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Generic Decoupled Image-Based Visual Servoing for CameraSbeying
the Unified Projection Model

Omar Tahri, Youcef Mezouar, Frangois Chaumette and PateteC

Abstract—In this paper a generic decoupled imaged-based a vanishing point and the horizon line have been selected.
control scheme for calibrated cameras obeying the unified This choice ensures a good decoupling between translationa
projection model is proposed. The proposed decoupled schem 5 rotationadofs In [9], vanishing points have also been

is based on the surface of object projections onto the unit - . -
sphere. Such features are invariant to rotational motions.This used for a dedicated object (a 3D rectangle), once again to

allows the control of translational motion independently fom ~ Obtain some decoupling properties. For the same object, six
the rotational motion. Finally, the proposed results are véidated  visual features have been designed in [2] to control the six

with experiments using a classical perspective camera as e dofs of a robot arm, following a partitioned approach. In
as a fisheye camera mounted on a @ofsrobot platform. [7], the coordinates of points are expressed in a cylindrica
coordinate system instead of the classical Cartesian ores s
| INTRODUCTION to improve the robot trajectory. In [6], the three coordesat

In image based visual servoing (IBVS), the control of thexf the centroid of an object in a virtual image obtained
camera position is performed by canceling the feature grrothrough a spherical projection have been selected to dontro
in the image [18]. This yields some degree of robustness three dofs of an under-actuated system. In [10], Maheiraj
disturbances as well as to calibration errors. On the otheeal with the selection of the optimal feature to control the
hand, if the initial error between the initial and the dedire camera motion with respect to the depth axis. Tatsambon
positions is large, IBVS may produce erratic behavior sucbt al in [17] proposed a decoupled visual servoing from
as convergence to local minima and an inappropriate camegpheres using a spherical projection model. Despite of the
trajectory due to coupling between the controlidafs [1]. large quantity of results obtained in the last few years, the
Usually, IBVS is considered as a servoing approach suitabihoice of the set of visual features to be used in the control
only for “small” displacements so a basic idea consists afcheme is still an open question in terms of stability anslys
sampling the initial errors in order to ensure that the eator and validity for different kinds of sensor and environment.
each iteration remains small in order to overcome the IBVS The results presented in this paper belong to a series of
problems already mentioned. That is, using a path planningsearch about the use of invariants for decoupled image
step jointly with the servoing one[12][4]. based visual control. More precisely, the invariance prigpe

The main cause of trouble for IBVS is the strong nonef some combinations of image moments computed from
linearities in the relation from the image space to thémage regions or a set of points are used to decouple
workspace which are generally observed in the interactiache degrees of freedom from each-other. For instance, in
matrix. In principle, an exponential decoupled decreagd4], [15], moments allow the use of intuitive geometrical
would be obtained simultaneously on the visual features aridatures, such as the center of gravity or the orientation
on the camera velocity (perfect behavior) if the interattioof an object. By selecting an adequate combination of
matrix was constant, which is unfortunately not the casenoments, it is then possible to determine partitioned syste
To overcome the non-linearity problem, the approximatiowith good decoupling and linearizing properties [15]. For
can be improved by incorporating second order terms (basettance, using such features, the interaction matrix koloc
on the Hessian [8], for instance). Another approach corcorresponding to the translational velocity can be a caonsta
sists of selecting features with good decoupling and linblock diagonal. However, these works only concerned planar
earizing properties. In fact, the choice of feature disectlobjects and conventional perspective cameras. More figcent
influences the closed-loop dynamics in task-space. In [3] new decoupled image-based control scheme from the
features including the distance between two points in thgrojection onto a unit sphere has been proposed in [16].
image plane and the orientation of the line connecting thoShe proposed method is based on polynomials invariant to
two points was proposed. In [18] the relative area of twaeotational motion computed from a set of image points. In
projected surfaces has been proposed as a feature. In [1iB]s paper, we propose a more generic and efficient decoupled

scheme valid when the object is defined by set of points as
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A. Invariants to rotational motion from a projection onto a
sphere
The decoupled control we propose is simply based on the

invariance property of the projection shape of an objeob ont
a sphere under rotational motion. In this way, the following

invariant polynomial to rotations has been proposed in [16]
'l_!i/ X : to control the translationalofs
I = ma200mo20 — M200M002 -I-m%lo + mfm — Mo20M002 + m%n
N ©
where:
Convex mirror/Lens N
) —
m’i,j,k = Zxéh ygh Zsh, (4)
Fig. 1. Unified image formation (on the right), axis conventi(on the h=1

left) (zs, ys, zs) being the coordinates of a 3D point. In our

application, these coordinates are nothing but the coaten

of six features to control the six camera degrees of freedomtat_po'm. prOJﬁgtec:] otnto tht?] unll';.sp?erhe. This '(;‘V""T'anqcf to
is proposed. Finally, in Section IV, experimental resultjOalons IS valld whatever the object shape and oriematio

obtained using conventional camera and a fisheye cam this Paper, the surfz_icA of the object prOJe_ctlon or_lto
mounted on a6 dofs robot are presented to validate ourd sphere will be used instead of the polynomial mentioned
approach above to control the translationdbfs In fact, the surface of

the object projection onto a sphere is nothing but the moment
Il. CAMERA MODEL of order0 that can be computed using the general formula:

Central imaging systems can be modeled using two con- P
secutive projections: spherical then perspective. This- ge Msigo = JSregion Ts¥izsds ®)
metric formulation called thenified modetvas proposed by The surface is a generic descriptor that can be computed
Geyer and Daniilidis in [5]. Consider a virtual unitary Sp#€ from an image region defined by a closed and complex
centered orC;, and the perspective camera centeredn  contour or simply by a polygonal curve. Furthermore, as
The frames attached to the sphere and the perspective cameigii| pe shown, after an adequate transformation, a new
are related by a simple translation-ef along the Z-axis. Let featyre can be obtained from the projection surface sudh tha
A be a 3D point with coordinate¥ = [X'Y Z] in F,,. The  the corresponding interaction matrix is almost constart wi
world point X" is projected on to the image plane at a poinihe depth distribution. In the remainder of this paper, the
with homogeneous coordinatps= Km, whereK is a3x 3 syrface of the triangles built by the combination of threa-no
upper triangular matrix containing the conventional caamercq|iinear points (from a set oW points) will be considered.
intrinsic parameters coupled with mirror intrinsic pardene For planar objects and triangle is of course a planar object,
and it has been shown that the interaction matrix related to the

moment can be obtained by [14]:

m=[c y 1]=| =dm zgm '] O

The matrixK and the parametef can be obtained after
calibration using, for example, the methods proposed i [11where :
In the sequel, the imaging system is assumed to be calibrated
In this case, the inverse projection onto the unit sphere canms,, = A(Bmit2 .k — (i + 1)m; j1)+

I—Jmsw,yk:(Tnsvm Ms,, Ms,, Ms,, Ms,, mswz) (6)

be obtained by: B(Bmiq1 1,k — imiﬂ,jﬂ,k) +C(Bmig1,j o1 — iMi_1,j,k+1)
My, = ABMip1 jr1k — JMit1,j-1,%)F
Xo=\[ 2 1- £ 2 B(Bmy, 2.k — (G + D)mi k) + C(BM 1 k41 — JM5—1,k+1)
s [ y A ] 2) Ms,, = A(BMig1 j 41 — kMig1 je—1)+
S/ 14+(1—€2) (=2 +y?) B(Bmy 1,641 — kmyji1e—1) + C(Bmy k2 — (k+1)my 5x)
where\ = - M = e e
1+x24y? . . . Swax JMg 5—1,k+1 VM, 41,k —1
Note that the conventional perspective camera is nothingms., = kmit1j k-1 = imi—1; k1

but a particular case of this model (wheén= 0). The Msws = MMiz1 41k — JMit1j-1k
projection onto the unit sphere from the image plane isvhere3 =i+ j+k+3 and (A4, B, C) are the parameters

possible for all sensors obeying the unified model. defining the object plane in the camera frame:
1. THEORETICAL BACKGROUND 1
. . . . _:Axs+Bys+C (7)
In this Section, the theoretical background of the main r

idea of this work will first be detailed. Then, six new featire From (6) we can show that,,, = ms,, = ms,, = 0
will be proposed to control the sttofsof the robot-mounted wheni = j = k = 0, thus the featuré\ = myq is invariant
camera. to rotational motions.



B. Variations of the interaction matrix related to the suéa
with respect to the camera position

As has been mentioned above, the problems observed 0 . 1 O
using IBVS are in general due to the strong variations g °
of the interaction matrix with respect to camera position. ey e
Therefore, one of the main goals of this work is to decrease a b
these variations. Note firstly that designing a decoupled or
a partitioned system is a step toward this goal, since it Fig. 2. Triangle shapes
introduces terms equal t6 in the interaction matrix. In
the following, a transformation is proposed to decrease the 3
variation of the interaction matrix with respect to the aje >-(): it can also be seen that, = —C(3monz—A)/(2A7)
depth. is almost constant and largely invariant to the object depth

1) Variation with respect to translational motiorin [10], ON the other hand.. = C'(3mgo> — A) decreases t0 when
using a square object, it was shown that for good z-axi€ object depth increases. .
behavior in IBVS, one should choose image features that 1€ variation of interaction matrix elements for trans-
scale as ~ z (z is the object depth). In [15], the same idea idational motion with respect to x-axis and y-axis motion
extended to any object shape using bi-dimensional moment$€ given in Figures 3.(c) to 3.(f). Firstly, it can be seen
Using the conventional perspective projection model, thihat x-axis translational motion influences mainly the iestr

selected feature is = —— in the case where the object corresponding to the x-axis and z-axis. In the same way,
oo y-axis translational motion influences mainly the entries

is defined by an image regiomagg is the bi-dimensional - i > >
moment of orden (that is the object surface in the image).corresponding to the y-axis and z-axis. Furthermore, vari-
on of the interaction matrix entries for x-axis and ysaxi

In the case where the object is defined by a set of discrety ] _ | ol
points, the selected optimal featuresis- 1 . where translational motion are more uniform f\/Z than for A.

(r20+102) .
1i; are the central moments computed from a set of discrete
points (see [15], for more theoretical details). In fact th o) Ly
selected features allows us to obtain an interaction meitait . ol 2 ey iv,
changes slowly with respect to depth (and is even constant o pe S N s S S S A
if the object is parallel to the image plane). We now show o4 e
that, the behavior of the surfag® of an object projection R B '
. . .. 1 1 T -2|
onto the unit sphere is similat\(~ — andﬁ ~ 2). 0 A :
Let Lo = [Lza Lyv L., 0,0, O] and L\/_IZ = % o5 1 1s 2 25 3 35 0 05 1 s 2 25 3 35
Loy, Ly, L, 0, 0, 0] be the interaction matrices related " e
iecti 1 i (@) (b)

to the projection surfacé& and 75 respectively. From (6), ; ,
. . : L
it can be obtained that: i e o

L, = A(3mao0 — mooo) + 3Bmi10 + 3Cmio1 i e U&; *h o, L

L, =3Amq10 + B(3mo20 — mooo) + 3Cmo11 (®) ol '++'++*+' e **f;f‘ T =

L. = 3Ami01 + 3Bmo11 + C(3moo2 — mooo) of S | M, e

Lz == ——LI ) L = ——1 ] Lz - - Lz o i o #ﬂwﬁ H‘\

! 2AVA Y 2AVA ! 2AVA B : :
1 -0.6] =

It can be shown that the choice of = —— is better 206 -04 02 0 02 04 06 54)'.5 S04 02 (; 02 04 06

meters. meters.

- . . '3_/3 .
than the choices = A. To illustrate this, Figure 3 gives

the variation of the interaction matrix entries with respec st : (@ -
translational motion applied to the following triangle imet 1 o, B L
unit sphere frame: oo S -~
04 e R SO W S }
—0.15 015 0.3 oaf ot T s
X = 02598 —0.2598 —0. 9) T m—— R R
0.5 0.5 0.5 ol g .
The tl’lang|e Shape |S glven On Flgure 2a 06 -04 -02 mgms 02 04 0.6 -06 -04 -02 mtb)mS 02 0.4 0.6
The results presented in Figure 3 correspond to configu- (e) )

rations whered = B = 0 andmyo; = mg19 = 0. Plugging

all into (8) we canobtainl,, = L. = L. = L. =0 Fig. 3. Results obtained for = A ( (a) variation with respect to depth,
. * o L 1 ) ¢) variation with respect to x-axis translation (e) vadatwith respect to
Indeed, from Figures 3.(a) and 3.(b), it can be seen thalyis translation); Results obtained for= — ((b) variation with respect

L, =L, =L, =L, = 0 whatever the object depth to depth, (d) variation with respect to x-axis translatiénvariation with
is. In practice, the featureA and LA depend mainly on respect to y-axis translation)
the translational motion along z-axis. From Figures 3.(a) a



2) Variations with respect to the camera frame orienta3D points coordinates defined in the camera frame as follow:
tion: Despite the fact that the surface of the projection of 0 —02 0 02
a target onto a sphere is invariant to rotations, its related Xy—= | 02 0' 02 0 (10)
interaction matrix depends naturally on the camera frame 0'9 1 1' 19
orientation. In order to explain that, let us consider two ' ' '
framesF, and F, related to the unit sphere with different In the first simulation, only the rotational motion given by
orientations {R; is the rotation matrix between the two (11) has been considered. The corresponding results are
frames) but with the same center. In this case, the val@ven on Figure 4. From Figure 4.a, it can be seen that a nice
of the projection surface onto the sphere is the same for tid@crease of the features errors is obtained. Furtherninee, s
two frames, since it is invariant to rotational motions. Nowthe considered translational motion is null, the transtel
let us consider that a translational velocity is applied to Vvelocity computed using the invariants to rotations ard nul
the frame ;. This is equivalent to applying a translationalalso (see Fig. 4.b). If the point Cartesian coordinates were
velocity to the frameF, but taking into account the changeused to control the camera position, as in classical IBVS,
of frame (2 = 'Ryv;). Since the interaction matrix links an undesired and strong translational motion with respect t
the features variation with the velocities (i.#.= Lgv), the optical axis would have been obtained [16], [1]. Finally
the interaction matrix for the framé, is nothing but the Figure 4.c shows good behavior of the rotational velocities
interaction matrix computed for the frandg by the rotation ~despite the large rotational displacement to perform betwe
matrix 'R. This result shows that rotational motions do nothe desired and the initial camera positions.
change the rank of the interaction matrix of the featuresuse
to control the translationalofs Ou — [ _790 2370 158.0 }o (11)

C. Features selection In the second simulation, a generic motion combining the ro-
As in [16], we could consider the center of gravity oftational motion given by (11) and the following translatdn
the object’s projection onto the unit sphere to control th&otion has been considered:
rotational degrees of freedom:
Xsg — ( Lsgr Ysgr Zsg ) = ( %’ %’ % ) b= [ -0 031 } (12)
The obtained results are given on Figs. 4.d, 4.e and 4.f.

In fact, only two coordinates ofs, are useful for the control - ; i )
Respite the large motion, it can be seen that a satisfactory

sincexs, belongs to the unit sphere making one coordinat N i .
dependent. behavior is obtained for the feature errors (see Fig 4.d}. Fu

That is why in order to control rotation around the opticafhermore’ similar satisfactory behaviors are simultasou

axis, the mean orientation of all segments in the image %btaingd for the velocities (see Figs 4. gnd 4.0). Fromethes
used as a feature. Each segment is built using two diﬁereﬂPtS’ 't_ can be also seen that the behawpr of th? rotational
points in a geometrically correct image. In the case whege gfnotionis St'!l almost |(_1ent|cal to the_ behavior obtainedamh

objects are defined by contours rather than simple triangle%nly a rotational motion was considered (compare 4.e and

the object orientation in the image can be used as in [15] fcﬁ,b),_thanks to t_he efficient decoupling obtained using the
instance. invariant to rotations.

Finally, as mentioned previously, the invariants to 30B. Experimental validations results using a conventiomal a
rotation will be considered to control the translation. Fog fisheye cameras
the reason mentioned above itdis= —= that will be used
to control the translational motions instead ©f= A. In
practice, three different targets (i.e. three differergngles
or three different contours) such that their centers are Nofhe points in the image and constant approximated desired
collinear might be enough to control the three translation

. . int depths.
dofs I.n the next section, experimental results are present é)l) Results using a conventional perspective camera:
to validate these theoretical results.

In a first experiment, only a rotational motion around the
camera optical axis8(dg) has been considered between
the initial and the desired camera positions. The desired
In this section, simulations results are fil’St'y presenteﬁlnage and the current one are given respective|y on Figures
using four non coplanar points. Thereby, a series of expel:a and 6.a. Four combinations of triangles obtained from
ments using two kinds of camera (conventional and fishey@le four point target are used to control the translational
will be shown. motion. The obtained results are given on Figures 6.b, 6.c
and 6.d. From 6.b, it can be seen that a nice decrease of the
features errors is obtained. Furthermore, from Fig. 6rxesi
In these simulations, the set of points is composed of the considered translational motion is null, the transtei
non coplanar points. The desired position correspondseto thielocity computed using the invariants to rotations areosim

For all these experiments, only approximations of the point
depths for the desired position are used. More precisety, th
interaction matrices are computed using the current valties

IV. EXPERIMENTAL RESULTS

A. Simulation results using 3D objects



null. The observed small translational velocities are due t
the weak calibration of the camera. Finally, Fig. 6.d show: 3

good behavior of the rotational motions. z\

In a second experiment using a conventional camera

1
1

complex motion is considered between the initial and thn0
desired camera positions. The same desired camera positi
as for the first experiment is used. The image correspondir™

to the initial position of the camera is given in Figure -
7.a. From Figures 7.b, it can be noticed that the feature
errors behavior is very satisfactory, despite the errors in
camera calibration and points depth (the point depths are n
computed at each iteration). The same satisfactory behavi
is obtained for translational and rotational velocitiese(s
Figures 7.c and 7.d). Indeed, nice decreases of the featt
errors as well as for the velocities are obtained.

2) Results using a fisheye camerss for the conventional
camera, only a rotational motion around the camera optici
axis €0dg) has been considered first between the initial anc
the desired camera positions. The desired image and the
current one are given respectively in Figures 5.b and 8.a. Tk |
obtained results are given in Figures 8.b, 8.c and 8.d. Froi¢ .
these figures, it can be noticed that the translational itgloc =

es

computed using the invariants to rotations are almost nul
as for the conventional camera. The obtained results for tr
rotational velocities as well as for the feature errors gal
similar to those obtained using the conventional camera.
In the last experiment, a generic motion combining rota

Rotational velocities in degr
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tional motion and translational one is considered betwken t
initial and the desired positions. The image correspondin

g. 4. Left: Results for large pure rotational motion (ajtfee errors, b)

to the deSi_red position_ ig_given i_n_ Fig_ure 5b The i_magﬁanslational velocities(m/s), c) rotational velocitigegree/s)), right: results
corresponding to the initial position is given in Figurefor large general motion (d) feature errors, €) translatiorlocities (m/s),

9.a. From Figures 9.b, 9.c and 9.d, it can be seen thatfgotational velocities (degree/s))

satisfactory behavior is obtained using the proposed festu
As with the conventional camera, a nice decrease of the
features errors as well as of the velocities is also obtained
using a fisheye camera.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, a generic decoupled image-based control
using the projection onto the unit sphere was proposed. More
precisely, the surface of the projections of objects onto th

sphere were used to independently control the transldtiona rig. 5. Desired images: a) conventional camera, b) fishegea

motion from the rotational motion. Firstly, the proposed
decoupled control is valid for all cameras obeying the udifie
camera model. Further, it is also valid for objects defined
by closed contours (3 contours at least) as well as by a
set of points. The proposed features allows also to decreadd
significatively the variations of the interaction matrixthvi
respect to the camera positions. Finally, the controlles halS!
been experimentally validated and results presented using;
two kinds of camera: conventional and fisheye. Both planar
and non planar target have been used for validations resultS)!
Future works will be devoted to extend these results to the
pose estimation problem. (6]
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