us to design control applications based on vision with real-time capabilities.
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