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Abstract

This paper describes a new approach of the problem of
trajectory generation in workspace by visual servoing.
Visual servoing is based on an array of measurements
taken from a set of images and used each time as an
error function to compute a control vector. This is ap-
plied to the system (robot and camera) and enables it
to move in order to reach a desired situation, at the
end of the task, directly depicted in the image. The
originality of this work 1s based on the concept of time
varying reference feature. Classically, in visual servo-
ing, the reference features are static and the task to
be achieved is similar to a positioning task. We define
a specific task function which allows us to take into
account the time varying aspect and we synthesize a
new control law in the sensor space. This control law
ensure the trajectory control in the workspace. Con-
sidering that any trajectories in workspace can be de-
picted as a combination of rotation and translation,
we have tested our new approach using these two ele-
mentary trajectories.

1 Introduction

The goal of this paper is to show the use of visual
servoing in order to generate a trajectory in the robot
workspace.

For the last couple of years, developments in the field
of visual sensors permitted their use in a closed loop
control. However, works dealing with the integration
of visual information in a robot control loop show two
possible approaches [19].

The ”look and move” approach is a technic where
the pose of the robot is estimated with the output
data of the vision system. Then, from this estimation,
it 1s possible to control the robot in the workspace.
However, even if this sort of visual servoing was
preferred for a long time because of its simplicity of
adjustment, various kinds of errors cause interferences

(18], [6].
extraction due to the visual sensor itself. Then, errors
in the modeling of the robot which are due to the
difficulty of considering all the physical and electrical
characteristics of the robotic system. Finally, there
are errors in robot pose estimation, arising from a
lack of precision in the camera calibration, and some
interpretation errors.

First of all, there are errors in the visual

”Visual servoing” approach eliminates these errors
by introducing the sensor information directly in the
control loop [6], [11], [3]. For that, Samson and al. in
[2] developed the formalism of the task function where
the control is directly specified in terms of regulation
in the sensor space. The robotic task to achieve is a
positioning task in relation with a fixed or a moving
target. Many works were done using a moving target
object. The object motion can be estimated directly
in image space [5], [7], [14] or in the robot workspace
[9], [21]. Tn this case, the use of a predictive filter
(i.e Kalman filter) is absolutely essential to ensure an
accurate object tracking.

For motionless objects, in visual servoing approach,
we find many references in [1], [12], [20], [3] and [15]
too. The use of the task function concept defined
in sensor space allows us to introduce the notion of
hybrid task. This task is made of a combination of
a primary task, which realizes the visual servoing,
and a secondary task. The secondary task can be
considered as a minimization of a cost function. The
main applications are trajectory tracking [7], [13],
singularities and joints limit avoidance [4].

To complete this kind of task, it 1s necessary to have
n degrees of freedom which are let available by the
primary task [6], [8]. However, when the primary task
needs m degrees of freedom in workspace to be well
performed ( with m=6-n, for a 6 d.o.frobot), the use of
a secondary task which needs n’ ( n’>n) d.o.f becomes
impossible. In this paper, we propose an alternative
way of solving the problem of trajectory generation
[10] in robot workspace. Therefore we introduce
the concept of time varying reference feature com-



puted from the desired sensor trajectory in workspace.

In the first part, we adapt the task function formal-
ism to take into account the concept of time varying
reference feature and we deduce the expression of a
new control law. In the second part, we consider two
elementary trajectories (Translation and Rotation).
We explain how to obtain the expression of the time
varying visual features. Finally, we present the first
results.

2 Visual servoing

Let us consider a sensor ( fixed on the 6 d.o.f robot
end effector. The local environment of the sensor is
made of a target xy. The sensor signal s provided by
( represents the image of y. We shall note the state
of the robot in the joint space by ¢ and its pose in
the workspace by r. For the following application, the
workspace is the world cartesian coordinate space. We
suppose the variations of s depend only on the relative
motion of y with respect to { and we may write the
differential as:

ds(q(t), d
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The term % denotes the velocity of the target. It
may be zero in many cases or often unknown in other
applications, such as target tracking. In our case, we
consider a motionless target (i.e% =0).

The first term may be written like:

Js dg 9s dr dq

b it =5 e @ (2)

where g—i represents the robot jacobian, which is only
q

dependent on the robot itself. The following formalism
will be developed only in robot workspace. So 1 may
be rewritten as:

ds(r(t),1) B Js Or
— & o dl (3)

:(7, ﬁ) is the kinematic screw.

where %:

It represents the relative velocity between the cam-
era and its environment. The term %,
tion screw, characterizes the interaction between the
sensor and its environment. The concept of interac-
tion screw is fundamental for modeling systems using
exteroceptive sensor. It allows to take into account
most information required to design and analyze sen-
sor based control schemes. We note LT the interaction
matrix or image jacobian associated with the interac-
tion screw. Generally the goal of a sensor based control

called interac-

may be expressed as a regulation to zero of an output
function e(r,t) called task function [2]. Tn visual ser-
voing, the task function has the following expression:

e(r,t) = Cls(r,t) — s7] (4)
where:

— s* is considered as a reference target image to be
reached in the image frame.

— s(r,1) is the value of visual information currently
observed by the camera. This information de-
pends on the situation between the sensor and
the scene (noted 7).

— C 1s a constant matrix, which allows to take into
account more visual information than the number
of robot degrees of freedom, with good conditions
of stability and robustness.

Until now, all applications were limited to position-
ing or tracking task with which the vector s* is con-
stant. We introduce the concept of time varying ref-
erence feature which allows us to define a new task
function:

e(r,t) = Cls(r, 1) — 57(1)] ()

The trajectory of s*(¢), in sensor space, leads to
the desired trajectory in the workspace. We consider
an exponential decay of all components of the task
function e(r,t), so:

é(r,t) = —Ae(r, 1) (6)
(A is a positive scalar constant) and we have:
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From 6, we get:

de

_I_
where % is the velocity screw. Usually (a_Z) can

be considered as the identity matrix, which means to
choose C' = L7+, We can rewrite 7 in the following
form:

Oe
T=-de- o (8)

From the derivation of equation 5, we obtain:

(3)-c (5258 o




If we consider a motionless target (% = 0)7 we

(5)--t

Finally, we obtain the following control law:

obtain:

ds (1)

T=-)Tt. (s(r,t) 7

—s" () + LT == (10)
which ensures the trajectory generation. In relation
10, T is composed of two terms. The first term
ensures the visual servoing to maintain a rigid link
between sensor and target. The second term expresses
the influence of the trajectory generation. It allows to
compensate the tracking error with a large efficiency.
In effect, if we consider the monovariable case, the
visual servoing scheme becomes like in figure 1, where
¢ = L7 is the image jacobian. In this case and without
taking into account any noise, we get S = S*(¢) with-
out any tracking error. If we suppress the derivated
term 22 () in the visual servoing scheme, we have a
dt g b)
tracking error proportional to 1/A.

v

d
i *(1) Robot+Vision
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Figure 1: Servoing Scheme

3 Trajectory generation

In this part, we present the trajectory generation in
workspace from the concept of time varying reference
feature. Consider a point M links rigidly to a fixed
object with coordinates (z,y, z) expressed in a moving
reference frame 3 (camera frame). The velocity screw

= (‘7, ﬁ) is applied to . The evolution of this point
is given by the well known kinematic equation:

%O_M:— —QAOM

If we use the matrix notation (i.e p = (z,y, 2)T,

V= (Vz,VyVz)T,

wi = 7A ), we get the relation:

d

—p=—-V —-w ’)“ 11

b= P (1)
where w 1s the amplitude of the rotation velocity, and
7 is the unitary anti symmetric matrix:

N 0 —r, Ty
r= Ty 0 —r
—ry Ty 0

Aslong as V and w7, expressed in the camera frame
RN are constant, the general solution of equation 11 is
given by:

p(t) = exp(—w 7 At)p(t,) — exp(—w ¥ At) (12)

- fOAt exp(w_; YTV

with At =+ —1t,.
~3 ~
Considering that » = — 7, it i1s possible to develop
the exponential term as:

~ ~ ~2
exp(—w r At) = I3 —sin(wAt) 7 +(1 — cos(wAt)) 7

(13)
Using 13 in 12, we express p(t) with:

~2
= <I3 —sin(wAt) r +(1 — cos(wAt)) r ) p(t,)—
( 5 — 1—cos(wAt) =~ p +wAt sm(wAt) )VAt

wAt
(14)
Now, we used this relation to define a reference tra-
jectory in order to achieve two specific tasks. We con-
sider in the first section a simple translation along a
fixed vector. In a second section, we present a rotation
around a given axis linked to the object.

3.1 Translation

The generation of time varying reference feature in
case of translation along a vector is relatively easy.
Let us consider:

-

— d: the displacement during At.
— v the translation velocity.

x

M is a fixed point such that oM = Y

z

t in 3 and its image depicted by the sensor is given by
(X V)T with:

at time

X=2F, and Y ="YLF, (15)

where F, and Fy are the intrinsic parameters of the
camera.

From 14, we get the new position at time ¢ + At
(where w=10),

p(t + At) = p(t) — VAt

OM(t+ At) = OM(t) — V At

(16)
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Figure 2: Translation trajectory

3.2 Rotation

Let us consider the case of the sensor rotation around
any axis with the following parameters:

— d: the oriented radius of the rotation.
— 7% the unitary vector defining the rotation axis.

— w: the angular velocity around the axis.

Figure 3: Rotation trajectory

In this case, we can write V = w 7 d. If d is constant
in the frame R (case of angular motion), then from 14,
we get:

p(t + At) = p(t) + (— sin(wAt) 7 +
(1 — cos(wAt)) '7:2) (B(t) _ d)

Finally, we can write:

W(t +At) = W(t) + (— sin(wAt) T+

(1 — cos(wAt)) ?2) (C)—M(t) _ d) (17)

As in the case of translation, we can apply the per-
spective projection (see relation 15) to deduce the ex-
pression of X and Y in function of wAft.

4 Results

In this part, we present the first results tested with
our experimental robotic platform. This is a cartesian
robot with 6 degrees of freedom (built by the firm
AFMA Robot) and the parallel vision system WINDIS
[16] [17]. This whole platform is controlled by a VME
system, and can be programmed in C language under
VxWorks real time operating system. A CCD camera
is mounted on the end effector of the robot and is
connected to the vision system WINDIS.

The target is composed of a cube (the length of the
edge is 25cm) and 4 LED. Two LED locate each edge
and we choose the object frame centered in the cube.
In this frame, the 4 LED have the followings coor-
dinates: z = £12.5em,y = £7.5em,z = —12.5em.
The application runs at video rate (40 ms), but the
vision system introduces a dataflow latency of 80
ms. The vision process is based on the extraction
of the center of gravity of the illuminated points in
the 1mage and also on sorting the features. At first,
to illustrate the translation trajectory, we perform a
shiding task along a cube side. In a second part, we
experiment a rotational trajectory around a cube edge.

LED

CCD Camera

Figure 4: Overview of the scene

No specific calibrations have been done for all the
experimentations and the estimation of the depth of
the 4 LED used in visual servoing is not accurate.

4.1 Sliding along the cube side

In this experimentation, we perform a translation
along a cube side using the sensor signal provided by
the camera. The translation velocity V,. is fixed to:
4 em.s™! and A=0.1 . Using the relation (16), we
have:

y(t + A1) = y(1) - Vy At

z(t+ At) = z(t) — Va Al
z(t+ At) = z(t) — V2 AL



For a translation along the x axis the trajectory in
image space is given by (14):

X*(t) = %Fx
. y(t)
)= FOR

The initial position of the sensor frame in the
object frame is (-0.174m, 0.044m, -0.077m ) and the

orientation one is (2°, 4.2°, -0.2°).

In the following results, we compare many charac-
teristics to illustrate the interest of this new control
law.

In the figure 5, we compare the error F defines as

E = \/ZZEZI(XZ — X7)?+ (Y; = Y*)2. As we can see,
the amplitude of the error with derivative term is lower
and the convergence of our control law is faster.
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Figure 6: Top view of the trajectory

A top view of the corresponding trajectory is shown
in figure 6. In both cases, we obtain a trajectory close
to the desired trajectory. Some disturbances appear
during the servoing task, due to the lack of accuracy
in calibration.

In figure 7, we compare the same case with a oscil-
latory trajectory centered in 0. The amplitude of the
signal is 0.15 m and A=0.2. In this experimentation,

the trajectory of the end effector starts at random po-
sition. The tracking of desired trajectory is well per-
formed with the new control law. Figure 8 shows us
the absciss behavior of the first point in image space,
and we can note that the tracking is well done. In the
other case, we have a static error during the servoing
task. We have exactly the same results for all visual
informations.
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4.2 Rotation around an cube edge

For this kind of task, we choose the rotation velocity
w = 0.04 rad.s~'. We fix the distance between the
sensor and the rotation axis to 0.8 meter. From
the relation 14, we write the equations of the time
varying reference feature. In this case, vector 7
defining the rotational axis is parallel to the y axis, so
7= [0,7y,0]7 =[0,1,0]T and we have:

0 0 1 y -1 0 0 N 0
0 0 0 |r= 0 0 0 d=10
-1 00 0 0 -1 d
From (14), we get:

z(t + At)

y(t +At) ] =



2(t) 0 0 —sin(wAt)
y(t) |+ 0 0 0 +
z(t) sin(wAt) 0 0
—1+ cos(wAt) 0 0 2(t)
0 0 0 . y(1)
0 0 —1+4 cos(wAt) ) z(t)—d
We can rewrite it like:
z2(t + At) 2(t)
yit+ Al | =1 y@) |+
z(t + At) z(t)
—1+ cos(wAt) 0 —sin(wAt) 2(t)
0 0 0 . y(1)

sin(wAt) 0 —1+4 cos(wAt)
and develop like:

2(t + At) = 2(t) cos(wAt) — (z(t) — d) sin(wAt)
y(t + At) = y(t)

z(t+ At) = z(t) sin(wAt) + (2(t) — d) cos(wAt) + d

Using relation 14, we obtain the expression of the
time varying reference feature:

2(t) cos(wAt) — (z(t) — d) sin(wAl)

YO = i sin(@Al) + (o) — d)cos@A +d =
e y(t)
V) = S sm@A) T (20 — dycos@nn 14

The initial position of the sensor frame in the
object frame is (-0.1540m, 0.014m, -0.811m) and
the orientation one is (-0.9°, -3.8°, 0°). In figure 9,
we compare the ideal trajectory with the trajectory
obtained in real experimentation.
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Figure 9: Top view of the trajectory

In both cases, the trajectory are similar. However,
in the velocity graph (figure 10 and 11) we notice a
faster behavior with the derivative term. In order to
perform the rotational task, it is necessary to combine
a translation along x axis and a rotation around y
axis in the sensor frame. We can see this combination
which occurred in figure 10 and 11.
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Figure 10: Translation velocity
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Figure 11: Rotation velocity

The new control law presented in this paper, does
not allow to be used in all cases. Indeed, we have to
respect the dynamic characteristics of the system in
the sensor trajectory generation.

5 Conclusion

A new trajectory generation, based on visual servoing
approach has been developed. The main goal of the
present work is to show the validity of this new ap-
proach and to present a new aspect of trajectory gen-
eration. The first results obtained from experimenta-
tion, allows us to validate our approach on elementary
trajectories. The generation of more complex trajecto-
ries, needs the management of the link between the ele-
mentary trajectories. That is why, we are now working
on the problem of the linkage between two elementary
trajectories and the estimation of a 3D target. The
calibration of the camera and a better estimation of
the depth should improve the accuracy of the trajec-
tory.
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