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Abstract

This paper deals with vision based control applied to
autonomous mobile robots. The general approach in
robot vision separates vision from control (static look
and move). An alternative way consists to specify the
problem wn terms of control directly into the sensor
frame. This approach seems to be a fruitful way for
implementing robotics tasks based on reactivity con-
cept.  We introduce a low level task specification by
the notion of virtual linkage. This virtual linkage can
be expressed by a set of constraints on the motion of
a frame linked to the robot with respect to a certain
frame associated to the environnment.

It seems interesting to apply such a vision based con-
trol to a mobile robot. The robot considered here is
a two wheels driven nonholonomic cart with a camera
mounted on 3 d.o.f manipulator. In this study we con-
stder the whole mechanical system constituted by the
cart and its manipulator like a single kinematic chain.
So in adding the degrees of freedoom of the arm to the
cart, it becomes possible to fully control the trajectory
of the effector.

In order to validate this approach, a simulation tool
has been developped in Mathematica. A first applica-
tion concerns automatic exploration and cartography
of an unknowm room by wall following techniques.
Key words : wvision based control or visual servo-
ing, virtual linkage, nonholonomy, mobile robot con-
trol, kinematic model, vision oriented task.

1 Introduction

Recent improvements in the field of vision sensors
and image processing hardware allow to hope that the
use of vision data directly into the control loop of a
robot is no more an utopic way. Commonly, the gen-
eral approach in robot vision is the following: pro-
cessing vision data into the frame linked to the sen-
sor, converting data into the frame linked to the scene
by means of inverse calibration matrix and computing
the control vector of the robot into the frame linked
to the scene. This scheme works in open loop with
respect to vision data and cannot take into account
errors in the measurement or in the estimation of the
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robot position. Such an approach needs to perfectly
overcome the constraints of the problem: the geometry
of the sensor (by example, in a stereovision method),
the model of the environment and the model of the
robot. In some cases, this approach is the only one
possible but, in many cases, an alternative way con-
sists to specify the problem in terms of control di-
rectly into the sensor frame. This approach is often
referred as visual servoing [WEI 84] or sensor based
control [ESP 87]; in this case, a closed loop can be
really performed with respect to the environment and
allows to compensate the perturbations by a robust
control scheme. Moreover, this approach seems to be
a fruitful way for implementing robotics tasks based
on reactivity concept [BRO 86]. The work described
in this paper deals with such an approach applied to
autonomous mobile robots using vision sensor.

2 Task Planning

It is usual to distinguish several levels in the pro-
blem of task planning. At the high level, problems
of path planning and off line programming have often
been addressed. Sophisticated algorithms using Com-
putational Geometry results allow us to compute effi-
ciently free trajectoriesin the configuration space tak-
ing into account geometric and some kinematic con-
straints [LAU 86], [BAR 89]. Unfortunately, in the
major cases, from the paths computed by these meth-
ods, it is not obvious to deduce an efficient control
scheme performing the task with good properties of
robustness and accuracy with regard to the pertur-
bations due to the imperfect modelling of the robot
and its environment and to the errors in the measure-
ments. For completing correctly the task, we need
to translate the path provided by the high level in
a specification at the control level in terms of inte-
ractions between the robot and its environment. For
doing that, we introduce a low level task specifica-
tion which can be expressed by a set of constraints on
the motion of a frame linked to the robot with res-
pect to a certain frame associated to the environment.
This set of constraints is called a linkage by analogy
to the Mechanism Theory. The class of the linkage is
the dimension of the subspace of compatible velocities
which are let unconstrained by the linkage. This sub-
space of compatible velocities can be also viewed as a



screw space and it fully characterizes the interactions
between the robot and its environment. This concept
of linkage plays an essential role in the synthesis of
control laws using contact sensors for assembly appli-
cations. It can be easily extended to the case of no
contact sensors like proximity or vision sensors. So,
we can define the notion of virtual linkage by replac-
ing the mechanical constraints by, for example, optical
constraints like bringing optical axis of a camera into
alignment with a certain axis of a frame attached to
the scene.

3 Vision Oriented Tasks

Now, we apply the different concepts above de-
scribed to the particular case of mobile robots using
vision sensors. We only give the main characteris-
tics of this approach, more inquires can be found in

[CHA 90], [CHA 91] and [SAM 90].

3.1 Modelling the interaction camera-
environment

A camera SC’) is linked to a robot (R) with related
frame Fc. (C’ interacts with an environment at which
is associated a frame F'r. The position (location and
attitude) of (R) is an element 7 of SE;3 which is an
six dimensional differential manifold. The sensor (C')
is linked to a mechanical system with several degrees
of freedom what means that the joint coordinates q
constitutes a local chart of SEs.

Let us assume that the image given by (C) is fully
characterized by the relative position of (C') with re-
spect to (T') (we don’t consider image changes dues
to lightning variations).Moreover, let us consider that
the information into the image may be modelled as a
set of elementary signals which result from the pro-
jection into the image of the 3D objects belonging to
the scene. Then, these elementary signals constitute a
vector s(q,t) which is fully defined by the position of
the robot ¢ and the time ¢ representing the own mo-
tion of the object into the scene. Deriving this vector,
we obtain :

§ = H ° TCT, (1)

where
H is called the interaction screw, Ter is the velocity
screw of the camera and e represents the screw pro-
duct.

Considering the bilinear form LT of the interaction
screw H expressed in the camera frame Fo, and with
an obvious breach of notation, we obtain :

§=L"Ter, (2)

Interaction matrix can be derived for many extero-
ceptive sensors. In the case of vision sensor, elemen-
tary signals can be chosen among a set of geometrical
primitives like points, lines, circle... An analytical ex-
pression for the interaction matrix when the image
features are general algebraic curves can be also ob-
tained (for more details, see [CHA 90]).

3.2 Relating Interaction Matrix and Vir-
tual Linkage

Let us consider a complex robotic task (ie, an obs-
tacle avoidance task), as a succession of elementary
subtasks which can be expressed in terms of a suc-
cession of virtual linkages which have to be realized
between the robot and its environment. Let us now
consider the case where visual signal output is invari-

ant (§ = 0) with respect to a set of camera motions
defined by T -

§=L"T:p =0 (3)
It can be easily seen that :
Top = Ker(LT) (4)

where Ker(LT) is the kernel of interaction matrix.

Now, coming back to the definition of the virtual
linkage, we constate that the subspace spanned by
T¢p is precisely the subspace of compatible velocities
which leads no change in the image during the mo-
tion of the camera. According to this fact, it becomes
possible to define a virtual linkage or more generally
a set of constraints between the camera frame and a
frame associated to a part of the environment, by a
set of elementary visual signals in the image invariant
with respect to a motion belonging to the subspace of
compatible velocities spanned by the virtual linkage.
To perform a specific virtual linkage, many different
features in the image can be used like points, lines,
area, inertial moments and so on... In practice, their
choice is guided by the application : a priori knowledge
about the scene, low cost image processing, robustness
with respect to the measurement noise and, as we shall
see later, good properties with respect to the control
scheme.

By this formalism, this approach gives a fruitful
way for specifying a low level robotic task in terms of
an image target to be reached when the task is well
performed. It appears us it could be a straightforward
manner for implementing reactivity approaches using
vision sensors. In the next section, we shall show how
such an approach can be embedded in a robust closed
loop control scheme using the task function formalism

[SAM 90].
3.3 Sensor Based Task Function

A now classical approach in robotics it to consider
the process of achieving a task such as tracking or po-
sitioning as a problem of regulation of a certain func-
tion: the task function. For example, if the imposed
task is to follow a given trajectory in cartesian space,
the task function approach version of this problem
would be: keep ||e(t)]| minimum through time. Where
e the task function vector is: e(t) = 7(q(t)) — R*(t),
R* is the desired trajectory. The control vector in
this problem is the set of joint torques we apply to
change the joint coordinates (denoted ¢ in our equa-

tions). The task is achieved when ||e_(t)|| = 0 (see

[SAM 90] for full details about the task function ap-
proach in robot control). The application of the task



function approach to sensor based tasks is straightfor-
ward: the task is now described as a desired values for
a certain set of elementary visual signals to obtain. In
mathematical terms the general definition of a visual
task function vector e is :

e (t)=0C (s (7(q(t)) - s7(t)) (5)
where

- 8* can be considered as a desired value of the

vector of the elementary visual signals (reference
image target) to be reached in the image.

- s (7) is the value of the visual features currently
observed by the camera, which only depends on
the position between the camera and the scene.

- C'is a matrix which allows, for robustness issues,
to take into account more visual features than
necessary. This matrix must have some properties
as we will see later, for ensuring convergency at
control level.

- q and T are the robot joint and cartesian coordi-
nates.

The robot coordinates g appear in this equation
since we do not have direct control on the cartesian
coordinates 7 but rather on the joint coordinates g.

Once again we should emphasize the important con-
cept below the formalism contained in this equation:
the task is not described in the cartesian or joint co-
ordinates of a robot but in terms of image characte-
ristics. So the vision process does not only provide a
mere tool to verify that a closed loop based on robot
coordinates behaves correctly and achieves the task,
but rather permits us to now deal with a closed loop
based on vision information.

The quantity which arises naturally in our output
regulation problem is task error é. This matrix gov-
erns the controllability, robustness and convergence of
a feedback control law in visual signals space. For
simplicity, we deal with a very simple example of ve-
locity control scheme using visual feedback (for more
advanced control schemes, see [SAM 90]). Moreover,
if we assume the presence of an approriate robot’s ve-
locity regulation loop, we can use as input, the velocity
T. of the camera (T, = J(q).¢. ~ J(q).¢ = Tcr where
J(q) is the jacobian of the robot). We thus may choose
the following control law :

T. = —MXe (6)

with A > 0.
Let us consider the assumption that e is only de-
pending of (7,t), we get :

: de I9s de ’
e = g'%'Tﬂ + 9t (7)
é= CL".T.+ % (8)

where % parametrizes an eventual motion of the

target. In the case of a motionless target % =0, and
we obtain :

é= CLTT,=-)C.L e (9)

An exponential convergence will thus be ensured
under the sufficient condition:

cLT >0 (10)

in the sense that a nxn matrix A is positive if z7 Az >
0 for any nonzero z € R".

A good and simple way to satisfy this convergence
condition in the neighbourhood of the desired position
is to choose for the matrix C' the generalized inverse
of the interaction matrix associated to s*:

+
C=L",_,. (11)

4 Vision Based Control Applied to a

Mobile Robot

Applying vision based control theory to mobile
robots provides an interesting framework for imple-
menting reactive tasks. However it is necessary to
take some care due to the presence of nonholonomic
constraints which implies that the dimension of the
configuration space is larger than the number of de-
grees of freedom really controllable. Due to this fact,
it is now wellknown [SAM 91] that if we considered
a two-wheels driven nonholonomic cart, despite the
controllability of the system, pure state feedback sta-
bilization of the cart’s configuration around a given
terminal configuration is not possible. This particu-
larity has for consequence that, for a camera rigidly
attached to the mobile base, we cannot ensure a con-
vergence of the task error by using simple gradient
like methods in the image frame. One way to avoid
this problem consists in adding some degrees of free-
dom to the camera by mounting it on the wrist of a
manipulator. Then, if we consider the whole mechan-
ical system constituted by the cart and its manipu-
lator like a single kinematic chain, we can show that
the mapping between the configuration space (d.o.f
of the cart + d.o.f of the manipulator) and the posi-
tion (attitude and location) of the camera is almost
everywhere regular (excepted in some isolated config-
uration) and it becomes possible to fully control the
motion of the camera without being limited by the
cart nonholonomic constraints. By this way, we can
execute visual servoing tasks directly defined in the
camera frame in the same manner that previously, in
the case of manipulator. Obviously, in such an ap-
proach, we will not be able to control explicitely the
trajectory of the cart but, by using some trivial geo-
metric considerations, we can bound the volume which
will be occupied by the cart during its displacement.
We apply this approach to our system constituted by
a two wheels driven cart with a camera mounted on a
3 d.o.f manipulator.

4.1 Computing the kinematic model
The system (Figure 1) has 5 d.o.f parametrized by
its joint coordinates q= (qd,qg,ql,qz,qg)T, where :



- (qd,qg) are the joint coordinates of the cart
wheelss,

- (q1,42,4q3) are the joint coordinates of the arm.

In order to simplify the calculus of the Jacobian,
we choose a parametrization for the orientation of the
camera which directly provides us a 5 X 5 square ma-

trix : we use roll (®), pitch (©), yaw (¥) (RPY) rep-
resentation where:

™ ™
'1’=611+579=07‘I’=§—Q2—Q3- (12)

From this representation, we express the geometric
and kinematic model of the arm linking the base frame
(Fv) to the camera frame (F¢) :

- geometrical model of the arm :

rN) = GM (g1, 42, 45) 77 (13)

- kinematic model of the arm :

(Fn . . .
T?(/p:) = Jm’m'(qlaqzvq?’)T (14)
where Jgrm expression is:

—s1(lzcy + Igca3)  —ci(lasa + 13323; —cil3s03

c1(laca +13c23)  —s1(lasa +13523) —s1l3823
0 lacy + lzcas l3co3
1 0
0 0 0
0 —1 —1

(15)

This expression is given for the simple case where
the effector’s point considered is on the focal cen-
ter of the camera. In order to simplify notations
we use : cos(q;) = ¢;, sin(q; + q;) = sij.

- kinematic model of the cart :
(VMa QFM/FO) = Jcart-(q.da (jg)T (16)

where

O Ol

(17)

Jeart =

=

SESMEISSNTE
=

with 7 is the radius of the wheels and 2R is the
distance between the two rear wheels.

Using fundamental kinematic relation, we can
write :

{ VE:V_]IJ—FQFM/FO/\M‘C-FVC;FM (18)
QF'C/F'o = QFM/FO + QF'C/F'M

Using Jarm, Jeart and the previous equations, we can
compute the jacobian matrix of the whole mechanism
system:

< QFM/FO /\M’C-FV_Z\’J ‘ Jurm > (19')
Fyu/Fo

In this matrix, the line corresponding to the roll ve-
locity is a null line which can be eliminated. So J
becomes J., a 5 X 5 square matrix and we can write:

PPN = g (20)

ypr

In order to relate the joints velocities to the kine-
matic screw expressed in the camera frame, we com-
pute the matrix M, which transforms the YPR rep-
resentation of the velocity expressed in the reference
frame of the arm ?;f;f)

. F
vector expressed in the camera frame Tc(z °),

in an instantaneous rotation

—81 —C1S523 C1Ca3 0 0 0
C1 —S818923 §1C23 0 0 0
Mp = 0 C23 S923 0 0 0 (21)
0 0 0 0 co3 823
0 0 0 1 0 0
and finally we obtain:
q=J .M, TS (22)

The computation of J, determinant gives :

dlz’l’zc‘z

Det(J.) = — o

(23)

Singular configurations appear only when the robot
reaches its limit configurations ( g = § 4 k7). Phys-
ically these configurations correspond to the second
segment (l) vertical where the camera can’t go up
vertically. d # 0 and ls # 0 assumes that cart rota-
tion with ¢; and g2 with ¢3 are not redundants.

So we can conclude that there are no singularity
coming from the nonholonomic constraints and J, is
alway a full rank matrix when the manipulator does
not reach its limit configurations.

5 Simulation results

Visual servoing approach has been yet validated in
simulation and real experiments in the case of ma-
nipulator (see [CHA 90], [RIV 89]). Translating this
approach in the case of mobile robots needs to include
new capabilities in our simulation tool. In that aim, a
new software has been developped using the symbolic
language Mathematica to aid the design and the test of
vision based task by providing an useful assistance for,
by example, modelling the robot and its environment
or for selecting visual features to be controlled in the
task. This simulation tool contains several modules
wich provide four kinds of functionnalities :



- Robot Module : These modules allow to describe
the geometry of the robot and to compute in a
symbolic way, the different models (geometric and
kinematic) which can be used in the simulation.
Some graphic tools allow us to verify the correct-
ness of the model.

- Environment Module : It provides a data struc-
ture and functions which allow to define a 3D
scene using geometric primitives like points and
segments (which will be soon extended to CSG
models). The camera uses a simple perspec-
tive model and its intrinsic parameters like focal
lenght and clipping can be chosen by the user. It
is also possible to link the camera frame to any
position with respect to the robot frame.

- Visual Servoing Module : It allows to compute,
always in a symbolic way, the interactions ma-
trix,its kernel and the camera screw from a visual
feature.

- Interfaces :It provides functions for the user inter-
face with menus, files, graphics windows. There
is also a interface with a real mobile robot in open
loop via a serial link.

For a given robotic task, the simulation needs the
following different steps:

- Description by the user of the specific 3D scene
which can be used in the simulation.

- Positioning the robot to its initial position with
regard to the scene frame.

- At this step, the user can verify its application by
moving the robot in open loop in this environn-
ment and by visualizing images from the camera
during its displacement.

- With respect to the task, the user has to select the
different visual features which will be used by the
robot to perform its task. In a next version, the
task specification can be done directly in terms of
desired virtual linkage.

- The simulator computes the interaction matrix
(LT), its kernel (Tp) of which a base represents
the camera motions leading to no change in the
image.

- After having selected a particular camera motion
consistent with the visual constraints, we can sim-
ulate the robot’s behaviour or execute directly the
computed trajectory in open loop on our mobile
robot. Graphic simulation results are presented
in Figure 3 and 4 and show that the robot “ma-
noeuvres” in way to satisfy a nominal trajectory
of the camera.

The first part of the software written validates the
kinematic model and confirms that any camera mo-
tions are possible without being limited by the cart
nonholonomic constraints.

The second part of this tool is dedicated to the study
of visual interactions between the mobile robot and its
environment.

In order to illustrate the use of the simulator, we
will give a simple example where the robot task is de-
fined by two successive visual servoing sub-tasks. We
set the robot to an initial position with respect to an
environment constituted by several segments (see fig-
ure 2). Its initial arm configuration is :(q; = m,¢2 =
_%7q3 = 0). The robotic task consists of wall fol-
lowing. Knowing the size of the skirting board of the
room, we can use it to compute the interaction matrix
taking as features the two corresponding parallel lines.
So its returns:

—0.240955 0.364468 —0.0785346 —0.861134 —0.569307 0
—0.158875 0.265158 —0.0766261 0.127409 —0.212643 -1
—0.243381 0.406197 —0.117384 —0.910519 —0.545556 0
(24)
The matrix kernel, after reduction by taking in ac-
count that ® = 0, gives the camera trajectory which
do not modify the feature in the image. This trajec-

tory is defined by the camera screw :

T1%, = (1.118667,1,1,0,0,0) (25)

~0.156323 0.236455 —0.0509507 0.0991288 —0.149942 —1
L1t =

By applying this screw during 4 secondes (see Figure3)
in simulation, we illustrate that this “kernel trajec-
tory” is a translation along the wall. We can see that
the robot “manoeuvres” in order to satisfy the camera
motion without using heuristic method.

The second vision based subtask consist to run
around the corner of the room. For doing that , we
use the vertical line formed by the intersection of the
walls. After a half-turn of the arm and moving g2 on
zero, we have now a vertical segment on the image.
Taking this segment as a new feature for visual servo-
ing, the simulator can compute the interactions matrix
corresponding to this new task (knowing the height of
this segment). Here again the reduced kernel has only
one dimension and we can deduce a camera screw :

T2¢p = (—1,0.0000148184,0.0145816, 0, 0.126032,0)
26
In this second sub-task when this screw is appliecg 012
camera, it rotates around the vertical segment (see
Figure 4).
More elaborated tasks would be defined by seeking
other features for visual servoing.

6 Experimental results

In a parallel way to the simulation developments,
we work towards a testbed to allow us to validate
reactive approaches using visual servoing concepts in
real experiments. This testbed uses a cart-like mobile
robot carrying a 3 d.o.f arm with a hand eye camera.
The computer architecture in board is built around
a VME Bus which can accept until 20 VME boards.
An external link is provided to a Sun4 Workstation by
means of an Ethernet link. Image processings perfor-
mances are a central point in a vision based control
approach because the stability is very dependant of
the sampling rate of the measurement. We are devel-
opping a new architecture [MAR 91] based on DSP de-
vices which should be able to perform in real time (less



than 30ms) specific processings well adapted to the vi-
sual servoing approach. This architecture is based on
the concept of active windows and allows to track un-
til 30 simultaneous windows per image with different
sizes and can execute on each window different kinds
of processing in real time.

7 Conclusion and Future Trends

The results, yet obtained in simulation, are cheerful
and it seems that visual servoing approaches coud be
a good mean to implement reactive tasks in mobile
robotics. More efforts remain to be done to validate
this approach in an effective way,( ie with a real robot
in a real 3D environment). In the next future, we plan
to devellop our work in the following directions :

- The work of implementation on hardware and
software must be finished in order to verify ex-
perimentally mobile robot simulation results.

- To extend the functionnalities of the simulator, it
seems interesting to integrate it in a more gen-
eral one named SIMPARC ([AST 92]). This in-
tegration will allow to simulate hardware, algo-
rithms for vision based control and robot dynam-
ics. With this extension, we will dispose of a com-
plete simulator wich allows us to write more effi-
ciently algorithms for the real robot.

- The simulation examples given, show how to do
a direct relation between a mobile robot task
and the visual features. Simple robot’s behaviour
with respect to its environment can be specified
in terms of : to follow a wall, to go in front of a
door, to turn in respect of a wall angle, and so
on... This work has to be pursued and completed
in order to dispose of a set of elementary mobile
robot tasks described by visual features to track.
Combining these simple vision oriented tasks, it
will be possible to realise more complex ones.

The first application will concern automatic explo-
ration and cartography of an unknowm room. In a
next future, we should hope to address the problem
of programming complex robotic tasks in term of a
succession of virtual linkage.

Figure 1 : Robot Description : Frames and Notations

Figure 2 : Initial Location of the Robot

Figure 3 : The Robot Follows the Wall




Figure 4 :

ment

The Robot Rotates Around a Vertical Seg-
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