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Abstract— Moments are generic and (usually) intuitive descrip-
tors that can be computed from several kinds of objects defined
either from closed contours (continuous object) or a set of points
(discrete object). In this paper, we propose to use moments to
design a decoupled image-based visual servo. The analytical form
of the interaction matrix related to the moments computed for
a discrete object is derived, and we show that it is different of
the form obtained for a continuous object. 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.

I. INTRODUCTION

Numerous visual servoing methods have been proposed
to position a camera with respect to an object [5]. Recent
developments are concerned with the selection or the transfor-
mation of visual data to design visual features that improve the
behavior of the system [2], [6], [7], [9]. The objective of these
works is to avoid the potential problems that may appear using
basic techniques (typically reaching local minima or a task
singularity) [1]. The way to design adequate visual features
is directly linked to the modeling of their interaction with the
robot motion, from which all control properties can be theo-
retically analyzed. If the interaction is too complex (i.e. highly
non linear and coupled), the analysis becomes impossible and
the behavior of the system is generally not satisfactory in
difficult configurations where large displacements (especially
rotational ones) have to be realized.

In our previous works [9], a decoupled control has been
proposed using the image moments computed from a contin-
uous objet. Six combinaitions of moments were proposed to
obtain an adequate behavior. In this paper a generalization
of those results to a discrete object defined by a rigid set of
coplanar points, extracted and tracked in an image sequence
is given. The goal of the visual servo is to control the robot
motion so that these points reach a desired position in the
image. In practice, when complex images are considered, these
points are generally a set of points of interest extracted for
example using the Harris’s detector [4] and tracked using a
SSD algorithm [3]. Instead of using the coordinates of all the
image points as inputs in the control scheme, we propose to
use some particular image moments. We will see in this paper
that the interaction matrix of moments defined from a set of
points is different from that obtained in the continuous case.
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These differences impose a new selection of the visual features
to design a decoupled control scheme.

Furthermore, up to now, the decoupling properties have
been obtained only when the object is parallel to the image
plane [9]. In this paper, we propose an original method to deal
with the more general case where the desired object position
may have any orientation with respect to the camera frame.
The idea consists in applying a virtual camera motion and in
using the transformed visual features in the control law. This
result is valid either for a discrete objet either for a continuous
objet.

In the next section, we determine the analytical form of the
interaction matrix related to the moments computed from a set
of points. In Section 3, we design six decoupled visual features
to control the six degrees of freedom of the system when the
camera is parallel to the image plane. In Section 4, we gener-
alize these results to the case where the object may have any
orientation with respect to the camera. Finally, experimental
results using a continuous objet and discrete objects are given
in Section 5 to validate the proposed theoretical results.

II. INTERACTION MATRIX OF MOMENTS COMPUTED FROM
A SET OF IMAGE POINTS

It is well known that the moments related to a set of IV
image points are defined by:

N
mi; = Y Ty, (1)
k=1
By deriving the above equation, we obtain:
N
i = > (ix) Yl ik + jeiyl k) @)
h=1

The velocity of any image point x; = (zx,yx) is given by
the classical equation:

Xp =Ly, v 3)

where Ly, is the interaction matrix related to x; and v =
(U, Uy, Uy, Wy, wy,w,) is the kinematic screw between the
camera and the object. More precisely, we have:

_[~1/2 ©

I
Lo, — ri/Zy TRy —1—xf Yk @)

0 —1/Zy yi/Zk 1+yi —zpyr —k
where Zj, is the depth of the corresponding 3D point.

If all the points belongs to a plane, we can relate linearly the
inverse of the depth of any 3D point to its image coordinates
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(by just applying the perspective equation © = X/Z,y =Y /Z
to the plane equation):

1
— = Az + By + C 5)
Zy,

Using (5) in (3), the velocity of xj can be written as:
Ty —(Azxy, + Byr + C)v,

a2k (Azy + By + C)v,

Tryrwe — (1 + 23wy + Yrw.

—(Axy, + By + C)uy

yk(Axk + Byk + C)UZ

(1+ Y3 )we — ThYRWy — Thws

B ©

+ 4+ 1+ +

Finally, using (6) in (2), the interaction matrix L., related
to m;; can be determined and we obtain after simple devel-
opments:

Ly, = [ma,, ma,, Md,. Md,, Md,, Md,. | @)
mq,, = —i(Am;;j+Bm;_1 j41+Cm;_1 ;)
mgq,, = —j(Amii1j1+Bmg+Cmg ;1)
ma,. = (i+7)(Amit1;+Bm; j11+Cmyj)
ma,,, = (i+7)mi 1+ jmeij1
ma,,, = —(i+7)mip1j —imi_1,;

Md,,, = 1Mi—1j41 = JMit1,j-1

where:

We can note that the obtained interaction matrix is not exactly
the same if we consider the moments defined from a set of
points or defined by integration on an area in the image. In
the continuous case, the coefficients of the interaction matrix
are given by (see [9]):

Myy = —z'(Amij—O—Bmi_l,j_,_l—‘—C’mi_l’j)—Amij
mvy = 7_]'(Am7;+1’j,1 +Bmij+Cmi7j,1)meij
My, = (z+]+3)(AmZ+17] +Bmi,j+1+0mij)—0mij
Mg = (i+7+3)mi 1+ jmi -1

Mapy —(i+j+3)mi+17j — imi_Lj

Mz = M1 j41 — JMit1,j—1

They are obtained from the following formula [9]:

0 0 ot 0y
iy = [ [ (G G s G+ 5 oy
where f(z,y) = x'y’ and where D is the image part where the
object projects. We can see that the first two terms of the above
equation correspond exactly to the two terms present in (2).
On the other hand, the third term does not appear in (2), which
explains the differences on the obtained analytical forms.

To illustrate these differences on a simple example, we can
consider moment mgg. In the discrete case, mgg is nothing
but the number N of tracked points. This number is of course
invariant to any robot motion (if the image tracking does not
loose any point) and we can check by setting ¢ = 7 = 0 in (7)
that all the terms of L,,,, are indeed equal to zero. In the
continuous case, mgg represents the area of the object, and
general robot motion modifies the value of mgg, as can be
checked for instance from m,,, or m,,, .

Similarly, if we consider the centered moments defined by:
N

pig = Y (2 — 4) (Y — yg)? (8)

k=1
we obtain after tedious developments the interaction matrix

L, and we can check it is slightly different to that obtained
in the continuous case (see [9]):

Ly, = Bdve Hdoy Pdoe Hde Bdwy, Hdo. | (9

Hd o = —ZA/L” — Z‘Bui717j+l
Bd,, = —JApiv1-1 — JBuj
fa,. = —Aptwy + Bliws + (i + §)Cpij

Py = (0 + J)ij+1 +iTgpi1,j41

with : . / . .
+(1 + 25)yg iy — inaftio1,j — Jnoztij—1

P, = —(i4 i) iv1; — (20 + )T gpi
—JYghi+1,5—1 + toofi—1,5 + JN11 i 5—1
Hdy, = 0i—1+1 — JHit1,j—1

where n;; = f1;;/moo. As in the continuous case, if the object
is parallel to the image plane (i.e. A = B = 0), we can note
from piq,, and pg,, that all centered moments are invariant
with respect to translational motions parallel to the image
plane (414, = fta,, =0 when A = B =0).

Since the interaction matrices related to moments are similar
in both discrete and continuous cases, we will use in the
next section the recent results proposed in [9] to design
six combinaisons on image moments able to control the six
degrees of freedom of the system. We will see however that
one of these six features can not be exactly the same.

III. FEATURES SELECTION FOR VISUAL SERVOING

The main objective of visual features selection is to obtain
a sparse 6 x 6 full rank interaction matrix that changes slowly
around the desired camera pose (our dream being to obtain
the identity matrix...). In this section, we consider that the
desired position of the object is parallel to the image plane
(i.,e. A = B = 0). The more general case where the desired
position of the object is not necessarily parallel to the image
plane will be treated in the next section.

In [9], the following visual features had been proposed for
the continuous case:

5= (Cfmymanﬂ’lﬂ‘%a) (10)
— — _ * [a*
Tp = anxg s Yn = anyg , p = Z o
where: I I L o
_ Iny _ Iny _1 11
=T Te =L, =g arctan( )

a(= mgo) being the area of the object in the image, a*
its desired value, Z* the desired depth of the object, o the
orientation of the object in the image, and r; and ry two
combinations of moments invariant to scale, 2D translation
and 2D rotation. More precisely, we have:

I, = (us0+2p32+p14)* + (pos+2p23+ a1 )?
Iy, = (50— 2132 —3p14)? + (105 — 2423 — 3pta1)?
Iy = (150 —10p324+-5p114) + (p105 — 10123+ 5141 )?
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In the discrete case, all these features can be used but the
area myop since, as already stated, it always have the same
constant value N whatever the robot pose. We thus propose
to replace the area and its desired value by:

an

By denoting L! the value of the interaction matrix for all
camera poses such that the image plane is parallel to the
object, we obtain for the selected visual features s and for
such configurations:

a = p20 + po2 and a” = u3g + Koo

-1 0 0 aperr —ap(ltern) yn
0 =1 0 an(l+ean) —anerr —zn
0 0 -1 —€31 €39 0
L! o 0 0 0 lex ley 0 (12)
0 0 0 T2 e ’I“wa 0
00 0  Qus awy  —1
€11 = N1l — Tg€31
€12 = —(n2o — T4€32)
€21 = No2 — Yg€32
€22 = —(nn - Z/g€31)
€31 =Yg+ (Ygttoz + Tgp11 + p21 + po3)/a
€32 = Xyt (Tgpo0 + Ygit11 + p12 + i30)/a
where: ¢ Quy = (4i20pt12 + 2020Tgh02 + 220Yght11

—4puoapta — 2T g1 + 2H02Yg 11
—4xgpdy + 4 pros — dpnipon)/d
qwy = (—dpoopor — 2ygi3g + 2p1126f120
+2p02Yght20 + 2011202 + 4ito2 21
—4ppiz — yguty + 4paipizo)/d
d = (p20 — po2)® +4pi,
and where r; Tl s T2 and T2, have a too complex
analytical form to be given here.

As in the continuous case, and despite the differences
in the non constant elements of L!, we can note the very
nice block triangular form of the obtained interaction matrix.
Furthermore, if only the translational degrees of freedom are
considered, we have a direct link between each of the first
three features and each degree of freedom (note that upper
left 3 x 3 block of L! is equal to —I3).

Finally, we can use the classical control law:

wax ) wx

v=-AL, (s—sY) (13)

where v is the camera velocity sent to the low-level robot
controller, A is a proportional gain, s is the current value of
the visual features computed at each iteration of the control
law, s* is the desired value of s, and Lg is chosen as:
1
2
However, control law (13) presents nice decoupling prop-
erties only when the desired camera position is such that the
image plane is parallel to the object (and for initial camera
positions around such configurations). That is why we propose
in the next section a new method to generalize this result to the
case where the desired camera pose may have any orientation
with respect to the object.

T _ I Il
Ls = (Ls(s*) + Ls(s))

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

The general idea of our method leads to apply a virtual
rotation R to the camera, to compute the visual features after
this virtual motion, and to use these transformed features in
the control law. More precisely, the rotation is determined so
that the image plane of the camera in its desired position is
parallel to the object. The decoupling effects obtained when
the image plane is parallel to the object can thus be enlarged
around any desired configuration of the camera with respect
to the object.

A. Image transformation

The first step of our algorithm consists in determining
the virtual 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 the selected
configuration (but this method necessitates the knowledge of
the CAD model of the object to compute the desired value
s* of the visual features). If the task is specified by a desired
image acquired in an off-line learning step, R has to be given
during this step, in the same way as we set the desired depth
Z* when we consider the parallel case. This method does
not necessitate any knowledge on the CAD model of the
object. Furthermore, we will see in the experimental results
that a coarse approximation of R is sufficient to obtain nice
decoupling properties.

Let us denote (X, Y;, Z;) and (XY, Z) the coordinates of
a 3D point after and before the virtual rotational motion. We
have of course:

X X i1 Ti2 T13 X
Yi | =R |Y | = |ro1 122 723 Y (14)
Zy Z T31 T32 T33 Z

from which we can immediately deduce the coordinates
(z¢,y:) of the corresponding point in the virtual image that
would be obtained if the camera had really moved. Indeed,
using the perspective projection equation (z; = X;/Z;,y; =
Y:/Z:), we obtain:
{It(7‘11I+7‘12y+7”13)/(7’31$+7”32y+7’33) (15)
Yr=(r217+raoy+re3)/ (1317 +732y+733)

where (x,y) are the coordinates of the point in the real image.
We can note that transformation (15) can be computed directly
from R and the image point coordinates. An estimation of the
coordinates of the 3D point is thus useless.

If the considered object is discrete, transformation (15) is
applied for all the N points considered in the desired image
(from which visual features denoted s; are computed), and for
all the N points considered in the current image (from which
visual features denoted s; are computed). Otherwise, that is if
we consider a continuous object, the image moments after the
virtual rotational motion can be computed by:
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Mtpy = // 2Py daydy,
Dy

_ // (T11I+7’12y+T13 i 7212 + T2y + 723\ ;
D T31T + 732y + 733" 731X + 32y + 33
x det(J¢)dxdy

Oz Ozy

the 0 0
with: Jt = 3—?2 d_yyt
ox oy

(16)

a7

From (16) we can easily prove that the image moments after
the virtual rotation are given by:

_ (riz + rioy + T13)i(7”21I + ro2y + 7"23)'7
Mtpg = / D (ra1x + raoy 4 1r33)Hi+s derdy
(18)
The control law is finally given by:
—~—1
v=-AVL; (s;—sj) (19)

where matrix V represents the change of frame of the camera
kinematics screw to go from the virtually rotated camera frame
to the real one:

(¥

0 RT

Let us note that model Lg is now computed with value s; and
syt
—~ 1
LS = 5

which allows to obtain the same decoupling properties as in
the parallel case (since matrix V preserves the decoupling
properties between translational and rotational motions).
Finally, we could imagine to estimate the orientation be-
tween the camera frame and the object at each iteration of
the control law. That would allow to determine a varying
transformation such that the decoupling is ensured whatever
the camera configuration (and not only around the desired
position). That idea will be studied in our future works.

I
(Ls(s

I
) T L)

V. EXPERIMENTAL RESULTS

This section presents some experimental results obtained
with a six dof eye-in-hand system using first a discrete object
and then a continuous object. In the case where the object
is discrete, two cases have been considered for the desired
camera position: either the image plane is parallel to the
object, either it is not. The corresponding images are given
on Figure l.a and 1.b. Furthermore, experiments using a
continuous object where the object is non parallel to the image
plane (the desired image is given on Fig. 2.a) is also given. The
case where a continuous objet is parallel to the image plane
has already been presented in [9]. For the parallel case, we
have just set approximatively the desired depth Z* to 0.5 m.
For the non parallel case, Z* has also been set to 0.5 m and
rotation R has been specified by a rotation of 30 dg around
Z-axis.

A. Pure translational motion

We first consider the case of a pure translational mo-

tion. In this experiment, the same translation T =
[—24c¢m, 17em, —70em] has been realized for both parallel
and non parallel cases (see Figure 1). We have compared the
results obtained using the moments proposed in Section 3 as
inputs of the control law, and using all the points coordinates
(z, yx)- In both parallel and non parallel cases, we can see on
Figures l.e, 1.f, 1.g and 1.h the improvements brought using
moments and the virtual rotation of the features proposed in
Section 4. 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
the same pure straight line in both cases using the proposed
features. 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, especially for the non parallel case.
Rotational motions are even involved when points are used for
the non parallel case.
The results obtained using a continuous object where the
object is non parallel to the image plane are given on Figure 2.
From those results we also note the same exponential decrease
behavior obtained either for the features errors (Fig. 2.c) either
for the translational velocities (Fig. 2.d.). Furthermore, the
obtained 3D camera trajectory (Fig. 2.e.) is a pure straight
line.

B. Complex motion

We now consider a complex motions where both trans-
lational and rotational motion are involved. More precisely,
the displacement to realize is composed of a translation of
approximatively 65 cm and of a rotation of approximatively
30 dg. The initial and desired images are given on Figure 3.a
and 1.b (non parallel case and discrete object). For that desired
position, and after transformation of the visual features, we
have:

-1 0 0 0.00—-0.50 0.00

0-1 0 050 —0.0 0.01

.| 0 0-1-000-001 0

L= 0 0 0 1.49-056 0 (20)
0 0 0 158 250 0
0 0 0 0.11-017 —1

The obtained interaction matrix is sparse. Its condition number
is equal to 3.34 while it is 95.61 using points coordinates.
The obtained results are given on Figure 3. Despite the large
displacement to realize, we can note the good behavior of
the features errors mean and of the camera velocities: they
decrease exponentially with no oscillation (see Figure 3.b and
Figure 3.d ). The 3D camera trajectory is also satisfactory (see
Figure 3.c).

The experimental results using a continuous objet are given
on Figure 4. An exponential decrease of the velocities and
features errors mean is also obtained. The 3D camera trajec-
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(d)

parallel position and using poirts coordinates

¢ on parallel position and using points coordinates
16\ — parallel position and using our features

\ -~ non parallel position and using our features

e

(€9) (h)

Fig. 1. (a) desired image where the object is parallel to the image plane), (b)
desired image where the object is not parallel to the image plane), (c) initial
image for a pure translational motion between (a) and (c) ), (d) initial image
for a pure translational motion between (b) and (d)), (e) features errors mean,
(f) velocities, (g) camera 3D trajectory (object parallel to the image plane)
(h) camera 3D trajectory (object non parallel to the image plane).

tory is adequate despite of the large displacement between the
desired and the initial position of the camera.

C. Results with a bad camera 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 for the desired camera position (Z* =
0.8 m instead of Z* = 0.5 m). Furthermore, an error equal
to 10 dg has been set in R. The obtained results are given on
Figure 5. The behavior of the system is very similar to that
of the previous experiment, which validates the robustness of
our scheme with respect to such errors.

SRR

Fig. 2. Results for a pure translation using a continuous object (when the
object is not parallel to the image plane): (a) desired image, (b) initial image,
(c) features errors, (d) translational velocities, (e) camera 3D trajectory

B

s o ez ERC I

(©) (d)

Fig. 3. Results for a complex motion and using a discrete object: (a) initial
image, (b) velocities, (c) camera trajectory, (d) features errors mean

D. Results for complex images

In this paragraph, we present similar experimental results
obtained on more complex images (see Figure 6). The con-
sidered points have been extracted using Harris detector and
tracked using a SSD algorithm. We can note however that
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Fig. 4. Results for a complex motion using a continuous object: (a)
initial image, (b) camera 3D trajectory, (c) features errors mean, (d) camera
velocities.
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Fig. 5. Results with modeling errors: (a) velocities, (b) features errors mean,
(c) camera trajectory.

the plots are more noisy than using simple dots, because of
the less accurate points extraction. It is mainly noticeable on
the w, and w, components of the camera velocity whose value
depends on 5" order moments (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 can be improved using a sub pixel
accuracy image tracker such as Shi-Tomasi algorithm [8].

VI. CONCLUSION

In this paper, we have proposed a new visual servoing
scheme based on image moments for objects composed of
a set of discrete points. Six features have been designed to

IR, .

(© (d)

Fig. 6. Results for complex images: (a) initial image, (b) desired image, (c)
velocities, (d) features errors mean

decouple the camera degrees of freedom, which allows one to
obtain a large domain of convergence, a good behavior of the
visual features in the image, 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 considered
object. This method is valid either for discrete objects either
for continuous objects. The experimental results show the
validity and the robustness of our approach with respect to
modeling errors. Furthermore, in the case of a discrete objet,
our method requires only that the set of points considered in
the desired image is the same in the initial and tracked images
(no matching between these points is necessary to compute the
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