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AN ACTIVE ROBOT VISION SYSTEM FOR REAL-TIME
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Abstract. This paper presents an active approach for the task of computing the 3-D structure of a nuclear
plant environment from on image sequence, more precisely the recovery of the 3-D structure of cylindrical ob-
jects. Active vision is considered by computing adequate camera motions using image-based control laws. This
approach requires a real-lime tracking of the limbs of the cylinders. Therefore, an original matching approach,
which relies on an algorithm for determining moving edges, is proposed. This method is distinguished by its
robustness and its easiness to implement. This method has been implemented on a parallel image processing
board and real-time performance has been achieved. The whole scheme iias been successfully validated in an
experimental set-up.
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1. INTRODUCTION

The recovery of 3-D descriptions of a scene from
images is one of the main issues in computer vi-
sion. The work investigated here is concerned
with the use of sequences of images acquired by a
moving camera mounted on the end effector of a
robot arm to get an exact and complete descrip-
tion of the environment. This non-trivial issue
requires the development of efficient algorithms
dealing with the analysis and the interpretation
of dynamic visual information. The output of
this processing step could be used for inspection
tasks. The major shortcomings that often limit
the performance of current systems are their sen-
sitivity to noise and their unsatisfactory accuracy.
An attractive way to cope with these problems is
to follow an active vision approach (Aloimonos et
al., 1987; Bajcsy, 1988) which can be defined as
an intelligent data acquisition process. Therefore,
the problem is to elaborate control strategies for
adaptively setting sensor parameters, in order to
improve the knowledge of the environment.

This paper presents an application of the concept
of active vision for 3-D structure recovery in the
context of nuclear power plants which are gener-
ally encumbered with numerous pipes. The prob-
lem has been examined under three main aspects :

• to find reliable pairings of contour segments
in two successive images by extending an al-
gorithm which determines moving edges in
an image sequence (Bouthemy. 1989),

• so define an optim.il method for 3-D recon-
struction of geometric features ( Boukir and
Cliaiiinette. 1092); this method is here ap-
plied to the particular case of cylindrical prim-

itives which are an appropriate model for
pipes, and

• to effectively implement the whole scheme
(i.e., vision and control) on an experimen-
tal set-up taking into account real-time con-
straints.

2. A LOCAL APPROACH FOR MATCHING
CONTOUR SEGMENTS

Matching features extracted from two images is a
basic low-level issue in machine vision and is a key
step in structure from motion. The task of estab-
lishing and maintaining such correspondences re-
mains complex. Part of the difficulty comes from
discontinuities and occlusions that occur in real-
world scenes. Since the application aimed at here
is the reconstruction of cylindrical objects from
their successive projections in the image sequence,
contour segment seems to be a natural choice for
an image primitive. Many classes of methods have
been developed for the matching of such primi-
tives. A commonly used method is to introduce a
temporal recursive filter to track contour segments
(Deriche, 1990; Crowley, 1992), and to introduce a
prediction step. Other methods rely on contextual
information to alleviate possible matching ambi-
guities (Medioni, 1984; Chen and Huang, 1990).
The matching is performed at the level of contour
segments determined by a linear approximation of
edges. Then, the available descriptors are global
properties such as length and orientation. These
techniques are obviously sensitive to segmentation
instability and to occlusion. Furthermore, such
methods may become too complex to be imple-
mented for real-time performance and will require
dedicated boards.



The proposed method is a local approach which
does not aim to explicitly determine and use con-
tour segment structures. A segment (called a "vir-
tual" segment here) is only represented by a list
of pixels (its corresponding edge chain) and is de-
fined by the two parameters (p,8) of its support
line in polar coordinates. Then, matching is per-
formed at a pixel level, but the final result is
expressed by updating the polar parameters of
the support line which are the only information
needed for the 3-D reconstruction stage. Further-
more, the method is easy to implement on par-
allel computer architectures owing to the local
nature of the computations. The edge-matching
procedure relies on an algorithm for determining
moving edges the main principles of which are re-
called here. Further description can be found in
(Bouthemy, 1989).

1.1 Determining moving edges

The edge-point matching procedure relies on the
modeling of a moving edge as a spatio-temporal
surface patch. An image sequence is considered
as a 3-D volume with two spatial dimensions (t,y)
and a temporal dimension (t). In this volume, a
moving edge (ME) locally generates a small sur-
face patch. This surface may be approximated by
a planar patch defined by the following parame-
ters :

1. position {xo,yo) and angle 8 with respect to
the I image axis, and

2. displacement vector V related to the ME.

The detection of such surface patches and the esti-
mation of their parameters 6 and V'x (component
of V perpendicular to the edge) are simultane-
ously achieved using a likelihood test. Let be T an
elementary volume located at (xo.^o.'o) in the 3-
D volume (x,y,t). The criterion takes into account
two hypotheses of local configurations. These hy-
potheses, stemming from the spatio-temporal mod-
eling of the ME, are associated with two compet-
ing situations : either there is no ME inside z or
there is one. Each hypothesis is associated with a
likelihood function which is the joint probability
density function of the intensities within the ele-
mentary volume IT. These density functions are
assumed to be Gaussian. Then, an ME is de-
termined by a likelihood criterion based on the
log ratio of the two functions. The computation
of this ratio mainly requires a simple convolution
operation with a set of masks associated with pre-
defined geometric configurations, which makes it
easy to implement. This is one of the most attrac-
tive properties that have motivated the choice of
such an approach. Note that in this basic version.
all permissible quantized values of both orienta-
tion and displacement are considered in a system-
atic way. A coarse quantification of 45° is com-
monly used in order to tackle all MEs within an
image.

3.2 Matching "virtual" segments

Let 5, be a "virtual" segment in image i of the
sequence, represented by a pixel list L1 of its cor-
responding edge chain and defined by the optimal
estimation (p,0) of its support line. The tracking

of Si along the image sequence is achieved in two
steps (Boukir el al, 1993) : first, the local match-
ing of pixels in L; is performed using a new version
of the ME computation algorithm adapted to this
problem. Next, the polar parameters of its sup-
port line are updated.

Local matching of edge points

The computation of 6 allows the derivation of highly
relevant convolution masks improving the robust-
ness of the likelihood test. Let MfB. and MfJi1 be
the convolution masks associated with B', the in-
teger value closest to 8. These optimal masks are
respectively used to convolve images ; and i+1.
After the convolution step, the test described above
is used to retrieve the local matches of MEs Pk be-
longing to list Li, in image i+1. The detection of
correspondents in a direction normal to the con-
tour seems to be the most efficient one. However,
according to the direction of the normal to the
support-line, the considered displacements do not
necessarily correspond to grid locations Q1J. within
the pixel matrix. On the other hand, dealing with
non-integer values of displacement requires some
interpolation of the intensity function which in-
volves significant additional computational cost.
This problem is resolved by considering four main
search directions : S 6 (0".45",9U", 135"}, induc-
ing integer locations Q{ after displacement (see
figure 1). Among these directions, the direction
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Figure 1: ID-Search area.

6" closest to the normal to the direction 8' is se-
lected. It should be pointed out that the matching
of all the MEs is not necessary to achieve the new
values of the parameters (p, 0) related to the cylin-
der limb in the next image. In fact, the direction
S' will always provide a sufficient number of lo-
cal matches. The correspondents of ME Pk are
looked for within a predetermined search interval
in the direction 6'. If the next location of tlip
current segment can be predicted, then the search
area can be limited to be around this prediction.
In the present case, the size of the ID-search win-
dow is optimally adapted owing to the closed-loop
approach used in the 3-D reconstruction method
described in Section 3. For each potential candi-
date Q^ lying in the direction 6', the correspond-
ing likelihood value Gt(J) is computed. The latter
is obtained from the absolute value of the sum of
the two convolution outputs at Pk and Q*. The

candidate Q^ that maximizes Gt is selected as
the correspondent of Pt HQt is greater than some
predetermined threshold A. Then. Q{ is stored



in the pixel list L,+i. Thus, a new pixel list is
obtained whose points correspond to those in the
list L1.

Estimation of the support-line parameters

Given the pixel list Lj+i obtained from the previ-
ous stage, a least squares technique is used to es-
timate the parameters (pi+i,6i+i) related to the
support-line. Then, the least squares residuals are
computed and will be considered as a measure of
the quality of the estimation:

T = - (Xj cos<?(+1 + y, sin 0,+i - pi+\ )2 ,

+i

(1)
where n denotes the number of points in the list
Li+i. IfT* ' s greater than a predetermined maxi-
mum value, a mismatch has occured. Indeed, an
ambiguity may arise in an image that cannot be
settled by the ME computation algorithm : two
edge contours having the same intensity contrast
ana the same sign contrast may be present in the
search area. Of course, this extreme case seldom
occurs. Furthermore, the algorithm may involve
some false local matchings. These outliers are re-
jected using the following test :

cos5i+i + yj sin Oi+1 - (2)

where £ is a predetermined threshold. Outliers
are withdrawn from Li+1 and the least squares
is performed again to refine the estimation of the
current segment parameters. Note that a "'main-
tenance" of the list Lj+I is necessary in order to
ensure a reliable tracking of the "'virtual" segment
Si+I. Indeed, some points located at the extrem-
ities of the segment might be unmatched due to
the sliding movement of the segment along itself.
Furthermore, partial occlusion may occur and the
list Li+i must be updated once the occluded part
of the segment has appeared again. Finally, spuri-
ous points corresponding to outliers, if any, must
be replaced with the correct ones situated on the
support-line.

3. AN OPTIMAL STRATEGY FOR 3-D
STRUCTURE ESTIMATION

Approaches for 3-D structure recovery may be di-
vided into two main classes : the discrete ap-
proach, where images are processed at distant time
instants (Viala. 1992: Weng et al.. 1990) and the
continuous approach, where images are considered
at video rate (Espiau and Rives. 1987; Xie et ai,
1989). The proposed method is a continuous ap-
proach which stems from a fundamental concept :
the screw attached to scene primitives which fully
characterizes the interactions between the cam-
era motion, the parameters of the 3-D considered
primitive and of its image projection (Espiau et
a!.. 1992).

3.1 3-D structure estimation using dynamic vision

Let V, be a geometrical primitive to be localized
in the scene. This primitive is characterized by

a set of 3-D parameters p and a set of 2-D cor-
responding parameters P. The surface provided
by 3-D points belonging to V, and corresponding
to edge points of the image projection of V,, is
called (for the case of volumetric primitives) the
limb surface. The parameters pi_ of this surface are
computed by merely solving a linear system using
the measurements over time of the camera veloc-
ity T (by odometry), and of the image parame-
ters P and their variations P. This linear system
is directly derived from the underlying equation
(Espiau et ai, 1992) :

(3)

where Lp is called interaction matrix related to
P. Using the implicit function theorem, from (3).
one obtain :

Next, using the projection into the image of V,
and its limb surface equation, and using some ge-
ometrical constraints related to V,, one can com-
pute the parameters p which completely define the
considered primitive :

p = p (P_tPj) (5)

This approach has been applied to most repre-
sentative primitives such as straight lines, circles
and spheres (Boukir and Chaumette, 1992) and is
used here to recover the 3-D structure of cylindri-
cal primitives. It should be pointed out that the
method presented below tackles only one cylinder
at a time so as to optimally get its 3-D spatial
structure. Therefore, a cylinder of interest has
to be selected beforehand. A Hough transform
technique is used to choose in the first frame a
support-line (po,0o) corresponding to a cylinder
limb (or more generally a line). Then, the longest
edge chain is located on this support-line. Thus,
a cylinder limb is represented by what has been
already referred to as a "virtual" segment.

The case of a cylinder

A cylinder may be represented by an equation of
the type :

- = 0,
(6)

= l.anrf
= 0,

where r is the radius of the cylinder, a, b and c are
the components of its axis orientation and Xo. i/o
and Zo are the coordinates of the point belonging
to the cylinder axis nearest to the optical center.
The two constraints above have been added in or-
der to obtain a complete and unique representa-
tion of the cylinder. Indeed, five parameters are
sufficient to completely and uniquely define cylin-
drical primitives. Assuming the non degenerate
case where the image projection of the cylinder
takes the form of two straight lines 1>i(pi, Bi), (i =
1,2), the correspondence for one of them is first es-
tablished through at least three successive frames
using (he matching method presented in the pre-
vious section. Next, the interaction matrix Lp
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with P = (p,,ffi),i = (1,2) related to the cylinder
is computed and this makes it possible to use the
proposed 3-D reconstruction method giving the
parameters p = (a, 6, c, Xo, j/o, -o. '")• More details
about this computation can be found in (Boukir
and Chaumette, 1992). The validation of this first
version using a general camera motion has given
rise, expectedly, to a biased estimation. In fact,
these errors are mainly due to the discretization
effects. Indeed, the method relies on the mea-
sure of P_, i.e., the time variation in the image of
the parameters representing the considered prim-
itive. On the other hand, P cannot be recovered.
Indeed, AP1 the displacement of P between two

image acquisitions, is computed instead of P, and
this involves discretization errors. Furtheremore,
it has been observed that the quality of estima-
tion is very sensitive to the nature of the succes-
sive motions of the camera. Therefore an active
vision paradigm is considered in order to improve
the accuracy of the structure estimation.

3.2 3-D structure estimation using active vision

Active vision is applied to 3-D structure estima-
tion by controlling the camera translational and
rotational motions. The camera motion should
be controlled so as to achieve optimally the spa-
tial structure estimation. In order to find the op-
timal motion that ensures reliability and robust-
ness, and improves the quality of the estimation, a
minimization of the reconstruction errors with re-
spect to the different features has been attempted.
In fact, two main results dealing with this prob-
lem have been achieved (Boukir and Chaumette,
1992) :

1. A sufficient and general condition that sup-
press the discretization error is to constrain
the camera motions such that :

to zero of a task function e which may be written
(Espiau et ai, 1992) :

\

P = O and pi = 0,Vt, (7)

i.e., the projection of the primitive must be
kept constant in the image and also no vari-
ation must occur on the limb surface param-
eters.

2. A more robust estimation with respect to
measurement errors can be obtained if the
relation between the camera and the primi-
tive are considered.

Thus, in the particular case of a cylinder, it can
be shown that an optimal camera motion must be
such as the tracked cylinder limb constantly ap-
pears as a static vertical or horizontal straight line
in the image sequence, located at the image cen-
tre without varying the cylinder limb plane. The
visual servoing approach (Weiss and Sanderson.
1987; Feddema and Mitchell. 1989: Espiau et ai,
1992) is very well qualified to control camera mo-
tions in order to satisfy these constraints as shown
in the next section. Indeed, this approach enables
the derivation of closed-loop control laws with re-
spect to visual data.

3.3 Image-based closed-loop control

Using the task function approach in visual servo-
ing, the control problem is based on the regulation

e = W+C (P - P ' ) + (h -

where:

(S)

• £ is computed in the image at each itera-
tion;

• P* is the desired value of P to be achieved.

• C is a combination matrix which, ideally, is
the pseudo-inverse of the interaction matrix
related to P:

C — LT+ (P,p ). (9)

Since the real values of p0 are unknown, the
choice:

C=Ll+(EiP0) (10)

has been made, where p'Q is the current es-
timation of p , obtained by the method de-
scribed in the previous section;

• e2 is a secondary task (in the present case,
a trajectory tracking) which provides with
a non-zero camera motion under the con-
straint E = E*' This non-zero camera mo-
tion is necessary since if no camera motion
is applied after the convergence of the con-
trol law, no structure estimation is possible:
and

• W+ and Ie — W H W are two projection op-
erators which ensure that e2 is compatible
with the regulation of P to P" (Espiau et
ai, 1S92).

Once the task function e has been designed, a sim-
ple control law which computes the camera veloc-
ity Te and ensures an exponential decreasing of e
is given by:

Tc = -Ae 1 (11)
where A is a positive gain. Such robust control
schemes permit the compensation of the pertur-
bations and to adapt the desired camera motion.
However, for such an approach to be possible, real-
time image processing is essential. This require-
ment involves the use of hardware architectures
having powerful real-time capabilities.

4. A REAL E X P E R I M E N T

The proposed active 3-D structure recovery method
has been implemented on an experimental testbed
including a CCD camera mounted on the end ef-
fector of a cartesian six-degrees of freedom robot.
In order to satisfy real-time constraints required
by the visual servoing approach, the algorithms
(easily parallelized) have been implemented on a
parallel image processing board Sympati2 (Basille
et ai, 1988). Sympati2 is a line processor based
on an SIMD architecture. The number of proces-
sors involved in Sympati2 is scalable from 32 to
256. The data is distributed among the proces-
sors using an hélicoïdal scheme. This machine is
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perfectly suitable to perform image processine, al-
gorithms. Thus, it has been classified as the most
powerful system in the Abingdon cross benchmark
of Preston (Preston, 1989). The current compu-
tation of the matching step takes about 30 ms on
Sympati2 using a mask of size 3 x 3 and a search
interval of ±10. The tracking algorithm has also
been implemented on the image processing board
EDlXIA-1000. To make possible a real-time im-
plementation on this mono-processor board, the
number of points of the extracted edge chain is
sub-sampled (a maximum of 40 points). There-
fore, the tracking step takes less than 60 ms. These
good performances allow the validation of the
whole 3-D structure recovery system using an ex-
perimental scene that simulates a nuclear power
plant area. Figure 2.a shows (note the white line)
the cylinder limb that has initially selected. When
non strategy for the camera motion is defined, the
3-D structure method described above leads to the
results depicted on fig. 3 : in the left-hand part,
the value of a,b,c and, in the right-hand part,
the value of Xo, yo, *o, r in mm computed at each
iteration and expressed in a reference frame. Fig-
ure 5.a shows the behaviour of the image param-
eters (p, 0) of the cylinder limb during the mo-
tion of the camera. Important errors are observed
on the 3-D parameters of the cylinder (the values
should be constant since the cylinder is motion-
less). These results are
highly improved using an active strategy ivhich
consists in : first, from the initial position of the
camera (see fig. 2.a), the displacement and atti-
tude of the camera are controlled using the visual
servoing approach in order to achieve an optimal
image configuration of the cylinder limb (a cen-
tered vertical line here). Figure 5.b points out the
perfect convergence of (p, Q) to the final desired
value (p" =0,0' = n) and fig. 2.b shows the final
image configuration of the cylinder limb (note the
centered vertical white line). One convergence is
reached, the optimal motion of the camera is such
that the cylinder limb projection is maintained
fixed in the centre of the image while camera is
rotating around the cylinder axis. Figure 4, which
is structured in the same way as fig. 3, shows the
3-D reconstruction results performed using this
strategy. A simple average filter (on 3 iterations)
has been used to overcome some eventual aberrant
values. Oi.e should notice the great improvement
brought by this active strategy with respect to the
latter. Such an efficient system could be used in
future experiments to assist a human operator in
a nuclear power plant maintenance task.

5. CONCLUSION

A powerful active vision-based system for 3-D
structure estimation to be applied to a nuclear en-
vironment has been presented in this paper. The
system, including the matching algorithm, the 3-D
reconstruction method and the image-based con-
trol process, has been validated by real experi-
ments carried out with a cartesian robot. The
technique was originally motivated for applica-
tions in the context of a nuclear power plant but
the method is of general use and can be applied
to other scenes. Finally, it should be reported
that actual work is devoted Co the development of
global perceptual strategies to optimally recover

the 3-D structure of complex scenes conta,
several primitives.
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Figure 2: (a) Support-line of the selected segment in the first frame of "pipes" scene, (b) Support-line
of the selected segment once convergence is reached to the optimal position between the camera and the
cylinder.

Figure 3: 3-D structure recovery of a cylinder with non strategy for the camera motion.
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Figure 4: 3-D structure recovery of a cylinder using active vision.
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Figure 5: (a) Image parameters of the cylinder limb with non strategy for the camera motion, (b)
Convergence of the image parameters of the cylinder limb to an optimal configuration [p' = 0,6' = T) .


