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Fig. 1. Relevant variables utilized in this work. The task for the robot (represented in orange), equipped with a �xed pinhole camera (blue) is to follow
the red path, notedp. The camera �eld of view and its projection on the ground are represented in cyan. (a) Top view: framesF W , F R andF P , robot
con�guration, desired reference con�guration, path error[et en e� ]T , applied (v, ! ) and desired (vd , ! d ) control variables. (b) Image plane view: frame
F I and image relevant variables. (c) Side view: framesF C andF R , optical center position inF R and camera tilt offset� .

In some cases, the robot kinematic constraints can impose a
boundcM on the instantaneous applicable curvature:
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In the case of a unicycle robot, there is no such bound.
Instead, for a car-like robot, the curvature bound is imposed
by the steering angle constraint.

Recalling [8], the objective of PF is to drive error
e(" ) = q(" ) � qd (" ) = [ ex 0 (" ) ey0 (" ) e� (" )]T to a desired
value ê(" ). Usually, ê(" ) is zero. The vectorqd (" ) =
[x0

d (" ) y0
d (" ) � d (" )]T de�nes adesired reference con�gura-

tion, such that pointd (" ) = [ x0
d (" ) y0

d (" )]T 2 W belongs
to p, and� d (" ) 2 ]� �; + � ] is the desired robot orientation
(see Fig. 1(a)). We assume that inFW , the path curvep, can
be expressed by a twice differentiable function. Then,� d (" )
is the orientation of the path tangent atd in FR

1.
The PF task is often formalized by projecting the

FW errors [ex 0 (" ) ey0 (" ) e� (" )]T to the path frame
FP (d; xd; yd; zd). FrameFP is linked to the path atd, with
zd parallel toz, yd coincident with the path tangent atd in
the following direction, andxd completing the right-handed
frame. The path error inFP consists of the tangent erroret

(i.e., the error projection onyd), the normal erroren (i.e.,
the error projection onxd), and the orientation errore� , i.e.:
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:

et = ex 0 cos� d + ey0 sin � d

en = ex 0 sin � d � ey0 cos� d

e� = � � � d

(3)

With this formalism, the PF task consists of driving error
[et (" ) en (" ) e� (" )]T to a desired error[êt ên ê� ]T .

1� d is always de�ned, since we have assumed that the path curve can
be expressed by a twice differentiable function inF W , and this property is
preserved inF R .

For the nonholonomic model (1), the dynamics of theFP

path errorset , en ande� are:
8
<

:

_et = � vd � ! d en + v cose�

_en = ! d et � v sine�

_e� = ! � ! d

(4)

wherevd and! d are the components of the tracking control
ud. These must be compliant with the path curvature atd in
FR , notedcd

2:
! d = cdvd (5)

In opposition to trajectory tracking, where the desired
trajectory evolution is determined by rigid law" = " (t)
(i.e., " is associated to the timet), in PF we can choose the
relationship that de�nes the desired reference con�guration
qd (" ) to be tracked by the robot. We call such relationship
path following constraint. The path following constraint
eliminates one of the 3 error coordinates. Moreover, in PF,
the robot should move at all times independently fromqd (" )
(clearly, a control law must concurrently ensure convergence
to the path). Thus, a motion must be imposed to the robot to
guarantee it progresses. This is themotion exigencycondition
as de�ned in [8]. In most works, the path following constraint
is chosen aset = const = 0 , and the motion exigency as
v = vd = const> 0. For this formulation of the PF problem,
the system becomes:

�
_en = � vd sine�

_e� = ! � vd cd cos e�
1+ en cd

(6)

In [7], a nonlinear feedback controller on! that asymptoti-
cally stabilizes this system to[en e� ]T = [0 0]T under some

2cd is always de�ned, since we have assumed that the path curve can
be expressed by a twice differentiable function inF W , and this property is
preserved inF R .
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