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Multi-cameras visual servoing
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Abstract

In this paper, the classical visual servoing techniques
have been extended to the use of several cameras observ-
ing different parts of an object. The multi-camera visual
servoing has been designed as a part of the task function
approach. The particular choice of the task function al-
lows us to simplify the design of the control law and the
stability analysis. A positioning task on a cumbersome
object has been realized using 2D and Q%D visual servo-
ings with two cameras, mounted on a manipulator robot,
and observing two different parts of the object.

1 Introduction

Introducing several cameras in a visual servoing loop
allow us to have richer information on the observed
scene. Indeed, visual servoing systems can be classi-
fied as a function of the number of cameras used. The
most part of these systems use only one camera since
the hardware and software architecture is simplified, the
image processing time is minimal, and the cost is re-
duced. However, the loss of the depth information can
complicate the design of the scheme if the depth has
to be estimated on-line. A solution to this problem is
the utilisation of several cameras in a configuration such
that the desired target is in the field of view of all the
cameras (binocular, trinocular vision...).

The most used configuration using two cameras is
called stereo (i.e. two cameras observing the same part
of the scene) since it allows, if the system is calibrated,
to obtain a complete Euclidean reconstruction of the ob-
served objects. For example, in [1], a stereo pair is used
to reconstruct the position of a moving objet at video
rate. Then, the end-effector of the robot is controlled in
order to track and pick the object. A stereo head can
be used to perform 2D visual servoing like in [9], where
the information given by two cameras mounted on a
robot end-effector are used to update the Jacobian of
the task. This system is “End-point Open Loop” and,
as for mono-camera systems, the positioning precision
depends on the calibration of the system if a teaching
by showing technique cannot be used.

Even if the 3D model of the target is not needed to
compute the displacement of the robot, the calibration
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of the stereo head is a problem as difficult as the cali-
bration of a single camera. This is the reason why the
“End-point Closed Loop” systems are more often used.
It must be remembered that these systems need one
or several out-hand cameras in order to observe at the
same time the robot end-effector and the target. The
positioning task can thus be carried out by controlling
the error between the image of the end-effector and the
image of the target. Such a system has been proposed in
[5] to control a six d.o.f. robot using a 2D visual servo-
ing technique where the considered visual information
are projective invariants obtained from an uncalibrated
stereo head. Another method in image-based visual ser-
voing consists in numerically estimating the coefficients
of the interaction matrix, without taking into account
its analytical form [6]. This method does not need any
3D a priori knowledge and could be applied to multi-
cameras visual servoing. However, it is unfortunately
impossible to demonstrate under which conditions en-
sure its stability.

A 3D visual servoing technique, controlling a five
d.o.f. robot and using a not-in-hand stereo head, was
proposed in [2]. This system uses an affine camera
model, instead of a projective model, in order to recon-
struct, from the observed features, the position of some
reference planes on the target and on the end-effector.
Then, a 3D visual servoing technique is used to position
the robot. It must be noticed that the linear approx-
imation of the camera model simplifies the estimation
and the control law of the robot, but it is valid only
locally. Consequently, if the camera displacement is too
big, this method may not converge. A last promising
stereo technique, which does not need the cameras cal-
ibration nor the hand-eye calibration, was proposed in
[10]. This method is based on the estimation of a (4 x4)
projective homography matrix which relates two sets of
points of the projective space. The robot is then con-
trolled without doing any Euclidean reconstruction.

Even if using additional cameras in visual servoing
schemes brings a greater quantity of information, the
target must stay in the field of view of all the cameras.
The more cameras are used, the more it is difficult to
have a big zone of intersection of their points of view.
Furthermore, there exist some tasks where the fields of
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view of the cameras cannot overlap, as for example the
positioning with respect to a cumbersome object. In or-
der to maintain the generality, the general configuration
with two cameras will be called a bi-cameras configu-
ration (the stereo configuration being a particular case
of a bi-cameras configuration). Therefore, it is also in-
teresting to study the case of a multi-cameras visual
servoing not necessarily stereo. Thus, we would like to
generalise the classical control laws to the use of several
cameras whose fields of view do not intersect.

2 A multi-cameras task

A multi-cameras visual servoing task of maintenance
in the steam generator of a nuclear power plant is now
described. The task consists to close the entry of the pri-
mary circuit of a steam generator with a circular cover
having a diameter of 1 meter (see Figure 1).

Figure 1: Cover positioning in a steam generator

The cameras are placed on the robot around the
cover in order to observe the edges of the hole. Due
to the big dimension of the cover, it is evident that:

e using only one camera could produce a “lever ef-
fect”, i.e. a little error on the side near the camera
could produce a bigger error on the other side of
the cover. Using more cameras is thus desirable;

e the fields of view of the cameras cannot overlap,
excepted if several stereo pairs are used, which is
an unrealistic hypothesis.

In the Figure 1, the task was represented with three
cameras but their number and their disposition around
the cover is a problem still open. The following hypoth-
esis is made: little errors on the position of visual fea-
tures observed by a camera imply that at least one other
camera of the system is “active” (i.e. the target is in its
field of view). Tt must be noticed that this hypothesis
is independent on the calibration of the system, but it
depends only on the precision which is possible to ob-
tain from each camera and its placement in the system.

This hypothesis is then true if two cameras are ”close
enough” and it can help us to determine the minimal
number of cameras necessary to realise the task.

3 Modelling

Let s; be the n; dimensional vector containing the

sensor signals (i.e. feature points coordinates), and let

T . .
s=[sf sI ... s§ ] bethen dimensional vector

(where n = Eivzl n;) containing all the signals coming
from N sensors. Let us suppose that each sensor can
control all the end-effector d.o.f. of the robot, then n; >
m (where generally m = 6). Let us remark that, even
if we are interested in a visual servoing task, the same
scheme can be applied to different sensors.

Let be r the six dimensional vector containing the
position and the orientation of the end-effector. The
relationship between the time derivative of the visual
information and the end-effector velocity is:

Ly 0 ... 0 W,
0 Ly ... O W,

s=1| . . i =LWi (1)
0 0 ... Ly || Wy

where L; is the interaction matrix relative to the 3t?
camera, W; is the transformation matrix between the
velocity of the i** camera and the robot end-effector ve-
locity, and L;W; is the image Jacobian matrix. Each
interaction matrix depends on the distance of the target
to the camera. When an object is in the field of view
of at least two cameras, the distance can be estimated.
Otherwise, it can be approximated for each camera, ex-
actly as for the mono-camera visual servoing [4], when
the desired features in the images s* are stored.

We use a task function of the form e = C(s — s*)
[4], where C is a full rank constant matrix of dimen-
sions (mxn), which allows to take into account the in-
formation redundancy. The time derivative of the task
function is:

é = Cs = CLWr (2)

The matrix C must be chosen such that the matrix
CLW has full rank. Different choices of C are possible:

e C = (i"‘\?/\7')Jr is the pseudo-inverse of the Ja-
cobian matrix calculated at the desired position
L* = L(s*,g*). This choice ensure a better de-
coupling of the control law near the convergence.

e C= (i*V/\\/')T is the transpose of the Jacobian ma-
trix calculated at the desired position. This choice
does not need the inversion of the interaction ma-
trix, but it does not realise the decoupling of the
control law near the convergence.
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e C = (f"‘V/\\/')li is the block pseudo-inverse of the
Jacobian matrix:
LWy = [ wWiiE R e e

3)
where L"Jr s the pseudo-inverse of L* W 1 is the
inverse of W and ki is a positive weighting factor
such that Z —1 ki = 1. This choice presents in-
termediate characteristics with respect to the two
precedent choices.

It must be noticed that all the matrices C given
above have rank m. Their null space is therefore of
dimension n — m. Only the basis of the null space is
different for each matrix. The interest of using one or
the other choice will be shown when computing the con-
trol law and when analysing the stability of the system.
However, it can be noticed now that the last choice
presents some interesting characteristics. Indeed, if we
consider for each camera a task function e; = C;s; with
C; = W 'L}, then the task function of the entire sys-
tem is a weighted mean of the task function relative to
each camera:

N
e=Cs= Z Ki€; (4)
i=1

Such a choice of the matrix C leads to a bigger mod-
ularity. A task function for each sub-system can be
designed and the sensor fusion can be done at a higher
level. For example, in the case of information loss due
to the failure of a camera, it is sufficient to do not add
the corresponding task function.

4 Control law

If a simple proportional control law is used by im-
posing the exponential decreasing of the task function
é = —)e, the ideally decoupling control law is:

~\(CLW) ‘e (5)
A more realistic control law is the following:
—\(CLW) e (6)

where the hats mean that the parameters are estimated
or approximated. We choose, as in [4], to use in the
control law the interaction matrix calculated at the de-
sired position: L= L*(s*,g*). Consequently, choosing

c=(L ) defined by equation (3), we get:

(CLW)~ Z’ﬂ WL YL W) +—me—1

i=1 (7)

and the control law is:
r=—-)\e (8)

Considering equation (4), this control law is equivalent
to a weighted mean of the control laws of each sub-
system F; = —\e;:

N N
r = —)\Z Ki€; = Z KT 9)
i—1 i—1

5 Stability analysis

In order to obtain the closed-loop system equation,
the estimated task function must be expressed as a func-
tion of the real task function and of the calibration er-
rors of the system. In the case of 2D visual servoing, it
is simply € = e if the measurement noise is neglected.
The closed-loop system with the control law (8) is thus:

—~A\(CIW)(CLW) e = —A\LW)(LW)e (10)

A sufficient condition for the stability of the system is:
(L*W)'IW > 0 (11)

It is clear now why it is interesting to choose C as a
block pseudo-inverse. Indeed, using equation (3), the
condition (11) can be also written as:

(L*W)'LW = Z kW

=1

W, L LW,; > 0 (12)

and this condition is verified if (remember that «; > 0):

W LA LW; >0 Vi={1,2,3,..,N} (13)
The whole system will be thus stable if each sub-system
is stable since the sum of positive matrices is a positive
matrix. The stability analysis can thus be reduced to
the study of the stability of each sub-system separately.
Using the control law (9) the norm of e decrease at each
iteration. Local minima could occur when e = 0 even
if e; # 0. However, it is easy to detect and eliminate
these local minima since at the convergence e =0 Vk;.
Any change in the weighting factors ; will bring the
system away from the local minimum.

Unfortunately, the stability domain of the 2D visual
servoing is not analytically known to this date and the
analyse have to be stopped. However, a 2D mono-
camera visual servoing system is known to be robust
to calibration errors [3]. The same robustness can thus
be expected from a multi-cameras system using a 2D
visual servoing technique.
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In the case of the Z%D visual servoing the stability
analysis is a little more complex since, for each sub-
system, we have €; = E;e; [8]. Then, the estimated
task function is:

N
e= Z niEiei (14)
i=1

Then, € cannot be written easily as a function of e under
the form € = E e as in the mono-camera visual servoing.
However, we can proceed in the following way. The task
function can be written as:

e = [ K,l:[ﬁ H}gIﬁ K,ng ] e’ = Ke’ (15)
where € is the 6N dimensional vector containing the
task functions of each sub-system. This vector can be
computed as :

e =KTe + (Igy — KTK)¢ (16)

where (Isy — KTK)¢ is a vector (whose form is not
important) belonging to the null space of K. Thanks to
the simple form of K, is Kt = (XN «?)"'K7. Plug-
ging equations (16) and (15) in equation (14), the esti-
mated task function is:

N
. 1
ezizn?Eie+be=Ee+be (17)

N
Eizl ’%2 i=1

where b,, which can be considered as an additional
“bias” on the task function if the calibration errors are
not too big, is:

N N N

1

be = E ﬁzE,(ﬁZ - =N o E Rsz(E K”L(pz) (18)
i=1 2oim1 Ki i i=1

An approximation can be made and the bias can be
neglected. This hypothesis is justified since, thanks to
the very nice form of matrix E; (block diagonal), and
with an appropriate choice of e; [7], then E; ~ I and the
“bias” b = 0. Let us remark that at the convergence
E; =1 then b, = 0 and the system is always locally sta-
ble [7]. Furthermore, thanks to the nice form of matrices
L; and W; (block triangular), the stability analysis of
the multi-cameras 2D% visual servoing is again reduced
to the stability analysis of each sub-system. Since each
sub-system is stable under the conditions given in [§],
the whole system is also stable, at least under the same
conditions.

Depending on the stability domain which is possible
to obtain from the control law, two types of algorithms
can be considered. When the convergence domain of
each sub-system is not large (as for the 2D visual ser-
voing), the following algorithm is proposed:

1) Test how many cameras have converged (a camera
has converged if the error on visual features is lower
than ¢;: |[|s; — s}|| < ¢;). If all the cameras have
converged the goal is reached, else go to 2).

2) Select all the converged cameras more the nearest
to convergence (the nearest camera to convergence
is the one minimising ||s; —sj|| under the constraint
that [|s; — sj[| > €;). Go to 3).

3) Do visual servoing using the selected cameras and
after their convergence, go to 1).

This iterative algorithm add a new camera at each
step. If the stability domain is very large (as for the
2%D visual servoing), a more satisfactory algorithm can
be considered:

1) Test how many cameras have converged. If all have
converged the goal is reached, else go to 2).

2) Select all the converged cameras, more those which
have the target in their field of view (and which are
in the stability domain). Go to 3).

3) Do visual servoing using the selected cameras and
after their convergence go to 1).

If cameras are well distributed around the object,
then these two algorithms converge at least in N steps.
This implies that:

e a converged camera has also converged at the end
of each step. This does not means that the camera
stays at convergence during the servoing. Indeed,
only the whole task function decreases.

e If p (with p < N) cameras have converged, there
exists at least one other “active” camera, i.e. with
the target in its field of view and in the stability
domain.

6 Experimental Results

A system simulating the positioning of the cover has
been tested. In order to demonstrate the practicability
of the task, only two cameras were used. The cameras
are placed at the extremity of a 50 cm aluminium bar,
mounted on a manipulator robot as in Figure 2. The
Mitsubishi PA10 robot at the EDF-DER was used as
well as two planar targets with six points each. A sim-
ple hardware architecture was used in order to reduce
the cost of the system: the two cameras are connected
to two different entry of the same video-board and the
acquisition of the two images is sequential. The rate
of such system is two times slower than the rate of a
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parallel system (i.e. 80 ms, with a delay between the
acquisition of the two images of about 40 ms). Con-
sequently, the velocity of the robot end-effector during
the servoing could not be too high. Indeed, the delay
between the acquisitions of the images is not taken into
account in the control law. The convergence speed of
the task was set to A = 0.1 for all the experiments.

Figure 2: Positioning a cumbersome objet

6.1 Precision comparison between mono
and multi-cameras visual servoing

position 1 2 3 4

translation | 31 % | 56 % | 46 % | 48 %

rotation 36% | 58% | 27 % | 44 %

Table 1: Positioning precision improvements

In these first experiments, 2D visual servoing is used.
The system is robust with respect to the calibration er-
rors since a teaching by showing technique is used. The
servoing is stopped when the maximal error on the coor-
dinates of the image points is 1 pixel. Four experiments
were carried out, corresponding to four different camera
displacements. The first displacement was a pure trans-
lation. The second and the third where mainly rotations
around the 7 and the 7 axes respectively. Finally, the
fourth displacement was a big rotation around the 7
and 7 axes and a big translation. First, the visual ser-
voing is carried out using only one of the two cameras.
Then, starting to the same initial position, the servoing
is performed using the two cameras with the control law
(8). In all the experiments, the positioning precision is
considerably improved using the multi-cameras visual
servoing as it is shown in the Table 1 (typically from
1.98 mm to 0.86 mm). These results demonstrate the
interest of using several cameras to position a cumber-
some object.

6.2 Comparison between 2D and 2iD
multi-cameras visual servoings

Even if the multi-cameras visual servoing can be used
with any scheme (2D, 21D and 3D) we compare here
only the 2D and Z%D methods whose results are illus-
trated in Figure 3 and 4 respectively. The figures are
divided in two columns, one for each camera.
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Figure 3: 2D visual servoing results

In each column we give respectively the error on the
coordinates of the points, their trajectory in the im-
age (diamond and circle marks correspond respectively
to the initial and final positions). In the last row, we
give the control law (i.e. the velocity of the robot end-
effector). The error on the coordinates goes to zero and
the control law is stable even with the imprecise cal-
ibration that was used. Indeed, the camera intrinsic
parameters and the transformation matrices between
each camera and end-effector frame were only roughly
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known. The speed of convergence is relatively slow at
the end of the servoing since a simple proportional con-
trol law was used. It can be easily improved by simply
increasing gain A as soon as the error becomes small.

(a) left coord. errors (b) right coord. errors
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Figure 4: 21D visual servoing results

The trajectories of the points in the images are quite
the same (even if the control law is different) since the
displacement was not very large. Experiments with big-
ger displacements were also realised but only one target
was initially in the image. In this case, we initially
perform the visual servoing using only one camera and
once the two target are in the images, we perform the
multi-cameras visual servoing. The positioning preci-
sion measured for the 2D and 2D% methods are the
same, since they are independent on the used scheme
but uniquely on the maximal error reached in the im-
age (the servoing is stopped when the maximal error on
the coordinates of the image points is 1 pixel).

7 Conclusion

In this paper, a multi-cameras visual servoing was
proposed within the task function framework. Our vi-
sual servoing scheme uses several cameras observing dif-
ferent parts of a target. The particular choice of the
task function simplifies the design of the control law
and the stability analysis. Indeed, the stability anal-
ysis of the whole system is ensured by the stability of
each sub-system. The experiments, carried out with 2D
and Z%D visual servoing, validate the generality of our
method, and the possibility of its extension, if needed,
to the 3D scheme.
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