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Abstract This paper applies two Neural Network
(NN)-based image features Zhao et al. (2012) to solve
the problem of decoupling the rotational velocities
around x and y axes of camera frame in robotic visual
servoing systems. Based on these two image features
and the other four image features used in previous
work Chaumette (IEEE Trans. Robot. 20(4):713-723
2004), the interaction matrix has a maximal decou-
pled structure and thus the singularity of interac-
tion matrix is avoided in Image-Based Visual Servo-
ing (IBVS). The analytical form of depth is given
by using classical geometrical primitives and image
moment invariants. The IBVS Proportional Derivative
(PD) controller is then designed and the stability of
the controller is proved by using Lyapunov method.
The tracking performance is thus enhanced for a
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1 Introduction

“Visual Servoing” has been widely used to make
robotic systems increasingly dexterous and fast to
work in its surrounding environment in the past
two decades. Based on the error signal definition,
visual servoing is classified into two major categories:
Position-Based Visual Servoing (PBVS) and Image-
Based Visual Servoing (IBVS) [3, 4]. In IBVS, one of
the open questions is to determine a set of image fea-
tures in control scheme so that the decoupled behavior
of the system is obtained [5]. Generally speaking, the
image features used as input of control scheme are the
coordinates of points, or the parameters describing the
configuration of image segments such as straight lines
and ellipses. In the recent years, the researchers in
visual servoing adopted image moments, which have
been commonly used for pattern-recognition in com-
puter vision [6-8], for control scheme design. The
main reason of using image moments for visual ser-
voing is that they provide a generic representation of
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any object, with simple or complex shape [2]. Fur-
thermore, image moments can be computed easily
from binary or segmented image or from a set of
extracted points of interest, disregarding the object
shape complexity. In addition, the judicious combi-
nation of image moments is invariant to some trans-
formations such as 2D translation, 2D rotation and
scale. This property is of great value in visual servoing
[5]. The main question in choosing the image fea-
tures for visual servoing is that how to combine those
image features to obtain adequate form of interaction
matrix for visual servoing systems. The basic strategy
is just stacking [3]. However, the inappropriate com-
binations of image features may cause some potential
convergence problems, such as local minimum and
coupled image features that lead to inadequate robot
trajectories [9].

Some researchers have tried to use different image
features to solve this problem [2, 5, 10, 11]. In [2],
six independent image features are adapted such that
the corresponding interaction matrix has a maximal
decoupled structure and thus the robustness and the
numerical stability of robotic systems are improved
remarkably [12, 13]. In [14, 15], laser points are used
as image features to track the objects without enough
detectable geometric features. In [10], the 2-D features
and 3-D features are combined to decouple the rota-
tion form the translation, and also to ensure the visibil-
ity of the object in the field of view (FOV) of camera.
The global stability of the system is achieved by only
using the measurement information from the current
and desired images. In [16], the authors selected sub-
sets of image features most relevant for determining
robot pose variations along each of six degrees of free-
dom of camera by using a statistical measurement of
variable interdependence.

The desired behaviors for visual serving systems
can be obtained by determining the image moment
invariants to translational velocity and rotational
velocity around axes of the camera frame. In [2], the
image moment invariants to 2-D translation, to 2-D
rotation and to scale are exploited to decouple wy
and w, (the rotational velocities around axes x and
y of camera frame respectively) from other DOFs. In
[5], the combinations of the image moment invari-
ants are proposed and two of them are selected as
image features to control w, and wy. It is noticed that
the values of L,yand L,y in the interaction matrix
Jy=[000 Ly Lyy 0][2,5]are zero for centered
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symmetrical shape object, which causes singularity
problem of interaction matrix. In fact, this problem
occurs in almost all of Hu’s invariants. Hence how
to choose two new image features for the objects
with both centered symmetrical and non-symmetrical
shapes to decouple w, andw, remains a major chal-
lenge in visual servoing. Furthermore, in the previous
researches [2, 5, 17], the depth of target object is
assumed to be constant [17] or is calculated from the
planar object equation expressed in desired position
[2, 5]. This assumption simplifies the mathematical
development and such an approximation is generally
accurate enough in practice because of the robust-
ness of the visual servoing scheme to modeling errors
[2]. However, for large displacement visual servoing,
this assumption will cause remarkable error of interac-
tion matrix and singularity problem of visual servoing.
Therefore, an accurate estimation of depth online is
an important issue for large displacement IBVS. It is
known that NN has very strong ability of approaching
generalization and has been widely applied in func-
tion approximation and data compression, prediction,
nonlinearities compensation, etc. [16, 18-21].

In this paper, two neural network-based image fea-
tures [1] are adopted to decouple w; and wy in a
6 DOF robotic visual servoing system. In addition,
the accurate estimation of depth online for planar
object is achieved. Therefore, the interaction matrices
related to the chosen image features can be accurately
determined based on the proposed scheme. Hence the
visual servoing performance is enhanced significantly.
In our previous research [1], the simulation has been
carried out to validate the algorithm on tracking the
rectangle and whale shape objects. In this paper, we
have conducted experiment to validate the proposed
algorithm on tracking the star and whale shape objects
in a 6-DOF robotic system. In addition, the stability of
the proposed controller is proved by using Lyapunov
method.

This paper is organized as follows. In Section 2,
six image features based on image moments are intro-
duced. In Section 3, the NN is designed to map the
relationship between the image moment invariants and
the rotational angles around axes x and y of cam-
era frame with respect to the desired position. The
depth estimation of planar object is given in Section 4.
The IBVS controller is designed and stability analy-
sis is given in Section 5. The experimental results are
given in Section 6 to validate the proposed method.
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Finally, the conclusion and future work are presented
in Section 7.

2 IBVS Using Image Moments

In this section, the development of IBVS using image
moment features is introduced for 6-DOF robot sys-
tems. The eye-in-hand robotic system configuration is
composed of a 6-DOF robot and a camera mounted
on the robot end-effector as shown in Fig. 1, where
H denotes the transformation matrix between two ref-
erence frames. From the images, the image moments
are computed so that image features are extracted.
The proposed visual servoing control block diagram is
shown in Fig. 2, where syand s present the desired and
current image features respectively and u is the con-
trol signal sent to robot controller. In our method, the
off-line trained neural network can estimate the rota-
tional angles around x and y axes of camera frame at
the desired position. Based on the image features and
estimated rotational angles, the depth can be estimated
on- line. The errors of image feature are sent to image-
based controller. The generated control signal drives
the robot end-effector to approach the desired pose.

To accomplish IBVS for such a robotic system, six
image features are chosen for control scheme design.
The derivation of interaction matrix based on the
image features is given as follows.

2.1 Interaction Matrix of Image Moments

To understand the proposed algorithm, some back-
ground knowledge on the image moments [2] is

Camera

Object frame

World reference
frame

Fig. 1 Robotic eye-in-hand system configuration

presented in the following. For a dense object in the
image, its two-dimensional momentsm;;and central
moments ;; of order i + j are defined by

mij = / / x'yldxdy (1)

R(t)

Wij = // (x = x0)" (v — yg) dxdy 2)
R(t)

where R(t) represents the part of object projection
in the image plane and (x,, y,) are the centroid
coordinates in image plane (xg = mig/meo, yg =
mo1/moo)- In the case of planar object, the equation
of object surface in camera frame F : X — Y — Z at
instant ¢ is given by

Z=ki X+ kY+Z

where k|, kpare coefficients and Z is the coordinate
of the intersection point of the object plane and camera
optical axis. In visual servoing [2], one has

1
E=Ax—i—By—i—C 3)
where A = —é—]o, B = —%, C = _%0’ and x, y are

the coordinates of point in image plane corresponding
to 3D point(X, Y, Z) in camera frame. From Eq. 1, it
is known that only R (¢)relates to the timet in m;;. By
taking derivative of Eq. 1 with time and using the def-
inition of “Contour integration” [2], the relationship
between the velocities of x = (x, y)in image plane
and the velocity screw of camera is obtained
mij = JmijT 4
where the velocity screw of the camera is r =
T . . -
[vx vy v; wx @y o, ], the interaction matrix is
Jmij = [mvx Myy Myz Mex Meyy mwz] &)
where
myx =—i(Am;j + Bm;_1j +Cm;_1 j11) — Am;;
Mmyy=—j(Amii1 j—1 + Bm;j + Cm; j_1) — Bm;;
My; =+ j+3)(Amip, j+Bm; ji1+Cm;j) —Cmyj
Mepx =+ j +3)mj jy1 + jmij—1
Mey=—0+j+3)mjqp1; —im;_1j
Mz =IMi—1 j+1 — JMit1,j—1
Similarly for the central moments ;;, one obtains
fij = Juijt (6)
where the interaction matrix is

Juij = [,uvx Moy Mvz Hox Koy sz] (7N
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Fig. 2 Block diagram of
control system

SdQs
4

and

Moy = =@+ DAp;; —iBpi—1,j+1

Moy = —jARi1,j—1 — (G + DB

Moz = —Alley + Blpy + (@ + j + 2)le’vij

Mox = (@ + j + 3 i jr1 +ixgiio1,jy1
(25 + Dyerij — 4 (B = xovg ) o,

- 2

—4J (Tl—gé - yg) Wi, j—1

Moy = =@ + j +3pit1,j — iYgli+1,j—1
Qi+ 43 + 4 (M —x§> Wit

moo
+4j (% - xg)’g) Mi,j—1
Moz = ERi—1,j+1 = J i+l j—1

In conventional IBVS, A, B and C are treated as
constants during visual servoing and this assumption
is applicable in the vicinity of the desired position.
Whereas, A, B and C will change due to the cam-
era motion. The calculation of A, B and C will be
discussed in Section 4.

2.2 Choice of Image Features

Although the normalized features proposed in [5]
allow obtaining the better decoupling results on three
translational motions, the improvement on the overall
decoupling performance is not as significant as those
related to the rotational motions. Three image features
related to the translational motions and one feature
related to orientation angle are selected as the same as
those in [2] due to their less computational demand.
Two Neural Network (NN)-based image features are
expected to provide the decoupled rotational velocities
around x and y axes of camera frame and to remedy
the performance of using those non-normalized fea-
tures. The four image features are selected as: a =
moo the area of the image, xg, y, the coordinates
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of centroid, and « the orientation angle. As shown

in Fig. 3, the orientation angle « is defined [7] as

o = %arctan( 26 Ll ) The details on the interac-
M20—H02

tion matrix related to four image features are referred
to [2].

The other two image features are determined such
that the interaction matrix has maximal decoupled
structure and minimal nonlinearities [5]. In fact, the
interaction matrices would have such form as

Jnx =[000c, 00] 8)

Jnx =[0000¢cy 0] )
where ¢, and c, are constant. To address this chal-
lenge, it is assumed that there exist two image moment
invariants (to 2D translation, to 2D rotation and to
scale), which are referred to as virtual image moments
and denoted as m, and m, respectively. It is also
assumed thatm yand m yhave such form as follows

my = fx(B) = cxp (10)

my = fy(y) =cyy (11)
where B, yare the rotational angles around x and y
axes of the desired camera frame respectively. If 8 and

‘\a

(x>

Fig. 3 Orientation of an object defined as the orientation of the
ellipse
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y are available, m, and m, can be easily calculated
during visual servoing. Hence the problem is how to
estimate B8 and y based on the image, which will be
given in Section 3.

2.3 Interaction Matrices Related to Six Image
Features

The rotational matrix from camera current frame to its
desired frame is expressed as

R (c)Ry(y)Rx(B)

cyca (sBsyca—cBsa) (cBsyca+spsa)
= |cysa (sBsysa+cBca) (cfsysa—sPBca)
—Sy sBey cBey

nyz

where §, y, aare Euler angles around x, y, z of the
camera desired frame. The rotation order is x — y —
z, which coincides with the neural network training
procedure in Section 3. It is known that

cysa (sBsysa + cBeca) (cBsysa — sPca)
—sy sBcy cpey

Wy
X a)y
Wz
T. .
where [wy wy ;] is an angular velocity vector
expressed in camera current frame.
When m, and m, are chosen as image features, the

interaction matrix can be computed by taking the time
derivatives of m,and m:

dp/dt cyca (sBsyca — cBsa) (cBsyca + sBsa)
) - }
do/dt

e _ o 2 + wy(sp psa)
= cy— = wycyca + wy(sBsyca — cBsa
dt T dt ey yIPsY
4w, (cBsyca + sBsa) (12)
T = ey + @y (sBsysa + cBea)
o = cy ’r = wycysa + wy(spsysa + cPea
4w, (cBsysa — sBca) (13)
-1/Z, 0 Xguz Xgwx
0 _I/Zg Ygvz Ygwx
—aA —aB a(3/Z; —C) 3ay,
Jimage = 0 0 0
0 0 0
[ Oyx Qyy Qyz Qwx

cxeyca cx(sBsyca — cBsa) cx(cBsyca + sBsa)
cycysa cy(sBsysa + cBea) cy(cBsysa — sPeca)

where cais shorthand for cosa, sa for sina, and
so on; « is rotational angle around z axis of cam-
era desired frame. w,, wy, w, are angular velocities
around x, y, z axes of camera current frame.

The interaction matrices related to the two image
features m, and m, are

Jnx = [000 cicyca cx(cBsysa — sBeca)
cx(cBsyca + sBsa)] (14)

Jmy = [O 00 cycysa cy(sBsysa + cBea)
cy(cBsysa — s,Bcoc)] (15)

It is clear that in the vicinity of camera desired position
(e = B = y = 0), the interaction matrices can be
approximated as follows:

Jnx =[000 ¢ 00] (16)
Jnx =[0000¢c, 0] (17)

Hence the interaction matrices related to the two
image features have the same forms as Egs. 8 and 9 in
the vicinity of camera desired position. From [5], the
interaction matrices related to image features a, xg, yg
and « are as follows

Jig = [<1/Zg 0 Xguz Xgox Xgoy Vgl

Jrg = [0 —1/Zg Yguz Ygox Ygwy _xg]
Jyg = [-aA —aB a(3/Z,—C) 3ay, —3ax, 0]
Jo = [avx Qyy Qyz Opx  Opy —1]

The definitions of the variables Xgyz, Xgwx» Xgwy» Yevzs
Yewxs Yewys Qvxs Oy, Clyz, Owy, Ay, O, are referred
to [5]. By stacking the interaction matrices related
toa, xg, yg, my,my and «, one obtains the overall
interaction matrix of six image features at camera
current position as follows

Xgwy Ve
Ygwy —Xg
—3axg 0

(18)

gy -1
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The overall interaction matrix of six image features at

camera desired position (8 = y = 0) is
-1/Z, 0 Xguz Xgox Xgwy Vg
0 —1/Zg Yguvz Ygox  Ygoy TXg
7, _ —aA —aB a(3/Z; —C) 3ay, —3axg; O
tmage — 0 0 0 Cx 0 0
0 0 0 0 ¢ 0
Oyx Qyy Qyz Aoy Qgy -1

19)

3 Estimation of Rotational Angles Around x and y
Axe of Camera Frame

3.1 Neural Network Estimation

It is noticed that the following image moments are the
invariants to 2D translation, to 2D rotation [5]

I, b, I3, 14, Is, I, I7, 19, 113114, 115 (20)

The analytical forms of Iy, I, I3, I4, Is, Is, I7, Io,
113114, 115 are given in the Appendix of [5]. On the
other hand, several combinations of the image moment
invariants in Eq. 19 are presented in order to normalize
the image moment invariant for the same shape object,
which are given as follows

I I3 Is Iz
cl=—,00=—,03=—,C4 = —,
! I 2 Iy 3 I 4 I
I 1 1
6= . co =2, cl0= -2, @1
Is Iis Iis

where ci, ¢, ¢3, ¢4, c6, C9, C1¢ are invariant to 2D
translation, to 2D rotation, and to scale, i.e., ¢y, ¢2, ¢3,
c4, C6, €9, C10 are only the functions of 8, y when pla-
nar object is parallel to the image plane of camera at
the desired position. However, we found out thatcy, c3,
c3 and c4 has nonlinear relationship with 8, y. In this
paper, NN is used to map the nonlinear relationship
between c1, ¢2, c3, ¢4 and B, v, i.e.,

B = fnnx(c1,c2,c3,ca)andy = fyny(ci, c2, €3, ¢4)

If B, y are available, the virtual image moments can
be calculated by Egs. 10 and 11. To estimate 8, y
from c1, ¢3, 3, c4, NN needs to be trained in advance.
As shown in Fig. 4, the object plane is parallel to the
image plane of camera at the desired position, i.e.,
B = y = 0. To acquire the data sets to train NN
easily, the origin of camera frame is fixed and B, y
the rotational angles around axes x and y of the cam-
era desired frame are changing. The images of the
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camera X

plana\r‘.yobj ect

- ’ “

Fig. 4 Acquisition of data sets for training NN

planar object are taken at each specific §, yand then
image moment invariants c1, ¢z, ¢3, ¢4 as well as the
image area ay g, are calculated over the certain range
of B, y. After being trained by using the acquired data
sets, the NN is used to map the relationship between
image moment invariants cy, ¢z, ¢3, ¢4 and B, y. In
Fig. 4, Fp : Xg—Yo—Zop andF; : X — Y. — Z. are the
camera desired frame (i.e., 8 = y = 0) and the cam-
era current frame (i.e., B # 0 or y # 0) respectively.
Z, is the depth at the desired position.

As shown in Fig. 5, the NN of a multi-layer per-
ceptron (MLP) [24] is used to map the nonlinear
relationship of ¢y, ¢2, ¢3, ¢4 and B, y. The MLP struc-
ture is composed of one input layer, one hidden layer
with m hidden neurons, and one output layer. The
inputs of NN are the image moment invariant cy, ¢z,
c3, c4 and the outputs of NN are ,3 , ¥ which are the
estimated values of rotational angles around axes x
and y of camera desired frame respectively.

The nonlinear functions mapped by NN are denoted
as follows

m

m 4
D_winhi | 2o wiie

i=1 =1 j=1

—szlfl Zwllc

=1 j=1

Zw12f1

4
h
w; Cj

=1 j=1

m

m 4
=Z w fi | DD whie 22)

= =1 j=1
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hidden
input " 1 .
h' ) Wi
Cp 1 Wiy . output
: A 2 Wi
1B
62 2
C 3
3 ) ;;
4 h
Cy W4 (mil)
h
W4,m

Fig. 5 NN for estimating 8 and y

where w? |, wf zandwﬁ.” ; are the synopsis weights of
NN, fi(e) is the activation function for hidden layer
nodes, f>(e) is the activation function for the output
layer.

In this paper, the NN is trained by using Mat-
1ab2008a Neural Networks Toolbox. It is noted that if
the NN is trained for a certain shape planar object, it
can be reused to estimate the rotational angles for the
similar shape objects in visual servoing.

3.2 NN Generalization and Verification

One of the major advantages of NN is its ability of
generalization. The generalization of NN stands for
the ability to have the outputs of the network when
the inputs are not in the training set. In this paper,
once the NN has been trained, it can be used as
an estimator of rotational angles around axes x and
y of camera desired frame within the training area.
The experiments had been carried out to validate NN
in estimating rotational angles around axes x and
y of camera desired frame by using image moment
invariants.

4 Depth Estimation

The depth estimation is a crucial step to obtain
the accurate interaction matrix. In this section, the
detailed derivations of depth estimation and the equa-
tion of planar object in the current camera frame are
given. The camera frames for depth estimation are
defined in Fig. 6. In this figure, F, : X, — Y, — Z,
is the camera desired frame and FC/ : X; — YC/ — Z/C is

the camera current frame. F(; : X; — Y(/, — Z; is a sub-
sidiary frame which is parallel to frame F,,. We define
B = y = 0 at camera desired frame, where the pla-
nar object is both centered and parallel to the image
plane of camera. In addition, two subsidiary camera
frames are defined in convenience when describing
the motion of camera mounted on robot end-effector.
X.—Y.— Z. is the camera current frame which is par-
allel to X; — YC/ — Z/C and the origin of X, — Y. — Z,
coincides with that of Xo — Yy — Zp. Similarly, X;, —
Y {: — Z; the camera desired frame which is parallel
to Xo — Yo — Zo and their origins coincide. In case
of binary image, a4 oo indicate the image areas at the
desired position. Hence a. oo indicates the image area
for the parallel case with camera desired frame and
ac,py for the non-parallel case respectively. It is well
known that a. oo is invariant to all cameras’ motions
except the translation along the optical axis of cam-
era, i.e., a. oo only varies with translation along optical
axis of camera frame). If A, is the area of the object,
we have the following equation when the object and
image planes are parallel:

_a4,00 _ Gc,00
;=

. dc,00
=5 ie.Zi=Z4 ==
z; Z; aq,00

Assuming a. g,can be used as the approximate
value of a. oo, we obtain:

Since ac g, = my, py can be directly measured from
the current image, such that the current depth can be
estimated as:

Zi =74 | 2CEY 23)
ad,00

The equation of planar object is expressed in the
current camera frame F:

Z.=AX,+BY.+7 (24)
On the other hand, Z; can be expressed as a contin-

uous function of its image coordinates x and y [2]

1
— =Ax+By+C (25)
ZC

From Egs. 23 and 24, one obtains

A:——” B:——,, C=_ (26)
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Fig. 6 Depth estimation

Zd

planar object

It is noticed that the equation of the planar object
expressed in frame F|, is given by Z, = Z;. Mean-
while, the rotation matrix from FC, to F(; is denoted
as

Ryy; = R; (a)Ry(V)Rx B

cyca (sBsyca—cBsa) (cfsyca+spsa)
= |:cysoz (sBsysa+cfca) (cﬂsysa—sﬁca):|
—sy spey cBey

where cais shorthand forcos«, saforsino, and so
on. Suppose that S is a point on planar object and

S (X(/), Y(;, Zé) and S(X,, Y., Z.) are the coordinates

. ’ /
expressed in frameF|, and current camera frame F,
respectively. One has

X;) cyca (sBsyca —cBsa) (cBsyca + sBsa) X;
Y() = |:cysot (sBsysa + cfca) (cBsysa — sPca) :| Y,
Z, —sy sBcy cBey 7

c

ey

Because of the fact thatZ(/) = Z;, one obtains

Z(/) =Z7Z; = —st/C + sﬂcyYC/ + cﬁcyZ/C

/ ’ / Z
7=y By A @7)
cBcy cB cBcy
From Egs. 23 and 27, one has
/ / ’ Z
A = SV,B:_ﬁ,Zi:_l (28)
cfcy cB cBcy
From Egs. 25 and 27, one obtains
A=V stﬁc”, c - Ber
Z; Z; Z;

A, B and Care used to calculate the interaction matrix.

@ Springer

5 IBVS Controller and Stability Analysis
5.1 IBVS Controller

As mentioned in Section 2, the image features are
chosen as follows

s=[xg Yg A My my OI]T

Based on chosen image features, a proportional con-
trol law is given by

_ 71
U= —KJimageAs 29)
where u is the camera screw velocity sent to robot
controller, K is the proportional gain or error conver-
gence rate (K>0), Asis the error of image features

and Jipage is the estimated interaction matrix. The
desired image features are denoted as

T
Sa = Xga Ygd aqa My Mmyq aq |

Thus the errors of image features are As = s — s4.
5.2 Stability Analysis

Define V = %ASTAS as a Lyapunov function candi-
date, where Asis the error vector of image features.
The time derivative of the Lyapunov function is

V = AsTAs = AsT(=K Jimage I ) As =

image

—KAsT (Jimage As (30)

-1
Jimage)
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Server Computer +
NI-7344 PCI Motion Control Board

Fig.7 PUMA 260 hardware components and connections of controller unit

where Jj;qg. 18 interaction matrix; fimage is estimated
interaction matrix based on the proposed algorithm.
Since the interaction matrix related to the chosen
image featuAres is accurate, it is reasonablg to assume
Jimage = Jimage- Hence we have Jimagefi_mlage =1,
which is an identity matrix (a positive definite matrix).
Thus, we have V < 0. By using Lyapunov stability
theorem, we can infer that the system is stable and
the local convergence is guaranteed when we have
accurate enough.

5.3 Summary of the Proposed Algorithm

® Acquisition of data sets for training NN In the
training area, the images of the object are taken
at each integer 8, y and then the image moment
invariantscy, ¢z, ¢3, c4 and the image area ag g,
are computed. At this stage, six desired image
features sy at position (8 = y = 0) are also
obtained.

e NNtraining At this stage, based on the data sets
in the first stage, the NN with input of image
moment invariantscy, c¢3, ¢3, c4 is trained as shown
in Fig. 2.

e System integration The trained NN can be inte-
grated into the robotic control system and IBVS

Fig. 8 Desired position and
two initial position: a
Desired position of camera
b Initial position 1 of
camera c Initial position 2
of camera

control signal is calculated by Eq. 23. It is noticed
that ,3 , ¥ (the output of NN in Fig. 2) are used
to compute two virtual image moments m, my as
well as to estimate the parameters A, B and C in
Section 4. This implies that the equation of planar
object can be obtained on-line and thus the overall
interaction matrix is updated during visual servo-
ing. As aresult, the control performance of visual
servoing is improved.

6 Experimental Results

The proposed algorithm has been validated on the
robotic visual servoing system consisting of a 6 DOF
robot and a camera installed on the end effector. The
robot is PUMA 260 [22], which has been retrofitted
with motion controller unit shown in Fig. 7. And the
camera is JAI CM-030 GE [23]. The image process-
ing, image moment calculation and IBVS controller
are implemented in Labview environment in the server
computer. In the following experiments, the sampling
time is set as 50 ms, and the convergence rate K is
tuned as 0.6 by trial and error method. The desired
position and two initial positions of camera are shown
in Fig. 8. Two objects are tested: a simple centered
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Table 1 Data set used
for training NN

@ Springer

Angles(°) Image moment invariant
B Y c &) 3 c4
—40 —40 —2.51 8.64 0.86 378.76
—40 —-20 —2.44 9.89 0.76 42.12
—40 0 —-1.94 6.83 1.79 18.34
—40 20 —204 7.58 1.35 110.89
—40 40 —-2.21 9.64 0.96 218.23
-30 —40 —1.78 2.31 1.28 16.55
-30 -20 —2.03 6.33 5.28 33.54
-30 0 —1.83 5.67 3.31 56.79
-30 20 —-1.93 4.31 1.17 127.66
-30 40 —38.07 42.36 26.86 308.41
—-20 —40 —1.67 1.86 1.09 95.81
-20 -20 —1.84 5.07 1.27 65.21
—-20 0 —-2.19 9.25 4.16 10.76
-20 20 —2.04 7.41 1.56 42.42
-20 40 —1.56 4.32 1.15 13.01
—-10 —40 —-1.67 2.38 1.19 15.31
—10 —-20 —1.43 2.35 1.17 15.55
-10 0 —1.78 231 1.28 16.55
—-10 20 —-2.03 6.33 5.28 13.54
—-10 40 —-1.72 2.04 1.11 14.57
0 —40 —1.471 1.14 1.26 40.11
0 -20 —1.60 1.59 1.41 41.28
0 0 —1.98 11.51 19.93 70.01
0 20 —1.76 1.42 1.36 43.28
0 40 —1.52 1.03 1.14 43.01
10 —40 —1.66 2.37 1.15 15.11
10 -20 —1.44 2.45 1.16 15.57
10 0 —-1.76 2.37 1.25 16.65
10 20 —2.08 6.43 5.56 13.63
10 40 —1.75 2.12 1.14 14.65
20 —40 —1.65 1.89 1.12 95.86
20 -20 —1.86 5.69 1.21 65.19
20 0 —2.25 9.31 4.31 10.76
20 20 -2.12 7.37 1.78 42.48
20 40 —1.58 4.38 1.17 13.06
30 —40 —-1.76 2.40 1.31 16.57
30 -20 —2.11 6.36 5.29 33.58
30 0 —1.88 5.69 3.35 56.78
30 20 —-1.99 4.35 1.23 127.58
30 40 —38.11 42.39 26.87 308.67
40 —40 —2.58 8.69 0.87 378.74
40 —20 —2.46 9.87 0.79 42.18
40 0 —1.93 6.82 1.75 18.38
40 20 —-210 7.59 1.38 110.81
40 40 —-2.18 9.67 0.93 218.56
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Table 2 Neural network estimation results

Desired angles (°) Image moment invariant Estimated NN (°) Errors (°)

B v i e 3 ca B 7 AB Ay
40.5 —40.5 —2.31 9.54 0.97 406.71 —40.52 —40.51 0.02 0.01
—40.5 -20.5 —-2.21 9.34 0.92 203.86 —40.62 —20.52 0.12 0.02
—40.5 0.5 —1.94 6.83 1.79 18.34 —40.49 0.62 —0.01 —0.12
—40.5 20.5 —2.24 9.04 0.94 401.65 —40.53 20.49 0.03 0.01
—40.5 40.5 —2.27 9.09 0.96 408.83 —40.70 40.49 0.20 0.01
-30.5 —40.5 —16.23 3.36 12.11 16.57 —30.49 —40.47 —0.01 —0.04
-30.5 -20.5 —2.24 4.78 5.64 30.54 —30.52 —20.42 0.02 —0.08
-30.5 0.5 —-2.03 6.33 5.28 33.54 —-30.42 —0.52 —0.08 0.02
-30.5 20.5 —1.93 431 1.17 27.66 —30.49 20.51 —0.01 —0.01
-30.5 40.5 -32.07 28.36 26.86 308.41 —30.44 40.50 —0.06 0
-20.5 —40.5 —-1.77 1.86 1.09 90.81 —20.56 —40.34 0.06 —0.16
-20.5 -20.5 —1.84 5.07 1.27 65.21 —20.44 —20.52 —0.06 0.02
-20.5 0.5 —2.19 9.25 4.16 10.76 —20.43 0.50 —0.07 0
-20.5 20.5 —2.04 7.41 1.56 42.42 —20.41 20.51 —0.09 —0.01
-20.5 40.5 —1.56 4.32 1.15 93.01 —20.50 40.51 0 —0.01
—10.5 —40.5 —1.65 2.35 146 17.42 —10.49 —40.51 —0.01 0.01
—-10.5 -20.5 —15.9 2.49 1.41 15.89 —10.53 —20.52 0.03 0.02
—-10.5 0.5 —1.78 2.31 1.25 16.55 —10.56 —0.47 0.06 —0.03
—-10.5 20.5 —-2.03 2.33 328 33.54 —10.54 20.57 0.04 0.07
—10.5 40.5 —1.78 2.31 1.28 16.55 —10.49 40.51 —0.01 —0.01
0.5 —40.5 —1.46 1.11 1.34 40.18 0.34 —40.49 0.16 —0.01
0.5 -20.5 —1.76 1.42 1.36 41.28 0.46 —20.47 0.04 —0.03
0.5 0.5 —1.98 11.51 19.93 47.03 0.51 0.52 —0.01 -0.02
0.5 20.5 —1.66 1.47 1.28 43.23 0.49 20.51 0.01 —0.01
0.5 40.5 —1.51 1.07 1.11 43.09 0.51 40.51 —0.01 —0.01

Fig. 9 Neural network estimation error a for 8 b for y
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-
belp

(@) (b)

Fig. 10 Desired image (a) and initial image (b) of Task 1

symmetrical planar object (with star shape) and a
complex nonsymmetrical planar object (with whale
shape). The design of NN mapping the relationship
between moment invariantscy, ¢z, ¢3, ¢4 and B, yis a
key step. The number of hidden neurons in the hidden
layer is set as 40. The activation function fi(e)used
for hidden layer nodes is hyperbolic tangent sigmoid,
and the activation function f>(e)used for the output
layer is linear function.

The acquisition system configuration of data sets
for training NN is shown in Fig. 4, which consists
of a camera JAI CM-030 GE and a planar object. At
the desired position, the object plane is parallel to
the image plane (i.e., 8 = y = 0), and the depth
of object centroid Z; = 100 (mm). The ranges of
rotational angles Band yaround the camera desired
frame are =*40°respectively. The training area is
divided into small grids by (1°x1°) in g8 and
ydirections. The images of the two shapes of pla-
nar objects are taken at each integer  Bandy within
the training area. Then the data sets for training NN
are computed. Table 1 shows the portion of data sets

350

—Real depth
— Estimated depth

50

10 20 30 40 50 60 70 80 90 100
Iteration

Fig. 11 Depth estimation result of Task 1

for training NN, and Table 2 shows the estimation
results of the rotational angles around axesx and y of
camera desired frame by the trained NN. In Table 2,
AB =B — ,3 and Ay = y — y represent the esti-
mation errors of 8 and y respectively. Figs. 9—-10
demonstrate the estimation errors of 8 andy in the
training area respectively. From Figs. 9a and b, it is
clear that the maximal absolute errors of estimation
are|ABmax] = 0.2° |Aymax] = 0.16°. In order to
validate the proposed scheme, the tasks with two dif-
ferent initial camera positions are carried out. In the
following experiments, we choosec, = ¢y = 1.

The camera desired position and two initial posi-
tions in the world reference frame are given as

10 0 045

r _{o -1 0 0 }

¢ =100 -1 01 0.1024  0.3878 —0.6562 0.6183
00 0 1 0 0 0 1

0.7754 0.2311
2=

0.6860 —0.2359 0.0027  0.2481
T = —0.1276 —0.7430 0.2926 —0.3491
=

0.1056 —0.6712  0.310 0.2241
0.2571 —0.2051 —0.7607 0.3145

0.2234 0.3354
0 0 0 1

Table 3 Initial values and

desired values of image Image Desired Initial value Errors of Initial value Errors of
features for star shape features value for Task 1 Task 1 for Task 2 Task 2
object in Tasks 1 and 2
xg (pixel) 0 —152 —152 156 156
yg (pixel) 0 275 275 —164 —164
a(pixel?) 10138 495 —9643 235 —9903
my (deg) 0 -30 -30 38 38
my (deg) 0 36 36 —36 -36
a(deg) 0 —43.6 —43.6 —70.4 —70.7
cal5] —0.0656 0.0034 0.069 0.0018 0.0674
cel5] 0.0236 0.0526 0.029 —0.0443 —0.0679
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300

2003,

100

Error

Error

0]

-100

-200 20 4 6 s 100 20 20 40 60 80100

Iteration Iteration Iteration

(@) (b) ©

Fig. 12 Experimental results of image feature errors in Task 1: a with the proposed algorithm b with the constant depth ¢ with the
algorithm in [5]

Fig. 13 Camera trajectories I " S ;
in 3D robot base frame 200 i
350 —Proposed algorithm
~= Constant depth
300 —Algorithmofl’[1]
g 250
~N
200
150
e 500
00— e
p——— 400
133 o -100
Y (mm) X (mm)

(b)

(d)

Fig. 14 [Initial image (a) and desired image (b) of Task 2, ¢ and d the images when object gets out of the field of view of camera

—Real . ..
Estimated depth As expected, at the desired position,A = B = 0,
] C = —ZL, the interaction matrix is rewritten as
8
(mm) ]
Zi ]
—1/Z, Xgvz Xgox Xgoy Vg
o -1 Zg Ygvz  Ygwx Ygwy —Xg

10 20 30 40 50 60 70 80 90 100
Iteration

0

/

0  2a/Zg 3ay, —3axg O
Jimage = 0 0 Cx 0
0
0

0 0 ¢ 0
o 0 0 -1

SoooO

Fig. 15 Depth estimation result of Task 2
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200
Xg
100 Yg
a/100
5 5 0 . 2000c,
2 g 2000
e = 100 = %
o o
B -200 -100 122 S——
R pas—
-200 20 40 60 8 100 300 20 40 60 80 100 200 20 40 60 80 100
Iteration Iteration Iteration
(@) (b) (©)

Fig. 16 Experimental results of image feature errors in Task 2: a with the proposed algorithm b with the constant depth ¢ with the
algorithm in [5]

Fig. 17 Camera trajectories

in 3D robot base frame 800
700 —l’-rnpuscd algorithm
Constant depth
600 - ——Algorithm of [1]

’E 500
;; 400
300
200

100
400

200 700

600
. 500
0 300 400

Y (mm) X (mm)

Table 4 The initial and the desired values of image features for whale shape object in Tasks 3 and 4

Image features Desired value Initial value for Task 3 Errors of Task 3 Initial value for Task 4 Errors of Task 4
xg (pixel) 0 —147 —147 154 154
vg (pixel) 0 267 267 —164 -164
a(pixel?) 16655 1148 —15507 558 —16097
my (deg) 0 -30 -30 38 38
my(deg) 0 36 36 -36 —36
a(deg) 0 45.7 45.7 —49 —49
c9[5] 0.0514 —0.1346 —0.186 0.0225 —0.0289
c1ol5] 0.1059 0.0374 —0.0685 0.0584 —0.0475
=,

(b)

Fig. 18 Desired image (a) and initial image (b) of Task 3
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350

—Real
— Estimated depth

50 R

10 20 30 40 50 60 70 80 90 100
Iteration

Fig. 19 Depth estimation result of Task 3

6.1 Star Shape Object

Two tasks with different camera initial positions for
the star shape object have been carried out. The ini-
tial values and the desired values of image features are
shown in Table 3. The experimental results are shown
in Figs. 10-17. The interaction matrix at the desired
position is given by

0131 0 0 0 —141 0
0 —0615 0 022 0 0
B 0 0 0.098 0.0033 0.051 0
V= 0 0 0 1 0 0
0 0 0 0 10

L0 0 0 0 0 -1

It is noticed that its condition number is 1.612, which
is very satisfactory. The condition number is a mea-
sure of stability or sensitivity of a matrix (or the linear
system it represents) to numerical operations [25].
Normally, the best condition number is 1. Therefore if
the condition number is too big, we may not be able to
trust the results of inversion of an ill-conditioned inter-
action matrix which may lead to bad performance or
the failure of visual servoing.

In Task 1, Fig. 10a and b show the desired and
initial images respectively. Fig. 11 shows the depth
estimation result. Fig. 12a shows the image feature
errors by using the proposed algorithm. It is shown
that the proposed algorithm obtains pure exponential
decrease of image feature errors. The good conver-
gence performance attributes to the fact that the accu-
rate interaction matrix is used in the control scheme.
Fig. 12b shows the experimental results by using
the proposed algorithm with constant depth. Fig. 12¢
shows the experimental results by using the algo-
rithm of [5]. The camera trajectories in 3D robot
base frame are shown in Fig. 13. As expected, the
camera trajectory in 3D robot base frame by the pro-
posed algorithm is a straight line. Whereas, the pro-
posed algorithm with constant depth leads to a curved
camera trajectory, and the algorithm of [5] leads a
complex curved camera trajectory in 3D robot base
frame.

The large displacement from camera initial to
desired position is set in Task 2. Fig. 14a and b
show the desired and initial images respectively. Figs.
15-17 show the experimental results of the pro-
posed algorithm. It is shown in Fig. 16a that the
proposed algorithm obtains exponential decrease of
image feature errors due to the fact that the accu-
rate interaction matrix is used in the control scheme.
Fig. 16b shows the experimental results achieved by
using the proposed algorithm with constant depth.
It is demonstrated that the trajectories of the ver-
tices of the star object in image plane get out of the
FOV of camera and thus leads to the failure of visual
servoing. Fig. 16c shows the experimental results
achieved by using the algorithm of [5], which also
leads to the failure of visual servoing in the case of
large displacement. Fig. 14c and d show the image
that the star object gets out of the FOV of cam-
era. The camera trajectories in 3D robot base frame
are shown in Fig. 17. The proposed algorithm with

Fig. 20 Experimental
results of image feature
errors in Task 3: a with the
proposed algorithm b with
the constant depth ¢ with
the algorithm in [5]

Error

400
200

Error Eror |

-200

20 40 60 80
Tteration

(2)

200 20 40 60 80 100 400 20 40 60 80 100

Tteration Iteration

() (c)
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Fig. 21 Camera trajectories
in 3D robot base frame

400
350 Proposed algornithm
- Constant depth
300 —Algorithm of 1]
E 250
~N
200
150 s,
: 500
|88 o 100 — - 400
Y (mm) -300 300 X (mm)

Fig. 22 [Initial image (a)

and desired image (b) of

Task 4, ¢ and d the images .
when the object gets out of

the view of camera ;
ie

(@ (b) (©) (d)

Fig. 23 Depth estimation 70
result of Task 4

—Real
— Estimated depth

Iteration
Fig. 24 Experimental ~
results of image feature )
errors in Task 3: a with the . w .
proposed algorithm b with ™
the constant depth ¢ with
the algorithm in [5] 0 0
20 ‘l‘(?:mhcn 60 80 1 20 4ﬂ‘wmi0n60 80 100 20 40“!:!’3‘101160 80 100
() (b ()
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Fig. 25 Camera trajectories
in 3D robot base frame 700

600

§ 400
IN]
300

200

constant depth and the algorithm of [5] fail to drive the
camera to approach the desired position in 3D robot
base frame.

6.2 Whale Shape Object

Two tasks with different camera initial positions for
the whale shape object have been carried out. The
initial values and the desired values of image features
are shown in Table 4. The experimental results are
shown in Figs. 18-25. The interaction matrix at the
desired position is given by

T—056 0 0 0 —055 0]
0 —038 0 065 0 0
| o 0 075-022-1.15 0
=1 o 0 0 1 0 0
0 0 0 0 1 0

. o 0o o0 0o 0 -1,

It is noticed that its condition number is 1.98, which is
satisfactory.

In Task 3, Figs. 18a and b show the desired and
initial images respectively. Fig. 19 shows the depth
estimation result. Fig. 20a shows that the proposed
algorithm obtains exponential decrease of image fea-
ture errors since the accurate interaction matrix is
used in the control scheme. Fig. 20b shows the
experimental results of the proposed algorithm with
constant depth and of the algorithm of [5]. The cam-
era trajectories in 3D robot base frame are shown
in Fig. 21. The camera trajectory in 3D robot base
frame by the proposed algorithm is a straight line.

Proposed algorithm
Constant depth
500 ——Algorithm of [1]

- ' 700
500 600

-500 400
200 X (mm)

The proposed algorithm with constant depth leads to
curved camera trajectory, and the algorithm of [5]
leads to complex curved camera in 3D robot base
frame.

In Task 4, Fig. 22a and b show the initial and
desired images respectively. Fig. 23 shows the depth
estimation result. Fig. 24a shows that the proposed
algorithm obtains exponential decrease of image fea-
ture errors since accurate interaction matrix is used in
the control scheme. Fig. 24b and c shows the experi-
mental results of the proposed algorithm with constant
depth and of the algorithm in [5] respectively. The
camera trajectories in 3D robot base frame are shown
in Fig. 25. As expected, the camera trajectory of
the proposed algorithm in 3D robot base frame is a
straight line. Both the proposed algorithm with con-
stant depth and the algorithm of [5] lead to the failure
of visual servoing.

The experimental results show that the proposed
algorithm can achieve exponential decrease of image
feature errors for different shape planar objects and
from different camera initial positions. The errors of
image features approach to zero exponentially during
visual servoing and the camera reaches the desired
position from different initial positions by using the
proposed algorithm. The experimental results also
demonstrate that the proposed algorithm outperforms
the proposed algorithm by setting depth constant,
which implies that accurate depth estimation online
plays key role in visual servoing. Since the proposed
scheme can provide the accurate interaction matrix
with decoupled form, the proposed scheme achieves
better performance in visual servoing compared with
the other two algorithms in this paper.
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7 Conclusion and Future Work

This paper presents a new scheme to solve the prob-
lem of decoupling the rotational velocities around x
and y axes of camera frame in robotic visual servo-
ing systems. Based on the proposed scheme, the depth
of target object is estimated online, which results in
the accurate interaction matrix. Meanwhile, the pro-
posed scheme provides the interaction matrix with
particular decoupled form. As result, the singularity
is avoided and the local stability of visual servoing
system is improved remarkably. The robustness with
respect to calibration errors, the global stability anal-
ysis, and the visibility constraints on controller design
of visual servoing systems will be studied in the future
work.
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