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Abstract

A real time visual servoing approach is applied to roboties tasks consisting of the end eflector positioning with
respect Lo o przori known objects. The vision apparatus which is mounted on the wrist of a robot manipulator is
constituted by a COD camera rigidly coupled with laser stripe.

We formalize the problem in terms of sensor based control applied 1o visual servoing. This approach consists
in the maodeling of the interaction hetween the sensor and s eoviromment In this paper, with the camera-light
stripe coupling, we define interaction matrices which correspond to posibioning tasks with respeet to polyhedral
and spherical scenes. ‘T'he feasibility of this approach is demonsirated in simulation and in real experiment corre-
spondhing of one industrial task in automotive industry (polyhedral seene case). Both sionlakion and ex perinental
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results are presented showing the robustuess and stability of the control scheme.

Keywords @ Sensor based control, Visual servoing

1 Introduction

We are interested i the design of control sys
tems which work in closed loop with respect to
visual data provided by the conpling of a eamera
and light stripe moumnted on the end cflector of a
rabot.

One of the main problem in computer vi-
ston, whieh limits its nse in roboties applicalions,
is the prohibitive thoe processing ocenrring for
complex images. Using a camera light stripe as
sensor allows to simplify image processing [2]: in-
deed. only the projection of light siripes on the
alijects of the scene is pereeptible by the camera.
This simplicity allows to obtain visual data at s
rate (in our ease the video rate) consistent witl
the bandwith of the robol controller and to ex
ploit them in a robust control scheme using the
visual servoing approach.

The concept of visual servoiug originates from
efforts lo use wrist-mounted visual sensors to
produce feedback information o close the lonp
of a robotics control scheme. The idea is Lo ex-
tract “televanl” image information which will be
useful to realize the desired task ( wostly a posi-
tioning task), The early applications were hased
on heuristic approaches 11}, |7]. followed by & for-
malization in terms of control theory and a clag
sification of the control strategies [9], [11]. Fs-

pecially, Position-Based and Image- Based Visual
Servoing were defined. While in both sehemes
the system stability relies on visual informalion,
i the former the control is synthesized in terins
of regulation of the end effector position. while in
the latter the control is expressed in terms of reg-
ulation in the immage. The second scheme, which
correspoids o the one we develop, has the ad-
antage of avoiding the intermediary step of the
3D estimation of the workpiece with regasd to Uie
end-effeetor: a targel smage is built, correspond-
ing to the desired position of the end-effeetor
with regard to the workpiece, and a rohotics con-
trol scheme is developed, based directly on image
errors measured between the current image and
the target image [6] [3] [3].

2  Visual Servo Control

We formalize the problem in terms of sen
sor bused control [4] applied to visnal servoing.
The visnal information, provided by the wrisi-
nounted sensory apparatus, is modeled as a set
of elementary signals £ associated to the 2D geo-
metric primitives in the image corresponding to
the prajection of the 3D primitives in the scene,
The interaction between the sensor and the scone
is described by a coupling matrin L] which links
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the behavior of the signal to the sensor and/or
object motion:
s=LT ¢ (1)

5

where

e s is the time variation of s;

e { is the object veloeity with respect to the

sensor;

o LT, called interaction matric related Lo s,

corresponds to the jacobian of s [5].

A robust control scheme based on the task
function approach is then derived [8]. For a given
task, we have to choose a set s of visual features
suited for achieving the task. Then, we can define
a task function vector e(t) such that:

e(t) = C (s(t) - &) (2)

where
- 8 ecan be considered as a reference image

target to be reached in the image frame;

- s(t) 1s the value of the visual [calures cur-
rently observed by the camera;

- C is a constant matrix which allows, for ro-
bustuess 1ssues, to take mto account more
visual features than necessary, and which
will be fixed afterwards.

Wlen stating the control problem as an out-
put regulation problem, it appears that the con
cerned task is perfectly achieved if e(t) = 0. We
may emphasize robustuess issues with respect to
model uncertainties by expressing this regulation
problem as the problem of minimizing ||e(?)|. Al-
though all the theory was developed in a dynam-
ical framework (8] with true joint torque control,
we here assume for simplicity that the velocity £.
of the camera way be cousidered as a “control”
vector. We thus may choose the following control
law:

£e=—pe(t) (3)
with ¢ > 0. Indeed, if the object is motionless,
we have:

é=Ci=CL't=-uCL' ¢ (4)

An exponential convergence will thus be ensured
under the sufficient condition:

CL] >0 (5)

in the sense that a n x n matrix 4 is positive if
zT Az > 0 for any nonzero = € R".

A good and simple way to satisfy this con-
vergence condition in the neighborhood of the
desired position is to choose for the matrix C the
pseudo inverse of the interaction matrix related
to s

C=FE* (6)

le=s"

3 Modeling the Interaction
Matrix

Espian, et al [5] modeled a set of low level geo-
metrical primitives such as points, lines, circles
and spheres in the case of passive vision. In
the present case of a cumera-light stripe appa-
ratus, the additional geometrical constraints in-
troduced by the light stripe-camera coupling ne-
cessitate the modeling of the corresponding in-
teraction matrices. In the past, we have con
structed interaction matrices in a particular con-
figuration between a polyliedral scene and a laser
stripe [10]. Now, we present the modelisation in
a general case for polyhedral and spherical scene.

3.1 Polyhedral scene:

3.1.1 Point Primitive: Intersection of
a Laser Plane with Two Object
Planes

The modeling is mainly based on the use of the
3D plane equations defined by the laser stripes
and the polyhedral objeet surfaces (see Figure 1),

Scene
plaues

wn puinl m=(x y L)T

Figure 1: Iutersection of a laser plane and two
planes

The feature point is defined by the intersec-
tion of three planes:



s The plane I} produced by a laser stripe
rigidly attached to the camera reference
frame:

Po:ax+by+eczt+d=0
(with a® + P +c? = 1) (7)

¢ two scene planes correspouding [or example

to the adjacent sides of a polyhedral object:

Pyji : aiz+by+ciz+d; =0 8)

(witha? + b + ¢ = 1) for i = 1,2

If we only consider the ease where the inter-

section of these three planes results in a point,

the coordinates of the resulting point m =
(x y 2)T are:

m=-A"'B (9)
a b ¢ d
where A= | a; b, ¢ |and B=| 4,
a3 l')g Cz dz

Considering a pinhole camera with unit focal
length, the point m in 3D space projects into
M = (X ¥V 1)¥ on the image frame with:

M=1m=F(a)
with @ = (..., 002) = (a, byeydyay oo dy)
(10)
We are interested in compuling l_f_ From
(10). we immediately obtain:

’ L :'3.-’1'!
M = S
M ?:l B (11)

The coefficients a; which represent the time vari-
ation of the planes induced by a motion of the
ahject, may easily be ohtained (let us note that
a, b, ¢ d are zero since the laser plane is rigidly
attached to the camera frame). Indeed, if we
consider a plane P, @ ar + by + iz +di = 0
(with a? + 6} + ¢f = 1) with wotion £ = (T,9) =
(T, Ty, T:, 2,62, 2. ) where T and Q respec-
tively represent the translational and rotational
components of £, we have:

{ ad + by + i +ax+ by +éz+d =0
o + :'JJ'J‘ + i =0
(12)
withmh — T+ QAm,Vm e I}

Using three points belonging to the plane, we
obtain a linear system, the solving gives:
ay = 80, — by (2,

51 =a; 1), — i,
f‘._l = b1, alS'!J,
d = —(a,T, + 5T, + |\ T.)

(13)
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This procednre is applied to each plane P
belonging to the object.  Replacing equations
(13) in (11) and suunplflying the results nsing
(10), the coupling matrix L}, = (Lx, Ly )" can
be determined: -

M‘=(§)=L§ts (14)

where:

( 7 \
e b!d] by —hldy Jex
T
i3
}?L -X (}f q lT!dlﬂ?ﬁ‘G]d'jl)
1{( Y_t(drb-bld?}) _ (bdg—bydjay
s e A 3

\ (diba=b1da)(bX —u¥) _ yr )

i
i

a{dyap=ayds o T
—(——-—?J—q.

i
“rhr.l;;—:l}rf'g!!'f—l'!lrr
i
ic!rf|n7—-ﬂ|d?!+_all!ﬂ
LT 32
Y= _viv :.-[rf]u;—u]rfz})_{ﬁr.l‘.z—duz]bl
! (l N 4 dyby—01d 3
T2 P ~_ cldybp—b1d,
2+ Y (X i )
!djog—ﬂlrf;]!av—bx! 4 -\r

(15)
a = (¢bay, —cha, t cha,
+bicya — ezbay — byeqa)
- B = (—abyd, + abyd, — bayd,
+bdyas — dbyay + dbyay)
= '—dblb-z . Cd]{.’g + ('dg + b[hdg
Yo = —agsayd + adyay — edyey + ¢y ed;

3.1.2 Other Primitives:

By using two laser stripes, it can be iuteresling Lo
introduce an other point of discontinuity : the in-
tersection point between the two laser planes and
one object plane. With the help of this primitive,
the calculation procedure of the interaction ma-
trix will be identical to the previous case, except
that there is only one object plane in motion into
the scene.

Moreover, with only one laser stripe, we can
use the line primitive produced by the intersec-
tion of the laser plane with an object plane. The
interaction matrix, using for example the line pa-
rameters p and # (X cos 8+ Y sin# — p — 0), may
he obtained in a similar manner.
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3.2 Spherical scene:

We can use the saine approach to perform posi-
tioning tasks ou scenes containing spherical oh-
jects (see Figure 2). First of all, we have to se-
lect the features which will be used in the control
scheme. Then, we have to compute the related
interaction matrix:

The sphere is represented by its center m, =
(2o 9o 2zo)" and its radius r, i.ce: o

(—z0) +(y—w) +(z—2) —r* =0 (16)

¥ Hilipse given
-
e [
luags plans

Figure 2; Camera-laser coupling with a sphere

An ellipse results from the projection in the
image of the interseetion between a sphere and
a plane laser stripe (obviously, the camera only
detects the portion of this ellipse corresponding
to the sphere top side). The equation of this
ellipse is given by :

g X, A= X2+ A4Y?2 +24:XY 4 243X + 24,Y
+45=10

(17)
with { A = (.)L,}]

F i [ DO 45)

where (see [3] for more details):

Ay = PR+ + 2k — r¥) 4 2bdyy + d*)/ Aq
Ag [ab(z2 + yd + 22 — %) + adyo | bdze]/ Ao
Az = [ac(z5 + yd + 28 — ) + adzg + edzo]/Ao
Ay = [be(zd + 9} + 2l — %) + bdzg + edyol/ Ao
A [P(2F + & + 22 — 1) + 2edzo + d*)/Ag
(18)
with Ay = a*(z] + y2 + 22 = r*) + 2adry + d* £ 0

Using, the same approach as previously, we
have:
a4

8
-"1 = Z = l'-ia “’ith oy = [G. b. c, {'!. o, Yo <o, 'F']
i o(l"'

(19)

Inthiscase,é =b=¢=d =+ = 0and my =T+
QA iy which allows to compule the mteraction
matrix ff_‘ =By, T, )T related to A, with :

2!?22'[]'—2:1“]'2;{0"2."” ad
%bd + 2b%yy—2 Ay at yo
220(6‘2 :1] ﬂ2 }
4 s —2bdzg
—2:1| ﬂ.d.?ﬂ
2d( Ayayy + bxg)

{ =240 ro—2Azad + 2abxy | bd

a(d + 2by—2Azay)
2az9(h— Aga)

AO —adzy

ffl’n(b—i’/iga}

\ —d(byo—2A2ayp—axy) /

/ —2A3arg—2Azad + 2acxy + ed
2¢Iyg{l'—-.4:5t'.|)
1T oL a(d + 2ezp—2A3az0)
A3 = 4o adyy
—d(2Azazy + axg—czy)
—dyp(c—2A5u)

(20
2berg—2Asatzg—2Asad \ |
cd 2A4u2yo + 2beyn
1 bd + 2bezg—2A4a% 2
d(byo—cz0)
—d(2A4azy + bdxg)
d{cxg 4+ 2A4ays)

( 2(‘33'0—2;15&31'“—2:15”(1‘
2yo(c?— Asa?)

1 2ed + 2¢*2y—2A5a% 2,
11.0 'Jl"ﬂ‘yu

—2d( Agazg + cxg)

\ 2Asadyo

4 Results and Analysis

4.1 Application: Positioning the
End-Effector Tool Over a Ve-
hicle Battery

The task is to position the camera witl respect to
a battery at a desired distance 2* (= 30cm). such
that object plane and image plane will be paral-
lel and sueh that the battery will be centered in
the image (see Figure 3). In order to perform
this task, we use two laser stripes coupled to the
camera. Both laser planes are calibrated in order



Camera

Laser LASET

Figure 3: The sensory apparatus over a battery

to produce two orthogonal segments centered in
the image at the desired position [10].

The elementary signals which will he nsed to
perform this task are the coordinates of the [our
breakpoints produced by the two laser stripes ;
s—(X; Y1 X, ¥, X3 ¥, X, ¥))T and we have, at
the desired position (see Figure 4), s* = (X* 0 —
X*00Y*0 —Y*)T with X* = L/22* and ¥* =
[/2z* where L and | are respectively the battery
length and width.

The different planes used to compute the in
teraction matrix at the desired position are de-
fined by:

Point 1 and 2:

e laser plane Py @ by e, dy # 0, bt ay =0
(laser plane parallel to X axis)

e object planes:
L M = ].._ h] = U, cp = 0., (h = :EL}'{Q
(left and right planes of the batiery).
2. a,=0,0b=0,¢,=1, d; = z* (top of
the battery)

Point 3 and 4:

o laser plane Py @ ap, ¢, diy # 0, but by =0
(laser plane parallel to Y axis)

e object planes:
L a; — 0, b} = 1. &G = 0, l'.'ll = j:l,fg
(high and low edge of the battery)

2. a;=0,b=0,0;5=1,d;, = z* (top of
the battery)

In this particular configuration, the expres
sion of the mteraction matrix is easily obtained

from (15):
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3

| (4

Figure 4: Image plane parallel to ohject plane,
laser stripes with an orthogonal trace

1/ 0 X/
0 0 —(‘n/(.‘l’*b“}
1iz% D X
LT 0 0 —en /(2 bn)
le=a* 0 0 _6[2/(;'.(112)
0o 1/ -Y* /2
0 —ep /(2 ag)
\ 0 1/z Yt [z
0 (X*+1) 0
0 (X*en)/bn 0
0 (X*+1) 0
0 —(X"en)/by O
(Y7 e )/ap, 0 0 e
—(Y*? ¢ 1) 0 0
(1"’(‘;2)/“;2 0 0
—(Y**+1) 0 0

We can note that this matrix is not of full
rank because of the sixth column of Lf;:_,‘, This

tmplies that the pseado-inverse ¢ = LF:__'.,

used 1 the task function (2), will have its last
row equal to zero. In other terms, the rota-
tional velocity §2. of the camera can not be con-
trolled sinece its value, computed with Lhe control
scheme (3), will always be zero for all values of
Furthermore, the geometry of our 5 d.of. ma-
nipulator doesn’t provide the rotational veloeity
{2, so the experiment will be eonducted in the
case of a 4 d.o.f. to control. The ecoupling matrix
Li{,':”. will therefore be a 8 x 4 matrix and the
combination matrix C its pseudo inverse.
Hereafter we present both simulation and ex
perimental results obtained with the same ini-
tial positioning error in order to be compared.
Let us note that the experiments have been con-
ducted with a fictive battery with reduced di-
mensions (8cem#Bem) to be compatible with the
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focal length of the camera (18mm). The different
windows (see Figure 5) show simnlation results
in presence of noise (2% of white noise on the im-
age coordinates and on the camera location) at
the top and experimental results at the hottom.
More precisely, from left to right, we present:

e the evolution of the light segments as seen
by the canera (the edges of the battery are
not detected by the camera),

¢ the behavior of caclh component of the con-
trol vector £, during the visual servoing,

o the evolution of the error [le(t)].

The convergence to the desired image target
is p(‘rf{)rmed and the belavior of the real system
is extremely close to the one expected by the sim-
ulation. Note that the noise introdnced on the
measurements and on the robot locations ])I‘illgs‘
little perturbation to the system. Experiments
have been conducted on a great number of -
tial configurations and in all cases, in simulation
as well as in the real experiment, the algorithm
converged rapidly.

Let us now consider that the two laser stripes
have some ineline (a;; # 0 and by # 0). The in-
teraction matrix thus becomes of full rank and we
can control the 6 d.o.[. of the camera to perform
the same task. The corresponding simulation re-
sults are presented on the Figure 6.

4.2 Positioning with respect to a
sphere

The task 1s to position the camera with re-
spect to a sphere such that its projection in

the image gives a centered circle (wg = yn —
0,2, = z*). Using again two orthogonal laser
stripes (@ = b = 0), we can choose s =

(An An Ay Ag Asi A Ap Ayn Ap As)
where A,; is the parameter A; correspond-
ing to the ellipse j. At the desired posi-
tion, we can compule s* using (18): & =

(A% A5 Ay AY 45 A7, A, A, AL AS) with:

A7y = [Bh(2* - G f] 1/A6

Ay =0

Ay =0

Ay = [boen(z* — ) + by diy 2*]/ A,

A% = [l (2 = ) + 2endn 2t + a1/ A%
Ap = '{rzt

(22)

2~ 4/ AG,

. '.‘r.:: =0 y
"‘52 = [apep(z* - r? ) + appdppz* | [ AG, (23)
zi:;! — 0 ‘

. [nd [ o* y ‘ " *
Agy = [‘?:2 2" = fz} | 2ep2di22* + d)/ A,
Ay = ap(* - ) + df,
The interaction matrix related to s = s* is
obtained from (20):

2byd
[ 0 A
01
0 0
0 0
1']-11 bi(2e4 3'4-1111
‘4"‘ '461
U 2epfecy =" 4dy
Ai
'f‘ — Knl 24*
L= =] 0 ey
agdy 61
Ada
) —ga{—2caz*—dz+2A%,a22")
Agy
ezdz 0
Aja ) ) )
\ 0 2c3 2™ 4 2cpdy =247, ad2*
Afy
2b32* —2bydyz*
G 2
A3 A3, . 0)
l-|d]] 0 bydyz* 0
As A
ey 0 adz* 0
) A
=cydyz*
0 ans 0 0
0 0 0 0
—2AT;nada 0 — 247 agdy 2 0
Agy o Adz
—agdze
0 St 0 0
—dz(2A%,a2 -(.'2) 0 —dzz"(2A a2 —c2) 0
A% s %
=gt 0 0
—;ZAi'za?n‘z 0 —'.M:.irwd?z' 0
A5, 62
(24)
In this case, the rank of Lf_,m, is 3. To

perforin this task, we have used in the control
scheme the translational veloeities V.. V) and V;
of the camera. We present simulation results on
the Figure 7, with a noise corresponding to the
ellipse parameter error owing to the image pro-
cessing.  Let us note that, because of the par-
Licular configuration of L-ii-—n"* 2, could be used
instead of V, and Q, instead of Yo

5 Concluding Remarks

The nterest of this visual servoing approach is
that the intermediary step of 3D recovery of the
object position and motion, with regard to the
camera location, is suppressed by using directly



image signals as errors to input in a robust con-
trol scheme. Using a camera-light stripe coupling
as sensor in a robotics control scheme enabled the
real time implementation on a low-cost system.

When this specific coupling is projected onto

polyhedral and spherical scenes, we have defined
various interaction matrices. The robustness and
stability of the control scheme has been proved
in several siinulation testing and in a real exper-
iment built in our laboratory.
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Figure 5: Positioniug in front of a hattery using two orthogonal laser stripes

(simulation with noise and experimental results)
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Figure 7: Positioning with respect to a sphere

(simulation with noise)




