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Abstract: We present two sensor-based control strate-
gies for driving a wheeled robot equipped with a mobile
camera and a 2D laser range �nder amidst obstacles.
The goal of the work is to show that a feedback control
can be designed on the base of the information com-
ing from di�erent sensors considered at the same level.
Taking advantage from the redundancy with respect to
the nominal visual task the controller allows to modify
the robot trajectory to avoid obstacles. In both cases,
the control stability and the consistency of the method
is proven. Simulations results are described at the end
of the paper.

1 Introduction

Sensor-based control allows to de�ne the robot motion
by regulating data emanating from the perception of
speci�c landmarks of the scene. Among these tech-
niques, visual servoing relies on the regulation to zero
of the error between what the robot really sees and
what it must see when the task is perfectly performed
[1]. By �xing the camera on a platform or an arm to
allow it to move independently from the base, it has
been shown that the method can be applied to con-
trol nonholonomic mobile robots [3]. Visual servoing
is particularly well suited for executing positioning or
tracking tasks with respect to a target. However, even if
sensors like vision provides a very rich information, per-
forming a complex navigation task requires to consider
more than one kind of data. For instance, a tracking
task amidst obstacles requires to take into account vi-
sual and proximetric data at the same time. To answer
this problem, we have proposed several strategies allow-
ing to mix the visual information with proximetric data
to execute a tracking task [5] [6]. In these works, the
robot was not redundant with respect to the nominal
task, and it was necessary to switch to another control
law for driving the base near the obstacles. The goal
of this paper is to show that under certain hypotheses
it is possible to design a generic controller to drive the
robot both far and close to the obstacle. The method
takes advantage from the system redundancy with re-

spect to the nominal visual task to perform simultane-
ously obstacle avoidance and target tracking. We show
that redundancy can be introduced either by de�ning
a low dimensioned vision based task, or by increasing
the mobility of the mechanical structure of the robot.

2 Description of the robot

The robot is a hand-eye system which consists of a
mobile base equipped with a camera mounted on a 6
dof-arm (�gure 1). Our objective is to elaborate dif-
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Figure 1: Mobile base with a manipulator arm

ferent control strategies to position the camera in front
of a �xed target and avoid stationary obstacles. To
avoid target occlusions, the obstacles are supposed to
be smaller than the target. We denote by [x y �]T a con-
�guration of the mobile base with respect to the world
frame F . Dx represents the distance between M and
O0, while FM(M;xM ; yM ; zM) and FC(C; xC; yC ; zC)
are two frames respectively linked to the robot and the
camera. As the target height is supposed to be equal
to the camera optical center height, planar movements
su�ce to perform our visual task. The 6 dof-arm is
�xed in a con�guration which simulates a planar ma-
nipulator (see �gure 2).

In this work, only the �rst and �fth joints q1 and
q5 of the arm will be controlled. We denote by
Fi(Oi; xi; yi; zi) the frames attached to each link of the
arm (see �gure 2), q1 and q5 are respectively de�ned by
the oriented angles (x0; x1) and (x4; x5) about z0 and
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Figure 2: A con�guration of the arm

z4. The control input of the whole mechanical system
is de�ned _q = [v ! _q1 _q5]

T , where v and ! are the lin-
ear and the angular velocities of the cart. The state
vector q = [sc � q1 q5]T (sc representing the curvilinear
abscissa of the reference point M of the robot). Let
T c = [V c

FC=F
;
c

FC=F
]T be the kinematic screw repre-

senting the translational and rotational velocity of FC

with respect to F , expressed in FC. The kinematic
screw is related to the joint velocity vector by the robot
jacobian matrix J . As the camera is constrained to
move horizontally, it is su�cient to consider a reduced
kinematic screw T c

red
= [Vxc ; Vzc ;
yc ]

T , and a reduced
jacobian matrix Jarm:

Jarm =

0
@

cos(q1 � q5) �4 �5 �6
sin(q1 � q5) �7 �8 �9

0 1 1 �1

1
A (1)

Coe�cients �i are de�ned as follows:

�4 = (Dx + �2) sin(q1 � q5) + �1 cos(q1 � q5) + (d1 + d2) cos q5;
�5 = (d1 + d2) cos q5 + �1 cos(q1 � q5) + �2 sin(q1 � q5);
�6 = ��2 sin(q1 � q5) � �1 cos(q1 � q5);
�7 = �(Dx + �2) cos(q1 � q5) + �1 sin(q1 � q5)� (d1 + d2) sin q5;
�8 = �(d1 + d2) sin q5 + �1 sin(q1 � q5)� �2 cos(q1 � q5);
�9 = �2 cos(q1 � q5)� �1 sin(q1 � q5):

�1 and �2 represent the coordinates of O6C in F0, while
distances di are de�ned as in �gure 2. As Jarm is a 3�4
matrix, the three degrees of freedom of the camera are
controlled by four actuators. The robot is therefore
redundant with respect to the positioning of FC .

As previously mentioned, in addition to the CCD cam-
era, the robot is equipped with a 2D laser range�nder.
On the base of the laser signal we compute a set of
data (d; �; �) characterizing the closest obstacle. d is
the signed distance between the robot reference point
M and the closest point Q on the obstacle, � is the
angle between the tangent ~� to the obstacle at Q and
the robot direction ~xM , and � is an estimation of the
curvature at Q (see �gure 3). For the problem to be
well stated, the distance between two obstacles is sup-
posed to be greater than 2d+. This allows to consider
each obstacle independantly.

3 Visual servoing and redundancy

We consider the visual servoing technique introduced
in [1] which relies on the task function formalism [7].
The task is de�ned by the regulation of a task function
e to zero. A su�cient condition for the control problem
to be well-conditioned is that e is �-admissible. A nec-
essary condition for this property to be veri�ed is that
the task jacobian matrix @e=@qT is regular around the
ideal trajectory qr which correspond to e = 0 (see [7]).
The target is made of four points whose coordinates
(Xi; Yi) (i = 1 : : :4) de�ne an 8-dimensioned vector of
visual signals s in the camera plane. At each con�gura-
tion of the robot, the variation of the signals is related
to the kinematic screw T c

red
by means of the 8�3 inter-

action matrix Lred: _s = Lred T
c
red

where Lred is given
by the optic 
ow equations [1].

Consider the following task function e(q(t)):

e(q(t)) = C� with (s(q(t)) � s�) (2)

s� is the value of the visual signals corresponding to
the realization of the task. As the target is �xed, s
depends only on q(t). C is a constant, full rank, 3 � 8
matrix which allows to take into account more visual
features than available degrees of freedom. As it de-
pends on 3D information which are di�cult to estimate
on line, Lred will be taken constant and equal to its
value when s = s� during the whole task execution as
in [1]. In this case, Lred can be proven to be of full
rank 3. Therefore, a positioning task constrains the
three degrees of freedom of the camera de�ned by T c

red
.

As @e=@qT = CLredJarm is a 8 � 4 matrix, e is not a
�-admissible task function. As four actuators control
three degrees of freedom of the camera, the robot is re-
dundant with respect to the positioning task. An in�n-
ity of ideal trajectories qr correspond to the regulation
of e to zero. Further constraints have to be introduced
to de�ne the motion in a unique way.

4 Redundancy from the vision-based task

This strategy is based on the de�nition of a low-
dimensioned vision-based task to make possible the si-
multaneous execution of the tracking and the avoidance
movement in the vicinity of an obstacle. The vision task
will be simply de�ned as orientating the camera towards
the target. We reduce the previous system reduce to a
pan-platform. We �x the �fth joint q5 to zero and con-
trol only q1. q and _q are then reduced to [sc � q1]T and
[v ! _q1]T . The corresponding jacobian Jpl is obtained
from 1 by suppressing the fourth column of Jarm and
setting q5 to zero in the expressions of �i. In this case,
Jpl is a 3 � 3 matrix. The vision-based task is de�ned
by the following one dimensional task function:

e1 = lT � (3)



where lT = 1=4 [0 1 0 1 0 1 0 1]. This task func-
tion represents the ordinate of the error between the
projection of the center of gravity of the target when
the camera is at the desired position and when it is far
from it. Classically, the control input is deduced from
the exponential decay of a �-admissible task function
[1] [5] [6]. We have chosen to de�ne only ! and _q1 from
sensory data regulation, while the robot linear velocity
v is determined at another level of control. We de�ne
a reduced control vector _q0 = [! _q1]T , while the linear
velocity will be speci�ed as follows: when the robot is
in the free space, v is regulated to its maximal value
after an acceleration phase; in the vicinity of the ob-
stacles, v is reduced to a security value vsec allowing
to pass round the obstacle without saturating. With
the external de�nition of v and the choice of e1, two
degrees of freedom out of three are �xed. The way to
�x the remaining degree of freedom will depend on the
distance to the closest obstacle.

Phase 1: Far from the obstacles: v is �xed to
vmax. As the regulation of e1 constrains the camera to
face the target, the idea is to make the base move in
this direction. We impose the linear velocity v1 of the
�rst joint center of rotation O1 to be directed along the
x1-axis. Let ' = q1��=2 be the angle between vectors
xM and x1. As v = v1 cos('), we get:

! =
v

Dx
tan(') (4)

This de�nition of ! requires j'j to be strictly smaller
than �

2 . A simple way to avoid this singularity is to con-
strain the motion of O1 progressively: at the beginning
of the task v1 is orientated along the bisector of ', then
its direction is continuously modi�ed to become rapidly
tangent to the x-axis. Introducing �' = (1�e�t=2)' and
K2 = lTLredJpl, the motion is de�ned by:

�
_e2 = KT

2 _q = KT
2 [0 _q0T ]T +KT

2 [v 0 0]T

! = v
Dx

tan �'

Introducing:

A =

�
KT

2

0 1 0

�0@ 0 0
1 0
0 1

1
A (5)

and

a1 =

�
��2e1
v
Dx

tan �'

�
�

�
KT

2

0 1 0

�0@ v
0
0

1
A (6)

and, assuming that A is invertible1, the reduced control
vector _q0 = [! _q1]

T is expressed by:

_q0 = A�1a1 (7)

1A direct computation of det(A) shows that A is always in-
vertible if the sum of the ordinates of the four points

P
4

i=1
Yi

is not too large. This is always the case for our problem as the
projected target remains well centered in the image plane.

Phase 2: Close to the obstacles: We de�ne three
envelopes �+, �0, �� respectively located at d+, d0, d�
from the obstacles (�gure 3).

Remark 1 The direction to pass round the obstacle is
determined by the orientation of the robot with respect
to the obstacle when it is detected (d � d+). The direc-
tion of the unit vector ~� is chosen such that the angle
� between ~xM and ~� belongs to [��=2; �=2].
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Figure 3: Mobile frame and envelops

As soon as the robot enters the zone delimited by �+ the
linear velocity is continuously reduced by the external
loop (as a function of d) to reach the security value
vsec on ��. On the other hand, as soon as d � d�
the constraint on the angular velocity of the base is
modi�ed. _q0 is determined such that v1 be directed
along ~� . As before, we introduce a short transition
phase to smooth the motion and avoid the singularity
� = �=2 by constraining O1 to move along the direction
de�ned2 by �� = �(1� e�(t�t0)=2). De�ning

a2 =

�
��2e1
v
Dx

tan ��

�
�

�
KT

2

0 1 0

�0@ v
0
0

1
A

and assuming A invertible, de�ned as before by (5), the
solution is given by:

_q0 = A�1a2 (8)

Control strategy: To design a global controller allow-
ing to commute smoothly from one phase to the other,
we use a convex combination of (7) and (8) as in [5] [6].
We de�ne:

_q = (1� �(d)) _qVS + �(d) _qAV (9)

_qVS and _qAV are the visual servoing and avoidance con-
trol laws, and �(d) is a three order polynomial in d.
�(d) = 0 so long as d > d0 and varies continuously
from 0 to 1 between �0 and ��; �(d) = 1 when d < d�.
The avoidance phase ends when the camera becomes
tangent the main axis of the base (q1 = �=2).

5 Redundancy from the mechanical structure

We consider now the model of represented of �gure 1
without constraint on q5. The tracking task is now

2t0 is the time at which the avoidance phase starts.



de�ned by (2), and the robot becomes redundant with
respect to it. Considering that the camera positioning
and the obstacle avoidance share the same priority, we
de�ne two primary objectives: the �rst one realizing
the sole vision based task in the free space, the second
performing both tracking and obstacle avoidance when
necessary. The control strategy requires to switch from
one objective to the other depending on the distance to
the obstacle. However, here, the control law is designed
by mixing these objectives at the task level and not at
the control level as in section 4.

Phase 1: Far from the obstacles: We consider the
following task function eVS:

eVS =
�
eT q5 � q�5

�T
(10)

where q�5 represent the desired con�guration of the �fth
joint. Its jacobian matrix JVS = @eVS=@q

T is:

JVS =

�
CLredJarm

Jq5

�
where Jq5 = [0 0 0 1] (11)

As JVS is always regular3, eVS is always �-admissible.
It allows4 to realize both the positioning of the camera
and the regulation of q5 to q�5.

Phase 2: Close to the obstacles: The strategy
consists of making the robot follow a security envelope
�0. We consider the following task function:

eAV =
�
eT d� d0

�T
(12)

d represents the distance between the robot and the ob-
stacle. Nonetheless, this distance cannot be described
as the distance betweenM and Q as in �gure 3. Indeed,
as _d = v sin�, the task jacobian JAV would not be of full
rank when � = 0, and the task no more �-admissible.
This problem is mainly related to the nonholonomic
constraint of the base. To overcome it, it su�ces to
de�ne d as the distance between any holonomic point
of the base (for example, O0) and the closest point on
the obstacle. JAV is given by:

JAV =

�
CLredJarm

Jd

�
(13)

where Jd = [sin� � Dx cos� 0 0]. JAV presents a sin-
gularity when sin(q1+�) = 0, that is when the arm be-
comes perpendicular to the envelope during the avoid-
ance phase. In this case, it is physically impossible
to perform simultaneously the tracking and the avoid-
ance. It is necessary to stop executing the positioning
task while avoiding the obstacle as it is done in [5] [6]
or [10] for instance.

3det(JVS) = �Dx

4We are not interested in this paper to use at best the redun-
dancy of the robot in the free space. Our objective is just to
de�ne two global �-admissible tasks to mix them consistently at
the task level.

Control synthesis: The method relies on the mixing
of eVS and eAV at the task level. It consists of de�ning a
global task e0 and design a controller to make it decrease
to zero. We de�ne:

e0 = (1� �(d))eVS + �(d)eAV (14)

eVS and eAV are de�ned by (10) and (12) and � 2 [0; 1]
is a scalar function depending on d.

Far from the obstacles (d > d0), � is �xed to zero and
only eVS is considered. On the contrary, close to it
(d < d0), � jumps to 1, and eAV is realized. The passing-
round sense is the one along which both e and d � d0
decrease. To avoid discontinuities in the �nal control
law, we introduce a second envelope �+ surrounding the
obstacle at a constant distance d+ = d0+". Between �0
and �+, � varies continuously from 0 to 1 as a three or-
der polynomial in d. To design the controller we impose
an exponential decrease of e0 to zero.

_q = ��J�1
T e0 with � > 0 (15)

JT = (1 � �)JVS + �JAV + (eAV � eVS)J� with J� =
@�=@qT . Note that the �nal control law involves the
derivative of � which must be itself continuous.

Remark 2 When � 2]0; 1[, the expression of JT and
det(JT ) become complex and it is di�cult to establish
the �-admissibility of e0. Nonetheless, as d�d0 vanishes
very quickly, � tends to 1 rapidly. Then, if " is chosen
su�ciently small, the �-admissibility property may be
conserved, unless the arm becomes perpendicular to �0.

The control law (15) allows to guarantee the task
feasability. Actuators saturation can be avoided by
choosing � su�ciently small. Moreover, the exponen-
tial decrease of d towards d0 insures non collision as d
remain greater than d0. As the positioning task is per-
formed even during the obstacle avoidance, the target
cannot be lost. The main limitation of this approach
comes from the fact that the camera is constrained to
move on a \virtual rail" perpendicular to the target
and passing through the center of it. The avoidance
motions are then limited by the length of the arm. The
redundant task formalism [7] could appear to be a way
to overcome this limitation. However, we have applied
this approach to our problem without getting a satis-
factory result. This last approach is summerized in the
next paragraph.

The use of task redundancy formalism: The
problem is stated in terms of minimizing a cost func-
tion to obtain the best execution of a secondary ob-
jective while executing the nominal task. This tech-
nique has been already used to execute a vision based
task while following a trajectory [1] [8] or avoiding
joint limits or singularities [9] [2]. As obstacle avoid-
ance cannot be considered as secondary we de�ne two
di�erent global tasks valid, either in the free space



or near the obstacles. We consider the two criteria
hVS =

1
2 (qbras� q�arm)

T (qarm� q�arm) and hAV = 1
2�

T �,
where qarm = [q1 q5]T and q�arm = [q�1 q�5]

T . hVS and
hAV are respectively the costs to be minimized far and
near the obstacles. The �rst one, valid in the free space,
guarantees the avoidance of joint limits [9] [2], while
the second one allows to track the target while passing-
round the obstacle. As the positioning task and the
avoidance are the nominal tasks to be realized far and
near the obstacles, we de�ne the corresponding primary
objectives by e and ed = d � d0. Following the task
function formalism, the two global tasks eVS and eAV
corresponding to the constrained minimization of hVS
and hAV are given by:

eVS =W+
VS
e+ �VS(I �W+

VS
WVS)gVS; �VS > 0

eAV = W+
AV
ed + �AV(I �W+

AV
WAV)gAV; �AV > 0

(16)
where gVS = [0 0 qarm � q�arm]

T and gAV = JT
arm

LT
red
�

are the gradients of hVS and hAV with respect to q. WVS

andWAV must be chosen so as to verify simultaneously:
Ker(WVS) = Ker(CLJ) and CLJWT

VS
> 0 for the �rst

one, Ker(WAV) = Ker(Jd) and JdW
T
AV

> 0 for the sec-
ond one. So, we �x WVS = CLJ and WAV = Jd. With
this property, it can be shown that the task jacobian
matrix is positive de�nite and that the controllers al-
lowing to regulate eVS and eAV exponentially to zero
are respectively [1] [7]: _qVS = ��VSeVS and _qAV =
��AVeAV with �VS; �AV > 0. As previously, the global
controller is deduced from (9).

Close to the obstacles (d < d0), the robot is driven by
_qAV. The vehicle converges towards �0, realizing per-
fectly the primary task ed. It remains to minimize the
criterion hAV while respecting the contraint. However,
as � is small, the cost minimization does not provide a
su�cient linear speed to follow �0. A solution is to de-
�ne � to bene�t from the visual servoing controller _qVS
even in the vicinity of the obstacle. Therefore, we de-
�ne another envelope �� located at a constant distance
d� < d0, such that, between �� and �0, � varies from
0 to 1, allowing to use a fraction of _qVS in the global
controller during the avoidance phase. However, the
increase of � limits the importance of _qVS in the global
control law, and we must choose a large gain �AV to
amplify eAV. Using this control structure, it is hard to
prove the stability of the global controller as two di�er-
ent controls act at the same time. Moreover, during the
avoidance phase, the visual features evolution is pertur-
bated as the initial vision based task is no more consid-
ered as a primary task. Nonetheless, the target will be
kept in the line of sight of the camera if the constrained
minimization of hAV is su�cient. As the avoidance is a
primary objective, non collision is guaranteed. A sig-
ni�cant improvement of this method could be to de�ne
the linear velocity externally as before. In this way, �
could be de�ned to insure the mutual exclusion of _qVS
and _qAV, guaranteeing the feasability of the task. An-
other way to prevent the robot from stopping on the

security envelope is to keep the vision based task as a
primary objective, even during the obstacle avoidance
phase. In this way, we bene�t from the visual servoing
attraction to pass round the obstacle, but the non colli-
sion is no more guaranteed (see [4] for more details and
simulation results).

6 Simulation results

1- Simulations for the �rst method: The initial
con�guration of the robot is de�ned by [�15 0 �

4 ]. The
obstacle is a vertical cylinder of radius 1 m centered at
the origin (0; 0). The reference distances are d+ = 5
m, d0 = 3 m and d� = 2 m. The maximal velocities
are respectively: vmax = 0:9 m/s, !max = 1 rad/s, and
_q1max

= 2 rad/s. The security velocity is vsec = 0:5 m/s.
Figures 4 and 5 represent respectively the trajectory of
the robot and the evolution of the image features. So
long as the robot is outside the zone delimited by �0 the
visual servoing control steers the robot. The robot cen-
ters the visual features in the image and starts converg-
ing towards the target. As soon as d � d+, v decreases
to equal vsec on ��. At that time, as � = 1, the avoid-
ance starts and the robot follows the envelop. Figures
6, 7 and 8 represent the velocity pro�les. The avoidance
phase stops when the camera axis becomes tangent to
the envelop. Finally, close to the target (when je1j < �),
we switch to the execution of the full rank task (2) to
position the camera perpendicularly to the target.
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Figure 4: Robot trajec-
tory: method 1
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Figure 5: Image features
for method 1
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Figure 6: v for method 1
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Figure 7: ! for method 1

2- Simulations for the second method: The ini-
tial robot con�guration is qT = [0:7 7 0 90 0], d0 = 0:6
m, d+ = 0:7 m, and d� = 0:5 m. The maximal bounds
on the velocities are: v < 0:9 m/s, ! < 1 rad/s, _q1 < 1:4
rad/s, and _q5 < 2 rad/s, � = 0:1. The robot trajectory
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Figure 8: _q1 for method 1

and the image features are respectively represented on
�gures 9 and 10. The evolution of � is given on �g-
ure 11. and shows that the avoidance strategy relies on
three steps: �rst of all, the robot is outside the danger-
ous zone (d > d+), and � is �xed to 0. In this case, the
vehicle executes the vision based task while maintain-
ing q5 to its nominal value q�5 and the control variable
_q5 equals 0 as q5 = q�5 at the beginning of the task (see
�gure 16). When the vehicle enters a neighbourhood
of the obstacle (d < d+), � increases and tends to 1
as it approaches �0. During this phase, thanks to the
redundancy, the arm compensates the avoidance move-
ment to keep on performing the positioning task per-
fectly while the robot passes round the obstacle. The
evolution of det(JT ) (�gure 12) shows that the visual
servoing task and the passing round movement remain
compatible during the whole execution of the mission.

Figure 9: Robot trajec-
tory: method 2

Figure 10: Image features
for method 2
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for method 2
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Figure 12: det(JT ) for
method 2
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