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Abstract : We present experimental results of a
visual servoing approach to control an
agricultural mobile machine. To detect the limit
between mowed and unmowed natural zones, we
use an original region segmentation algorithm
based on a Markovian modeling of a set of sites.
With the 2D informations extracted by the image
processing algorithm, a visual servoing unit
allows the machine to follow the detected limit.
All these algorithms are implanted on a parallel
architecture [2].

INTRODUCTION.

In the domain of mobile robots, the
perception of the environment which is
necessary for moving robots is often realized
by an artificial vision system [7]. In the case of
a monocular vision, informations extracted
from the image are given by the camera frame.
Currently, most of control algorithms
combined with artificial vision are calculated in
the space linked to the scene. This means a 3D
estimation using the 2D wvisual information
extracted from the image processing system.
However new techniques of control such as
visual servoing are able to control a robot
directly in the space linked to the visual
perception sensor [4].

The study presented in this paper has
been realized for a wvehicle which has its
director wheels placed at the rear. This
machine is used to cut vegetation for instance.
The objective of our work, is to detect the limit
between mowed and unmowed zones
represented as a straight line, then to control
the machine with respect to this limit (figure
n°l).
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Figure n°I : a view of our application.

I/NATURE OF INFORMATION USED
BY THE CONTROL. [1][2]

The guidance system uses only the result of
reap limit detection between mowed/unmowed
natural zones. Represented in the form of a
straight line, this visual primitive will constitute
the basis information of the control system. An
essential phase of the project has therefore
been the development of an interface extraction
algorithm sufficiently robust to adapt itself to
very varied work conditions met in natural
environment (nature and height of vegetation,
conditions of sunshine...). This objective has
been reached by the development of a non
supervised algorithm of segmentation in
homogeneous regions. This segmentation,
based on a Markovian process, uses texture
and grey levels data calculated on 16x16 pixels
size elementary regions by the means of co-
occurrence matrices.



One of the interests of this segmentation in an
image sequence, is inherent to the use of the
result issued from the previous image. An
a priori information is taken into account in the
image segmentation. This constitutes the
"dynamic” aspect, which consists in putting in
relation the extracted data of the new image
with the label field of the previous
image. Obviously, it has been considered that
there are only little changes between two
images, in the motion meaning, and a
noticeable gain of time is obtained for an
equivalent segmentation efficiency.

On the picture n°1, we present an example of
segmentation of an image :

Picture n°l : a result of image processing.

On this image we can see that the image
processing algorithm find the limit between
mowed and unmowed vegetation which is
represented by a straight line whose polar
coordinates are (0, p).

I/ CONTROL LAW,

1L 1/ Modelling of the scene [3], [7]:

The aim of this part is to find a relation
between the scene and the image .

In this modelling, we use a camera whose focal
lenght is equal to unity.
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Figure n°2 : perspective projection

On the figure n°2, we show the projection of
the 3D scene on the image frame.

The point P(x, y, z) projects onto the image
plane as a point p with coordinates (X)Y)
(figure n°2) such as :

by

Knowing the camera velocity vector T, defined
by three translational wvelocities and three
rotational ones T=(Vx,Vy, Vz, Qx, Qy, Q; ),
this corresponds to the motion of the object in
the 3D scene. These wvelocities can be
expressed by the velocity screw T by means

of : P=-V-QAP %))

M

By differentiating (1) and using (2), we can
derive the welknown equation relating, optical
flow measurement to 3D structure and motion
in the scene. We have ;

[3] c,r @ with:

T 5 G i )

This equation gives us an interaction relation
between the 2D world (image frame) and the
3D one (Object frame).



General method of computing interaction
matrix :

In general, a 3D geometrical primitive can be
represented as a vectorial function :

h(x,y,2,Q})=0
this one is projected in the image frame under
the form :

g(XY.R)=0

Where Qj and Rj are the parameters of the

primitives respectively in the 3D scene and in
the 2D image plane. From these assumptions,
we can establish the interaction screw Hj

between primitive R; and the velocity screw
T=(Vx ,Vy, Vz, Qx, Qy , Q7). The set of
elements H; is grouped under the matrix Lg

assuming that s represents the set of 2D
primitives R; . This matrix is computed
assuming the following hypothesis :

{g(X,Y,Ri)=0

gX.Y.R)=0 W

After developments, we obtain :

;%-RF—

% -2y

o oy (6)

Equation (6) allows us to relate the variation of
the parameters R, to the optic flow

components Li; and thus, to the velocity
screw T of the camera by means of equation

).

Case of lines :
In 3D frame, a line is defined by two plans
which intersect :

{a,x-&bly+clz+dl =0 )

a,x+b,y+c,z+d, =0
By using perspective projection, we obtain :
ax+by+cz

d,

__1_ (8)
Z

In the 2D frame, the equation of the line is :
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AX+BY+C=0 with:
A= (ald2 - azdl)
B=(bd,-bd,) (9
C= (cldz i czdl)

In the case of (p, 8) parametrisation of the line
we have :

g(X,Y,R)=p—XcosO-Ysin0=0  (10)
9=artan§—
. with : o _C
JA? +B*
With (6) and (10) we find :

p+(Xsin®—Ycos0)-0 = X-cos8+Y-sin®

With substituting the expression of X and 1/z,
according to Y, in the equation of optical flow,
we find by identifying term to term, expression
of interaction matrix.

So, we can write :

[9] = LTof e
P,

with :
¥ _(la-cosf? Ap8in@ A, p
77 \4,-cos8 A,-snf -4,-p
—p-cosf —p-sinf -1
(1+p2)—sin9 -(1+p2)-oosl9 0
(11)
and :
Ag =(~b, - cos@ +a, sinb)/d,
A,=(a, -p-cos@+b, -p-sinf+c)/d,

This represents a relation between a line in real
scene and a line in the image. The idea is to
control our machine with the difference
between the line detected and the reference line
to reach in the image.



Interaction screw for our application.

The aim of our application is to control our
machine on a limit between mowed and
unmowed zones of vegetation.

Contrary to the works which has been done on
the white line [3], we have only one reference
line. So we have to calculate the interaction
screw for this line.

Ground plan

Figure n°3 :Camera and reference line position.

Lquation of the plan of the ground in the
camera e

N is a perpendicular vector of the plan of the
ground :
0

N| cosa

—sin
So the plan equation is expressed by:

(cosa).y —(sina).z+cte=0

0
i : . -h
M s a point of the plan : M éosa
0

Finally we find :

|(cosat).y - (sina).z+h=0

(12)

Lguation of the reference line in polar
coordinates :

In the camera frame the equation of the
reference line is :

(13)

(cosa).y - (sina).z + h =0
x=0

So the equation of this line in the image frame
and in polar coordinates is:

p=0
14
{0;0( )
p'=p =0and 0"=6 = 0 are the coordinates of

the reference line in the polar image frame.
With (14) and (11) we find :

_1

" h
iy =%(—(sin @) (15

= lﬂ

(~(cosar))

With (11) and (15) we determine the
interaction screw for our application. Lots of
elements are equal to 0 so there are not in the
matrix. :

_feosy V,)
I = (silllla) with: T,| Q |
RUL .

(16)

With this interaction screw we determine a
control law [9] :

£ N

o

e = A+ L (S -87)

(17)

B\
S[J is the detected line coordinates and
o)

S'[i_) the coordinates of the reference line.

With the development of the equation (17) we
obtain a control of the rotation of our machine
in the ground plan :

Q, =?\.-(—tancc-(9*9') +(p—p'))
(18)

This rotation gives the orientation of our

vehicle. In fact we just want to control this

orientation so we didn’t expressed the other
equations.




We have a non-holonomic machine, so the
difficulty is to make a link between the vehicle
orientation and its controls.

11 2/ Kinematic equation of the robot.

We use, a machine which has two wheels
steering and two wheels drive (like a car). At
constant steering angle, this machine runs on a
circle. So, our idea is to replace the machine by
an axle which runs on the same circle (figure
n°4).

Axche which replaces the madhine

Figure n°4 : Vehicle trajectory.

There is a relation between the angle of this
axle and the speed of these wheels [5].
We have (figure n°5) :

v

Q =%V1 (19)

»

Figure n°5 : Kinematic of the axle which replace the

machine

However, we just control 8 (the wheel angle).
There is a relation between R (the ray of the
circle) and & :

tand = L] &= - (20)
R R
because § is very small (less than ten degrees)

With V the speed of the machine we have :

1:24

LV LV
V,-V, AV

(21)
Equations (19), (20) and (21) give us :

Gt
W

(22)
And then with (22) and (18) we have :
b - L]
8= A (~tanc-(6-67) +(p-p"))
(23)

A is an empirical gain chosen equal to 0.1, In
fact, we have the same gain applied to (6 -8*)
and to the (p-p’) terms. However, these
physical magnitudes are very different (p is in
meter and 6 in radian). So we decided to adjust
these magnitudes by different gains (K; , K3) :

5:%.;\,.(_1(1 -tana-(e—e-)"'Kz -(p-p'))

which is the same equation than :

5=%.(—K1-tana-(e—e.)‘*'Kz'(p_p‘))

24)

With this equation we can control our machine

with the visual data (0 and p) extracted directly
from the image. They are the polar coordinates
of the limit detected in the image.

NI/ SIMULATION TESTS

In a first time we make simulation tests in
which the machine has to reach a line one
meter away (figure n°6).
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Figure n°6 : Simulation test conditions.




We have several test conditions which allow us
to adjust our gains according to the wanted
curve of response (figure n°7),

For our simulations, we choose a speed of 4
km/h and the range period is about 200 ms.

Position of the machine for an initial
error of one meter
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Figure n°7 : a simulation test at 4 kon/h.

On this curve we have the machine error
between its position and the line position. At
73 we can see the response to the step. The
gains are chosen with this curve and will not be
changed. We take 7.9 for K; and 300 for K,,
which gives a response time about 20 s.

IV/ TESTS IN REAL CONDITIONS.

After the simulation tests it is interesting to
make real tests. To do that, we decided to
follow a white line on the ground to optimize
the precision of the visual perception algorithm
(figure n°8). In fact, with a white line, we have
not any problem of perception because it is
easier to detect than a limit between mowed
and unmowed vegetation. We have thus made
tests in various conditions (with or without
noise) to different speeds and with a sampling
period which changes by time.

on the pround.

re n°8 : a view of the si

Fi,
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The quality of our control servoing can be
calculated in real time by using a second
camera which is continuously measuring the
distance between the vehicle and the white line,

Camera which measures the distance
between the machine and the white line.

vV

"

ICamera for the control

while line

Figure n°9 : two camera, one for the syst
1o me e the result of the system.

the other

The first curve is done with a speed of 4kmv/h
and a range period of 200 ms which is the
image processing calculation time (figure
n°10). To make the simulation curve we
introduce a delay which has the image
processing calculation time value. So we can
compare the simulation and the real curve
which are done in the same experimental
conditions.

Position of the machine for an initial
error of one meter

Timeins

Figure n°10 : a real test at 4 lon/h.




We can notice that the real and simulation
curves are superimposed. The response time is
about 20 s and there is not any overtaking.
There is a lot of noise on the real curve
because the camecra which measures the
distance between the vehicle and the white line
vibrates a lot when the machine runs. The same
image processing algorithm is used to control
the machine and to measure the error. This
algorithm has a precision of 5 cm. So the noise
is produced by the camera and the image
processing but not by the control system. We
will see that noise have no consequence on our

system.

The second curve is done with the same
conditions but we introduce noise on the image
processing. It is the same ncise which is
measured when the machine works in
vegetation. The value of this noise is about
15 % (figure n°11).

Position of the machine for an initial
error of one meter

Time ins

0 10 20 30 30

a1
0.1 4

g 0.3 +
-]

'E 0.5 4
0.7 4

094

-1.1

Figure n°l1 : areal test at 4 km/h with 15 % of noise.

On this curve, it seems that there is no
difference with or without noise. In fact the
noise of the algorithm which is used to control
the quatity of our system has more
consequences than the effect of noise
introduced in the result of the image
processing. In simulation, with this noise, we
can see a perturbation of 2 cm on the position
of the machine.

T}'IC third curve is done with a speed of 8 km/h
without noise (figure n°12).
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Position of the machine for an initial
error of one meter

Time in s
25

10 15 20 30

Figure n°12 : a real test at 8km/h.

Here the response of the machine (10 s) is
faster than in the first case (20 s). In fact, the
machine has the same trajectory but needs half
the time to do it. The curve shows that the
speed of 8 km/h doesn’t change anything in the
quality of our control.

CONCUSION.

In this article, we show that it is possible to
control an agricultural mobile machine by a
visual servoing approach. It is interesting to
note that our machine is non-holonomic. We
show that our theory can be used for a lot of
machines whose trajectory at constant speed is
a circle.

However, the regulation is done in movement
and we do not solve the problem of control a
non-holonomic machine with a final speed
equal to zero.

Our gains are chosen thanks to a wanted curve
of response and are not calculated like in the
approach of Khadraoui [6]. In his approach,
the gains are calculated according to the speed
and the desired dynamic behaviour of the
machine,

All our results show the robustness of our
control algorithm. A noise of 15 % and a
difference of speed of 100 % have no influence
on the machine behaviour.

So in conclusion, we can say that our visual
servoing approach, which avoids a 3D
estimation, is a good way to control an
agricultural mobile machine.
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