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Point-based and Region-based Image Moments
for Visual Servoing of Planar Objects

Omar Tahri, Francois Chaumette

Abstract— Moments are generic (and usually intuitive) descrip-
tors that can be computed from several kinds of objects defined
either from closed contours or from a set of points. In this paper,
we present improvements in image-based visual servo using image
moments. First, the analytical form of the interaction matrix
related to the moments computed from a set of coplanar points
is derived, and we show that it is different of the form obtained
previously using coplanar closed contours. Six visual features are
selected to design a decoupled control scheme when the object is
parallel to the image plane. This nice property is then generalized
to the case where the desired object position is not parallel to
the image plane. Finally, experimental results are presented to
illustrate the validity of our approach and its robustness with
respect to modeling errors.

Index Terms— Visual servoing, image moment, invariant.

I. INTRODUCTION

O date, an open question in image-based visual servoing

is to determine the set of visual features to be used in
the control scheme so that an optimal behavior of the system
is obtained. In the past, most works were concerned with
simple objects and the features used as input of the control
scheme were generally coordinates of points, or parameters
describing the configuration in the image of segments, straight
lines, or ellipses [9], [13]. The set of objects which these
methods can be applied is thus limited. They have also the
basic requirement of feature matching between initial and
desired images. More recent works have tried to surmount
the problems mentioned above, by using for example an
eigenspace representation [8], the polar signature of an object
contour [5], or, as in this paper, image moments [4]. Image
moments are particularly interesting. They can be computed
easily from a binary or a segmented image, or from a set of
extracted points of interest. Computing moments in several
images (for visual servoing, the initial and the desired ones,
and all the successive images acquired by the camera) just
necessitates a high level global matching of the object, and not
an accurate and tedious matching of each object point. They
are generic, describing the same geometrical entities whatever
the object shape complexity. Low order moments have an
intuitive meaning since they are directly related to the area, the
centroid, the inertial moments and the orientation of the object
in the image. Image moments have been widely studied in
the computer vision community [12], [22], [21], especially for
pattern recognition applications. In addition to the advantages
recalled above, judicious combinations of moments are indeed
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invariant to some transformations such as scale, 2D translation
and/or 2D rotation. This property is of great interest in pat
tern recognition, which explains the amount of work about the
determination of moments invariants (see [23], [2], [32], [19]
for instance). As it will be shown in this paper, such invariance
property is also of particular interest in visual servoing.
Whatever the nature of the possible measures extracted from
the image, from a set of image points coordinates to a set
of image moments, the main question is how to combine
them to obtain an adequate behavior of the system. In most
works, the combination is nothing but a simple stacking. If
the error between the initial value of the features and the
desired one is small, and if the task to realize constrains all the
available degrees of freedom (dofs), that may be a good choice.
However, as soon as the error is large, problems may appear
such as reaching local minimum or a task singularity [3]. To
overcome these problems, combining path planning and visual
servoing is a first approach, since tracking planned trajectories
allows the error to always remain small [20], [7], [34]. A
second approach is to use the measures to build particular
visual features that will ensure expected properties to the
control scheme. Position-based visual servoing belongs to this
approach. Using visual measures and an a priori knowledge
of a CAD model of the observed object, the relative camera-
object pose is estimated and used as input to the control
scheme [33]. An adequate 3D trajectory can thus be obtained,
such as a geodesic for the orientation and a straight line
for the translation. However, position-based visual servoing
may suffer from potential instabilities due to image noise [3]
(the “cooking” of the visual features from the measures is
quite complex since it comes from the solution of an inverse
problem?). 2 1/2 D (or hybrid) visual servoing also belongs to
this approach [18]. The goals were to combine 2D features and
3D features to decouple the control of the rotation from the
control of the translation (as in 3D visual servoing), to ensure
as much as possible the visibility of the object in the camera
field of view, and also to demonstrate the global stability
of the system using only the measures from the current and
the desired images. Finally, several works have been realized
in image-based visual servoing following the same general
objective. In [14], the coordinates of points are expressed
in a cylindrical coordinate system, instead of the classical
Cartesian one, to improve the robot trajectory. In [11], the
three coordinates of the centroid of an object in a virtual image
obtained through a spherical projection have been selected to
control three dofs of an under-actuated system. This selection

1The marvelous expression “cooking of features” is from Peter Corke.



ensures a passivity property that is useful to control such
complex systems. In [24], a vanishing point and the horizon
line have been selected to control a similar system. This choice
ensures a good decoupling between translational and rotational
dofs. In [15], vanishing points have also been used for a
dedicated object (a 3D rectangle), once again for decoupling
properties. For the same object, six visual features have been
designed in [6] to control the six dofs of a robot arm, following
a partitioned approach. Finally, in [4], a first attempt to select
six features from image moments has been recently presented.
This selection was valid only for planar objects whose desired
pose is parallel to the image plane. In this paper, the selection
method is significantly improved, and is generalized for any
desired object pose.

In most of related previous works, the selection of the visual
features was guided by a partitioned approach to design a
decoupled control scheme, that is to try to associate each
dof to be controlled with only one visual feature. That is
indeed a good strategy. However, is is not sufficient to obtain
a good behavior of the visual features and of the robot
trajectory simultaneously. In few words, we recall that the time
variation § of the visual features s can be expressed linearly
with respect to the relative camera-object kinematics screw v:

§=Lgv 1)

where Lg is the interaction matrix related to s [9], [13].
The control scheme is usually designed to try to ensure an
exponential decoupled decrease of the visual features to their
desired value s*, from which we deduce if we consider an
eye-in-hand system observing a static object:

Ve=-ALy (s—s%) )
where f; is a moggl or an approximation of Lg, f,j the
pseudo-inverse of Lg, A a positive gain tuning the time to
convergence, and v, the camera velocity sent to the low-
level robot controller. In the following, we denote respec-
tively v and w the translational and the rotational com-
ponents of the kinematic screw, so that v = (v,w) =
(U, Uy, Uz, wa, wy,w;). An exponential decoupled decrease
will be obtained simultaneously on the visual features and on
the camera velocity (that would give a perfect behavior) only
if Lg and f: are constant. If it is possible to choose f,\:
as a constant matrix, the form of Ly is set by the design
of s, and it is generally very far from a constant matrix.
For instance, the well known interaction matrix related to the
coordinates x = (z,y) of an image point is given by:

(-1/Z 0 z/Z wy —1-2* y
L"_( 0 -1/Z y/Z 1+y?> —-zy -z ©)

where Z is the depth of the observed point. We can see
from (3) that the velocities 4 and ¢ are really not the same with
respect to each camera velocity component: some are inversely
proportional to the depth Z of the point, some are linearly
dependent to the image coordinates, while others depend
on them at second order. The non linearities in system (1)
using (3) explain the difference of behaviors in image space
and in 3D space, and the inadequate robot trajectory that
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occurs sometimes when the displacement to realize is large [3]
(of course, for small displacements such that the variations
of Ly are negligible, a correct behavior is obtained, as already
recalled above). An important problem is thus to determine
visual features such that their interaction matrix minimizes
the non linearities in (1). Ideally, we would like Lg to be the
identity matrix Ig, even if this goal is probably impossible to
reach. Note that designing a decoupled or a partitioned system
is a step toward this goal, since it introduces terms equal to 0
in Lg.

In this paper, we propose significant improvements in the
determination of adequate visual features using image mo-
ments. In the next section, we first briefly recall the basic
definition of image moments. We then give a general analytical
form of their interaction matrix. In [4], only objects defined
from closed contours were considered, while this paper deals
also with moments computed from a set of image points.
Section I11 is devoted to the determination of six visual features
to control the six dofs of the system for the particular case
where the desired object pose is parallel to the image plane.
This result is generalized in Section 1V to the case where the
object may have any orientation with respect to the camera.
Finally, experimental results are presented in Section V to
validate the proposed theoretical results.

Il. MODELING
A. Moment invariants

If we consider a dense object O in the image, defined by a
set of closed contours (see for instance Fig. 2.b and 8.b), its
2D moments m;; of order ¢ + j are defined by:

mi; = //o ztyl dedy (@)

The centered moments ;; are computed with respect to the
object centroid (x4, y,). They are defined by:

oy = / /Occ 1)y — yp)idedy (5)

where z, = mo/a and y, = mo1/a, a = moo being the
object area. Similarly, for a discrete set of n image points
(see for instance Fig. 14.a), the moments are defined by:

n
mij = Z x,i y,i (6)
k=1
while the centered moments are now given by:
n
pig = Y _(xk — xg)" (Yr — yg)’ 7
k=1

where z, = mio/n and y, = me1/n, (mee = n in that
case). The centered moments defined either from (5) or (7) are
known to be invariant to 2D translational motion. In the liter-
ature, many works have presented various methods to derive
moment invariants to other transformations such as scale and
2D rotation. For instance, moment invariants to rotation have
been obtained from radial and angular moments [23], Zernike
moments [30], [2], [32], and complex moments [1], [10]. As
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for invariants to scale, several combinations of moments have
been proposed, such as for example [19]:
m

I, = —2 (8)

s m(()%+q+2)/2
This formula will be used in Section Ill to decouple the
features involved in the control of the translational dofs v,
and v,. We now present several combinations of moments
that are invariant to 2D translation, 2D rotation, and to scale.
Complete details on how they have been determined can be
found in [21], [22] and [27].

— L EY — 15 — Iz —Is
01—527 02—547 03—561 04_561 05_[%1 (9)

_ I — I — Lo Iy Jivy
€6 = Tg0 7= T 8= To» €9 = T €10 = T

where invariants I; to 15 are given in Appendix. We will see
in Section 111 and V that, depending on the object considered,
two among the invariants (9) will be selected as visual features
to control the rotational velocities w, and w,. We now derive
a general form of the interaction matrix related to image
moments.

B. Interaction matrix of image moments

In [4], the interaction matrix L., related to any mo-
ment m,;; defined from (4) has been determined. It has been
obtained from the following equation;

. of . of. or 0y
M —//O[%%La—nyrf(%y)(a—xﬂLa—y

where f(z,y) = z'y?. If a planar object is considered, and
if we exclude the degenerate case where the camera optical
center belongs to this plane, so that, for any object point:

Jldedy  (10)

1
E:A:c+By+C, 1)
we obtain (see [4] for more details):
Lmij — [mvz Myy Myz Mz My mwz} (12)

where:

Moyy = —i(Amij-l—Bmi—l,j-i-l +Cmi_17j)—5Amij

Moy = —j(Amiy1j—1+Bmi;+Cm; j1)—6Bmg;
Myr = (i+j+35)(Ami+Lj—|—Bmi7j+1+C’mij)—5C’mij
Muwe = (E+7+30)m; j41 + jmij—1

Moy = —(i+j+35)mi+17j — imi_Lj

Mz = TMG—1,j4+1 — JMi+1,j—1

(13)

with § = 1. We now consider the case of moments defined
by (6). We will see that a different analytical form of L, is
obtained, characterized by the value of 5. Computing the time
derivative of (6), we obtain:

n

C i1 . L ioio1.
> (i )+ akyl )
k=1

(14)

mhij =

The velocity of any image point xy, is given from (1) and (3),
setting s = xy, in (1). More precisely, using (11), the velocity

of xx can be written:

—(Al‘k + By, + C)v,
xi(Azp + Byg + C)v,
Tpypwe — (1 + 23wy + ypw-
—(A.Z’k + By + O)’Uy
yk(Azy + Byr + C)v,
(14 y})ws — ThYpwy — Tpws

Ty,

i (15)

+ 4+ I+ + 1

Finally, using (15) in (14), and then using (6), we obtain after
simple developments the interaction matrix related to m;;. Its
analytical form is again given by (12) and (13) but with § = 0.

Matrix L., is thus not exactly the same if we consider the
moments (4) of a dense object (i.e. defined by closed contours)
or the moments (6) of a discrete object (i.e. defined by a set
of discrete points). The analytical forms are similar since the
two terms of (14) correspond exactly to the first two terms
present in (10). On the other hand, they are different since the
third term of (10) does not appear in (14). To illustrate these
differences on a simple example, let us consider moment m .
In the discrete case, mgg is nothing but the number n of object
points. This number is of course invariant and we can check
by setting i = j = 6 = 0 in (13) that all the terms of L,,,,
are indeed equal to 0. In the dense case, mgo is nothing but
the area of the object, and general robot motion modifies its
value, as can be checked from (13) using § = 1.

Many visual features derived from moments have however
a very similar behavior in both cases. For instance, we can
easily compute from (12) the interaction matrix related to the
coordinates z, and y, of the object center of gravity. We
obtain:

L, =[-1/Zy 0 4, Tgpy Ty Yo (16)
Lyy = [ 0 _1/Z9 Y9vz Ygwa ygwy g ]

1/Zy = Azy+ By,+C

Ty, = xg/Zy+ Aenyy + Bengy
where: Yo i Yg/Zg —I—_Aeml + Bengs

Jwx _ygwy = TgYqg + €N
Tguy = —(1+ T2 + €ngo)
Ygwe = 1+ y2 + engs

with n;; = p;ij/moeo, € = 4 for dense objects and ¢ = 1 for
discrete objects.

Similarly, if we consider the centered moments defined
by (5) or (7), we obtain after tedious developments:

Ll‘ij:[ﬂvz Hoy Moz Hwz Hwy Nwz} @an
with:
Moz = —(i + 5)A,uij - Z.B:ui—l,j-i-l
Poy = —JApit1-1 — (§ + 0) B

ftoz = —Apwy + Bliws + (i + § 4 26)Chuy
TUTg i1, j+1 — 1€ML fim1,5 — JENO2H, -1

Py = =0+ J+30)piv1,; — (20 + j + 30)zgpij
—JYghi+1,j—1 + 1€N20fi—1,5 + JEN11 i j—1
Moz = Ti—1,541 — JHit1,j—1

In all cases, and as expected, we can check from g,
and p,, that all centered moments are invariant with respect



to translational motions parallel to the image plane when the
object is parallel to the image plane (uve = oy = 0 if
A = B = 0). Similarly, for the same configurations, we
can check from (12) that the invariants to scale given by (8)
are invariant to translational motion along the optical axis
(Isp, = 0 if A = B = 0). Finally, after quite tedious
computations, we can also check that the invariants ¢; given
in (9) are such that ¢;,, = 0, and, if A = B = 0, such that
Cive = Civy = Ciy, = 0. As detailed in the next section, these
invariance properties will be useful to select adequate visual
features for visual servoing.

I1l. CHOICE OF THE VISUAL FEATURES

In this section, we select from the previous theoretical
results six combinations of moments to control the six dofs
of the robot. Our objective is to obtain a sparse interaction
matrix that changes slowly around the desired position of the
camera. We will see that the solution we present is such that
the interaction matrix is block-triangular when the object is
parallel to the image plane. Furthermore, we will see that, for
the same positions, the elements corresponding to translational
motions form a constant diagonal block, which is independent
of depth. In [4], this last interesting property was not satisfied.

We first assume that the desired position of the object is
parallel to the image plane (i.e. A = B = 0) and we denote
L! the interaction matrix for such configurations. The more
general case where the desired object position may have any
orientation with respect to the image plane will be treated in
the next section.

A. Visual features to control the trandational dof

In [6], [4], the three visual features used to control the trans-
lational dofs have been selected to be the coordinates x4, y,
of the center of gravity and the area a = mgg of the object in
the image. In that case, we obtain from (16) and (12):

Ll =[-C 0 Cz, & —(+e) y, |
L, = 0-C Cy, l+es —-e —z,] (18)
L! =[ 0 0 2aC 3ady, —3adzr, 0 ]

with ¢; = TglYg + €EN11, €2 = 1'(2] + engg and e3 = yg + €engo.
First, we recall that if a set of n points is considered, we cannot
use the area myqo since it is a constant value equal to n. This
case will thus be studied after. Then, we can note that, even
if the above matrix is triangular, most of its elements are not
constant. Moreover, the third feature a does not have the same
dynamics with respect to v, than z, and y, with respect to v,
and v, respectively.

A better choice can be obtained from these intuitive features,
by just adding an adequate normalization. More precisely, we
define:

a*

an = Z%4 | —,
a

Tn, = AnTg, Yn = GnYg (19)
where o* is the desired area of the object in the image, and
Z* the desired depth between the camera and the object. The

interaction matrices related to these normalized features can
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be easily determined from (18). Noting that Z*\/a* = Z/a =
/S where S is the area of the planar object, we obtain:

Lln:[—l 0 0 apnerr  —an(l4€12) Yn |
L@‘Jn:[ 0-1 0 an(1+€21) —Qan€22 —an] (20)
Li,=[ 0 0-1 —amen an€32 0 ]

with €11 = €9 = 4ny; — Igyg/2y €19 = 4nog — CC(QJ/Q,

€21 = 4nga — 1/3/2, €31 = 3y9/2, and €32 = 3569/2 Since ap
is inversely proportional to /a, we find again the recent result
given in [16] stating that the variation of such features depends
linearly on the depth (note the constant term in the third
element of Lﬂn). The normalization by Z*\/a* has just be
chosen so that this constant term is equal to —1. Furthermore,
the design of x,, and y, allows us to completely partition
the three selected features to the three translational dofs. This
decoupling property was expected from (8). We also obtain
the same dynamics for the three features (note the diagonal
block equal to —I5 in (20)). This very nice property will allow
us to obtain an adequate robot translational trajectory.

We now consider the case of a discrete object. Since
20 + fo2 1S invariant to 2D translation and to 2D rotation, we

propose to replace in (19) the area and its desired value by:
a = p20 + po2 and a” = usq + Koo (21)

In that case, the interaction matrix related to x,,, y,, and a,,
is again given by (20), but with:

€11 = nuF2(Yy —€s31), €12 = N0 + T4(Ty — €32)
€21 = no2+Yg(yg —€31), €22 =n11 +Yg(zy — €32)
€31 =Yg+ (Ygho2 + Tgp11 + pr21 + poz)/a

€32 = g+ (gp20 + Ygpi11 + p12 + p3o)/a

The control of the translational dofs can thus be realized with
the same nice properties for both cases. We now consider the
rotational dofs.

B. Visual features to control the rotational dof

First, as in [6], [4], we use the object orientation « that
can be defined from the second order centered moments:
a = %arctan(—i’f]—o). We also use two moment invariants

20~ . . .
¢; and ¢; chosen in zg)_ The interaction matrices related to
these features have the following form:

L, =[ 000 ¢, ¢, O]
L, =[ 00 0 ¢, ¢, 0] (22)
D=0 0 0 cwe oy -1 ]

where the analytical form of ¢;,¢;,,,¢c;,, and c;,, can be
obtained after tedious developments using (17), and where:

awzr = (Blriz(p20 — po2) + w11 (o3 — p21)]
+yzg[po02 (120 — pro2) — 2p34]
+vYghai 2o + poz2l)/d
Qwy = (B2 (o2 — p20) + 111 (30 — pi2)]
+y g1 20 + Lo2]
+[p20 (102 — p20) — 2p3,])/d
d = (k20 — po2)? +4pf
with 8 = 5 and v = 1 for a dense object, and with § = 4 and
~ = 2 for a discrete object.
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Unfortunately, we have not been able to find two combi-
nations of moments ¢; and ¢; such that c;,, = ¢;, . = 0
and such that ¢;,,,, and ¢;, are constant. In fact, their value
and their variation change fyor each object since they depend
on the value of several moments. That is why we will see in
Section V how to choose for each object the best pair (c;, ¢;)
from the set given in (9).

Finally, we recall that the interaction matrices (20) and (22)
have nice expected forms only when the object is parallel to the
image plane. In Section V, we will see that, when the desired
object position is parallel to the image plane, satisfactory
results are obtained even if the initial position is far away from
this configuration. However, if the desired object position is
not parallel to the image plane, the decoupling and linearizing
properties are not as good as in the parallel case. That is why
we present in the next section a new method to generalize
our results to the case where the desired object position may
have any orientation with respect to the image plane (except
of course the degenerate case where the camera optical center
belongs to the object plane).

IV. GENERALIZATION TO DESIRED OBJECT POSES NON
PARALLEL TO THE IMAGE PLANE

The general idea of our method consists in applying a virtual
rotation to the camera, computing the visual features after this
virtual motion, and then using the transformed features in the
control law. The rotation is determined so that the image plane
in its virtual desired position is parallel to the object. The
properties obtained in this case will thus be enlarged for any
desired configuration.

The first step of the method consists in determining the vir-
tual rotation R* to apply to the camera. If the task is specified
by a desired configuration to reach between the camera and
the object, R* is directly given by this configuration (but this
method necessitates the knowledge of the 3D model of the
object to compute the desired value s* of the visual features).
If the task is specified by a desired image acquired during an
off-line learning step, R* can be obtained either from a pose
estimation algorithm if the model of the object is known, or
from a partial pose estimation algorithm if another image of
the object is available [29]. Finally, the two angles involved
in R* can also be given during the learning step in the same
way as the desired depth Z* is set for the parallel case. For this
method, no prior knowledge of the pattern lying on the target
plane is required. We have chosen this last simple solution for
the experimental results presented in Section V. We will see
in that section that a coarse approximation of R* is sufficient
since the decoupling properties are ensured in a neighborhood
of the parallel configuration.

We now describe how the visual features are computed. Let
us denote (X;,Y;, Z;) and (X, Y, Z) the coordinates of a 3D
point after and before the virtual rotation. Of course, we have:

Xi X ri1 T2 riz | [ X
Y, | =R* | Y | = | ro1 T2 7023 Y (23)
Zy A r31 732 T'33 Z

from which we deduce immediately the coordinates (z,y:)
of the point in the image that would have been obtained if

the camera had really moved. Indeed, using the perspective
projection equation (z; = X/Z;,y: = Y;/Z:), we obtain:

{ xy=(rux+riey+riz)/(raiz+raay+rss3)

24
Y= (ro1x+r20y+res)/(ra1x+raey+rss3) (24)

where (x,y) are the coordinates of the point in the real image.
We can note that (z,y.) can be computed directly from R*
and (x,y). An estimation of the coordinates of the 3D point
is thus useless.

If the object is composed of a set of n points, (24) is applied
to all the n points in the desired image (from which visual
features s; are computed), and for all the n points in the
current image (from which visual features s, are computed).
Otherwise, if a dense object is considered, the moments after
the virtual rotation are given by:

Mg = //O Pyl drrdy: = //O Py |Je| dedy  (25)

where:
Ozy  Omy
|Je| = &Z Qafi =1/(rs1x + raoy + ra3)®
ox dy

We thus obtain:

m _// (rinz+rigy+ri3)P (roix+roy+ras)?
. =
P o (r3124132y+133)7

dxdy
(26)

where v = p + ¢ + 3. Computing the moments directly
from (26) is possible, but time consuming. We thus propose a
more efficient method based on a Taylor series expansion of
1/(T31£C + 732y + r33)7. Indeed, if rg1x + r32y < r33 (Which
is the case in practice), this term can be approximated by:

1 1
n Loy trey)

(rs1z+7r32y+133)Y  Tag ras
Using (27) in (26) and after simple developments, we obtain:
zp: i Zq: i (kl) (zl) (kz) (lz)
e o\ P kN ) \Fe
(E)ll (Tﬁ) ki—11 (@) l2 (@) ko—lo (28)

13 713 793 o3

(7°31ml+1,k—l+7“32ml,k—z+1)+ )

(27)

p .49
m, A 13723
fra Tg3

(my g—1—
33

with & = ky + ko and | = [y + Io. The moments after the
virtual rotation can thus be computed directly and efficiently
from the moments in the real image.

Finally, a change in the control law (2) has to be performed
to come back from the virtually rotated camera to the real one:

v=-AVL, (si—s)) (29)

where matrix V is nothing but:
R*T 0
V= [ 0 R*' }

Let us note that V is a constant block-diagonal matrix and
thus preserves the decoupling properties between translational
and rotational motions. Let us also note that the virtual rotation



does not change the stability properties of the system, even if it
is coarsely approximated, as long as we avoid the degenerate
case where the camera optical center belongs to the object
plane (which is very unlikely to occur).

V. EXPERIMENTAL RESULTS

This section presents several experimental results obtained
at video rate with a six dofs eye-in-hand system using first
dense objects, and then discrete ones. For dense objects, image
moments are efficiently computed from the contour points
using Green’s theorem [26]. In all the experiments, and as
in [28], we have used the following model of the interaction
matrix in the control law (29):

L
Ls = 5 (L

s(s¢

I
*) + LS(St))

Indeed, it has been recently proved in [17] that this choice
improves largely the system behavior. Note that, of course,
the improvements appear only for the terms of Ly which are
not constant.

A. Experimental results using dense objects

We first consider the object depicted in Fig. 2.a and 2.b: a
“whale”. For this object, we have chosen ¢y and c¢;o from the
set given in (9) to control the rotational motion w, and w,,.
For all the possible pairs, we can indeed compute using (28)
the error:

ce(a, B) = (cir(e, B) = ci)* + (cj (. B) = ¢57)?

where « and 3, which represent the rotation angles around x
and y axis, are varying from —% to %, typically. We then
choose the pair (c;, ¢;) such that the error e, presents a global
minimum with an influence zone as large and as symmetrical
as possible [31]. A complete study is given in [27]. We just
present in Fig. 1 the value of e, for four possible pairs. We can
note from Fig. 1.a and 1.d that (co, c10) and (cg,c5) supply
an adequate behavior of e. (that is why (cg,c19) has been
selected). On the other hand, (cs,c4) and (cs, c4) have to be
avoided (see Fig. 1.b and 1.c). This off-line selection process
has to be done for each new object considered, once a desired
image is acquired. Computing the values of e.(a, ) for all
the possible pairs (c;,c;) takes currently few seconds on a
standard PC.

In the next paragraph, we consider the case where a pure
translational motion can be realized to reach the desired image
from the initial one. We will then consider more complex
displacements.

1) Pure trandational motion: We compare in Fig. 2 the
results obtained with our features given in (19) and those
obtained using the centroid coordinates (z4, y,) and the area a.
For that first experiment, the image plane is parallel to the
object plane, the desired depth Z* has been set to 0.5 m, and
gain A to 0.1. We can see in Fig. 2 the improvements brought
by the proposed features (corresponding plots are in dashed
lines) since they allow to obtain the same exponential decou-
pled decrease for the visual features and for the components
of the camera velocity. As expected, the camera 3D trajectory

(30)
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(d)

Representation of f(ec) on [—%; §] x [—F; 5] for the “whale”

Fig. 1. 373 3
and pair: (a) (09,610), (b) (06,04), (C) (03704), (d) (09705).

is a pure straight line using the proposed features, while it is
not using the other ones. Note that using a bad estimation of
Z* with our features has just a gain effect. Thus it changes the
time-to-convergence of the system, but not the robot trajectory
nor the exponential decoupled decrease of the features (as long
as Z* > 0).

The results still remain good when the image and object
planes are not parallel (see Fig. 3). In that case, Z* has again
been set to 0.5 m and rotation R* has been specified by hand
as a rotation of 30° around z-axis. The camera 3D trajectory is
still a straight line, while, if the virtual rotation is not applied,
rotational motions are involved to reach the goal whatever the
visual features used. This validates the selected features to
control the translational motions, and also the importance of
applying a virtual rotation when the desired object position is
not parallel to the image plane.

2) Complex motion: We now test our scheme for displace-
ments involving very large translations and rotations. We first
consider the case where the image and the object planes
are parallel at the desired position. The desired image is
depicted in Fig. 2.b while the initial one is in Fig. 4.a. The
numerical value of the interaction matrix computed for the
desired position is given by:

-1 0 0 0.01-0.52 0.01
0-1 0 0.51-0.01 0.01
0 0-1-0.02-0.01 0
0 0 0-0.61 0.09 O
0 0 0-033-062 0
0 0 0-0.04-0.08 —1

L

s(s*):

As expected, we can note that L! o) is block triangular with
main terms around the diagonal. its condition number, equal
to 2.60, is very satisfactory. The obtained results are given in
Fig. 4. They show the good behavior of the control law. Indeed,
there is no oscillation in the decreasing of the visual features
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(@) (b)

- - using our featues

" - =-using our features
*\, — using the other features

. ——using the other features 4

"0 200 400 600 800 1000 1200 1400 o

(© (d)

200 400 600 800 1000 1200 1400

0.5

using the other features

using our features:

0
-05 010 01 02 03 04

©

Fig. 2. Results for a pure translational motion when the object is parallel to
the image plane: (a) initial image, (b) desired image, (c) s — s* (m), (d) ve
(cmfs), (e) camera 3D trajectory

(see Fig. 4.c), and there is only one small oscillation for only
two components of the camera velocity (see Fig. 4.d). Even
if the rotation to realize between the initial and the desired
positions is very large, the obtained camera 3D trajectory is
satisfactory (see Fig. 4.b). The decoupling properties are thus
ensured in a large neighborhood of the desired position despite
the fact that the current object plane parameters are never
computed nor introduced in the control law. The behavior
obtained with our pure image-based method is thus similar
to that obtained with a hybrid control scheme (but it does not
necessitate an estimation of the camera displacement at each
iteration of the control scheme). We can finally note that using
moments of order 5 (involved in ¢g and ¢;) does not introduce
significant noise in the control law.

The results obtained when the image and the object planes
are not parallel for the desired position are given in Fig. 5. We
can note the very large difference between the initial image
(Fig. 5.a) and the desired one (Fig. 3.b). Thanks to the virtual
rotation applied and to the visual features selected, the camera
trajectory is still very satisfactory, as well as the decreasing
of the visual features, and the decreasing of the components
of the camera velocity.

3) Results with a bad calibration and object occlusion:
We now test the robustness of our approach with respect to a
bad calibration of the system. In the experiment reported in
Fig. 6, errors have been added to camera intrinsic parameters

0.4 4
0.2 2
51 - Vx -
O Mot e 0 o
Wy ——
w, ——
600 800

Fig. 3. Results for a pure translation when the object is not parallel to the
image plane: (a) initial image, (b) desired image, (c) s —s* (m), (d) v (cm/s
and dg/s), (e) camera 3D trajectory

x

SN

%
@

S-=<<<

N

0 250 500 0 250 500
(© (d)

Fig. 4. Results for a complex motion when the desired object position is
parallel to the image plane: (a) initial image, (b) camera 3D trajectory, (c)
s —s* (m), (d) ve (cm/s and dg/s).
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'

tion w, and w,. Indeed, it is clear from Fig. 7 that this
pair is now adequate, while (cg,c10) is not. The numerical
value of the interaction matrix corresponding to the desired
configuration given in Fig. 8.b is given by:

-1 0 0-0.00—0.510.00
0-1 0 051 0.000.01
o _| 0 0-1-000-002 0
)7 0 0 0-338-268 0
04 0 0 0-090 1.03 0

o%é%m ’ 0 0 0-010 0.00 —1
0
0.4 51

o v Once again, we can note the nice form of LL' &) Whose
08 5 N b p— condition number is 3.14. We can also note in Fig. 8.c, 8.d.
S -4 w, —— and 8.e the correct behavior of the control law, which is very

0 oo 1000 1500 O 500 1000 1500 similar to the one obtained with the “whale”.

© (d)

Fig. 5. Results for a complex motion when the desired object position is
not parallel to the image plane: () initial image, (b) camera 3D trajectory,
(c) s —s* (m), (d) ve (cm/s and dg/s).
(25% on the focal length and 20 pixels on the coordinates
of the principal point) and to the object plane parameters
(Z* = 0.8 m instead of Z* = 0.5 m). The lighting conditions
(@) (b)

from the initial position (see Fig. 6.a) to the desired one (see
Fig. 2.b) are also different. Furthermore, an occlusion has been
generated since the object is not completely in the camera Fig. 7. Representation of f(e.) for the “brain” and for the pair: (a) (cg, c10),
field of view at the beginning of the servo. Despite the worse ~ (b) (c6,c4).

conditions of experiments, the system still converges, and, as
soon as the occlusion ends (after iteration 30), the behavior
of the system is similar to those of the previous experiments,
which validates the robustness of our scheme with respect to
modeling errors.

0 g2 0 0.2

; 10 -
i\ -
0k -
0.4 1500
S1
-0.8 S,
S3
1.2 3
56 0.5
0 100 200 300
0
© (d) S~
Fig. 6. Results using a bad calibration: (a) initial image, (b) camera 3D 8 s
trajectory (c) s — s™ (m), (d) vc (cm/s and dg/s). 0 0

-05 -05 (e)
4) Rewluts f(_)r"anOther_ObJeCt We now consider ano_ther Fig. 8. Results obtained with the “brain” for a desired object position parallel
object: a “brain” (see Fig. 8.a and 8.b). For that object, to the image plane: (a) initial image, (b) desired image, (c) s — s* (m), (d)
pair (cg,c4) has been selected to control the rotational mo-  ve (cm/s and dg/s), (€) camera 3D trajectory
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Similarly, if we consider a desired configuration of the
object plane non parallel to the image plane, the behavior
obtained is still satisfactory thanks to the virtual rotation
applied (see Fig. 9 where R* has again been specified as a
rotation of 30° around x-axis).

Fig. 9. Results obtained with the “brain” for a desired object position non
parallel to the image plane: (a) initial image, (b) desired image, (c) visual
features s — s* (m), (d) v (cm/s and dg/s), (e) camera 3D trajectory.

B. Experimental results using discrete objects

Discrete objects are now considered. The first one is very
simple and composed of 17 "white dots” (see Fig. 11). For
that object, several pairs of moments invariants can be chosen,
such as for instance (co,c10) Or (cg,cq) (see Fig. 10). In
the following experiments, we have chosen the pair (cg, c4).
Two cases for the desired camera position have been also

(b)

Fig. 10. Representation of f(e.) for the set of points and for the pair: (a)
(co,c10), (b) (cs,ca).

considered: either the image plane is parallel to the object,

or it is not. The corresponding images are given in Fig. 11.a
and 11.b.

1) Pure translational motion: In this experiment, the same
pure translation 7' = (—24 ¢m, 17 e¢m, —70 e¢m) is between
the initial and the desired configurations for both parallel and
non parallel cases (see Fig. 11.c and 11.d). We have compared
the results obtained using the moments proposed in Section I11-
A as visual features (see (19) and (21)), and using all the points
coordinates (zx, yx).

(d)

20
using our features
10

using points coordinates sing points coordinates

using our features

-10

(e) ®)

0.2

2
0 04 -0.2 0 0.2

(@) (h)

Fig. 11.  Pure translational motion: (a) desired image when the object is
parallel to the image plane, (b) desired image when the object is not parallel
to the image plane), (c) initial image for a pure translation from (a), (d)
initial image for a pure translation from (b), (e) comparison of s — s* (m),
(f) comparison of ve (cmfs), (g) camera 3D trajectory when the object is
parallel to the image plane (in blue, using our features, and in red using
points coordinates), (h) idem when the object is not parallel to the image
plane.

In both parallel and non parallel cases, we can see in
Fig. 11.e, 11.f, 11.g and 11.h the improvements brought using
moments and, for the non parallel case, brought by the virtual
rotation. Indeed, they allow to obtain a pure exponential
decrease for the visual features and generate exactly the same
camera velocity. As expected, the camera 3D trajectory is thus
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a pure straight line in both cases using the proposed method.
When points coordinates are used, we have no more a pure
exponential decrease for the visual features and for the camera
velocity components. The camera trajectory is thus no more a
straight line. Rotational motions (unfortunately not visible on
the presented plots) are even involved when points are used
for the non parallel case.

2) Complex motion and comparison wrt. basic image-based
visual servoing: We now consider a complex displacement and
we present a comparison between our image-based method
using six combinations of moments and the traditional image-
based method where the coordinates of the image points are
used as input to the control scheme. The initial image is given
in Fig. 12.a while the desired one is given in Fig. 12.b. The

s sl v,

Sy wy, ——
0 éﬁ -6 w, ——
0 400 800 0 400 800

0 400 800 0 400 800

(@) (h)

Fig. 12. Results for a complex motion using a discrete object, comparison
using our visual features and using a basic image-based approach : (a) initial
image, (b) desired image, (c) s — s™* (m) using moments, (d) v (cm/s and
dg/s) using moments, (e) s — s* (m) using image points coordinates, (f) v¢
(cm/s and dg/s) using image points coordinates, (g) image points trajectories
(in blue using our features, in red using image points coordinates) (h) camera
trajectories (with same colors)

corresponding displacement is very large (t, = —38 cm,
ty, = 47 cm, t, = 10 cm, Ou, = 23°, Ouy, = —27°,
fu, = 64°) and the desired position is such that there is

IEEE TRANSACTIONS ON ROBOTICS, TO APPEAR

a rotation of 20° around x camera axis between the object
plane and the image plane. As for the other objects considered
previously, the interaction matrix using the moments after the
virtual rotation is sparse and block triangular:

-1 0 0 0.00 —0.51 0.18
0-1 0 048 —0.00 0.03
fl | 0 0-1-024 —0.02 0
)| 0 0 0 344 -20.56 0.0
0 0 0 1.19 —231 0.0
0 0 0 014 —0.72 —1

Despite the large displacement to realize, we can note in
Fig. 12.c and 12.d the decoupled and exponential decrease
of the six combinations of moments and of the six camera
velocity components. If points coordinates are used as input
to the control law (see Fig. 12.e and 12.f), the system still
converges, but without these nice properties. The difference
of behaviors is particularly clear on the trajectories of the
image points (see Fig. 12.g) and on the camera trajectory (see
Fig. 12.h) where our scheme leads to almost a pure 3D straight
line. The results obtained using the proposed combinations
of 2D moments are thus similar to those of a hybrid visual
servoing. Even if currently limited to planar objects, our
method has the advantage that it does not necessitate to solve
explicitly the matching problem between each point of the
object extracted on the current image and the corresponding
point extracted on the desired image. Contrary to the other
existing methods (that is basic image-based schemes, position-
based schemes and hybrid schemes), it is sufficient to check
that the same set of points is used to compute the moments
in the current and in the desired images.

3) Results with a bad system calibration: We now test
the robustness of our approach with respect to modeling
errors. In the presented experiment, errors have been added
to camera intrinsic parameters (25% on the focal length and
20 pixels on the coordinates of the principal point) and to
the object depth (Z* = 1 m instead of Z* = 0.7 m).
Furthermore, an error equal to 10° has been set in R*. The
results are given in Fig. 13. Even if the trajectory of the
points are different in the calibrated and coarse calibrated
cases (compare Fig. 12.g and 13.c), which is mainly due to
the large errors introduced in the camera intrinsic parameters,
all the errors introduced have a small effect on the decreasing
of the moments (compare Fig. 12.c and 13.a), on the camera
velocity components (compare Fig. 12.d and 13.b), and thus
on the camera 3D trajectory, which is still very near to a pure
straight line as in the calibrated case (see Fig. 13.d where
the trajectories can be compared). Let us note that the basic
image-based method using points coordinates as input to the
control law does not allow the system to converge with the
same modeling errors, since some points leave the camera
field of view. These results validate the strong robustness of
our scheme with respect to modeling errors, and the fact
that the decoupling properties are not sensitive to a coarse
approximation of the virtual rotation since they are ensured in
a neighborhood of the virtually rotated desired position.

4) Results for complex images. Finally, we present ex-
perimental results obtained with more complex images (see
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Fig. 13. Results with modeling errors: (a) s — s* (m), (b) vc (cm/s and
dg/s), (c) image points trajectories, (d) camera trajectory (in blue, the trajectory
obtained without modeling error, and in red with modeling errors).

Fig. 14) using the pair (co,c10). The considered points have
been extracted using the well known Harris detector and
tracked using a simple SSD algorithm. We can note that the
plots obtained are more noisy than using simple dots, because
of the less accurate points extraction. It is mainly noticeable
on w, and w, components of the camera velocity, since these
values depend on moments of order 5 (while w, and v, are
not noisy at all since their value only depend of moments
of order 2). Despite this noise, the exponential decrease, the
convergence and the stability are still obtained, which proves
the validity of our approach. This results could be improved
easily using a sub-pixel accuracy image tracker, such as for
instance the Shi-Tomasi algorithm [25].

/
[
=

0 500 1000 0 500 1000
(©) (d)
Fig. 14. Results for complex images: (a) initial image, (b) desired image,

(© lls —s*|| (m), (d) ve (cm/s and dg/s)

V1. CONCLUSION

In this paper, we have proposed a new visual servoing
scheme based on image moments valid for dense and discrete
objects. Six features have been designed to decouple the dofs
of the system, which provides a large domain of convergence,
a good behavior of the visual features, as well as an adequate
camera trajectory. A new method, based on a virtual camera
rotation, has also been proposed to extend the decoupling
properties for any desired camera orientation with respect to
the object. The experimental results have shown the validity
of our approach, and its robustness with respect to modeling
errors. We have obtained similar results than using an hybrid
visual servoing scheme, but with a more simple cooking of
the visual features, since our method does not necessitate
any point-to-point matching, any homography estimation, nor
any partial displacement estimation at each iteration of the
control scheme. Future works will be devoted to determine an
unique pair of moments invariants able to efficiently control w,,
and w, whatever the considered object. We would like also to
generalize the results to non planar objects, and to determine
analytical conditions to ensure the global stability of the
system in presence of modeling errors.

APPENDIX
The set of invariants involved in (9) are given by [27]:

I = —psopioz + it
Iy = (20 — po2)? + 4piy
I3 = (30 — 3u12)* + (Bp21 — po3)?
Iy = (30 + pa2)? + (p21 + po3)?
Is = —pi3o s + Opizopdy — Aoy — A3 o3 + 33117
Is = 3u3okta + 213083 — Gpsody a2 — Gpusoiz1 a2 pios
2030172 + a1 + 2431 Hos + 3p31 153
—6p21p¥api03 + 3ty — Bpizn fiiapios + 3uis
It = — o ios + 3pi30M21 112 — 203045 — 34304431 o3
+6p30 121 11T + a0 203 + 30455 — 3Ha1 L2
—6p3, 124103 + 321 1135 — Bpia1p2fioy + 2472403
Iy = —pdopma + (3051 — [3oka1 103 — 213047
+3 30431 12 — 613021 1203 + BH30M5s
—psop12/8s + 33y thos + BHiy Hos — 2443 1103
3421 12403 — P21 Hgs + 1ol
Iy = pizo + 6p3opnz + 6piopizn pros + 3o ts + 2130153
+ 1830421 121403 + Bp3012403 + i Hos
+6p21 115 + 03
Lo = paopos — 4pis1ins + 3u3,
L1 = 3puaopon — 24a0ftos + 3u3, + 2031113 — 3p22404
+3pi;
Lo = 3u3g + 1204022 + 24ta0t04 + 16131 13
+12p90 104 + 3
Ly = (pso + 2p32 + p114)? + (pos + 2403 + par)?
T = (pso — 2ps2 — 3p14)” + (pos — 2pi23 — 3pa1)”
Iis = (pso — 10us2 + 5p14)® + (pos — 10p2s + 5ptar)”
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