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Abstract

This paper does not propose a new algorithm for
path planning or obstacle avoidance, but a new type
of visual information which can be exploited by such
algorithms. Traditionally, a robot’s visual system is
assigned the task of reconstructing the geometry of
the surrounding scene. The navigation problem can
then be solved by means of classical robotics (control
of mechanisms). Unfortunately, it is still impossible
to accurately compute the depth maps robots are
supposed to use for navigating. We propose here a
new approach to the navigation problem, based on
the exploitation of free space doors, and in which
visual processes can be closely integrated with the
control of the robotic system.

Résumé

Ce papier ne propose pas un nouvel algorithme
pour la génération de trajectoire (ou de chemin)
dans un environnement encombré d’obstacles, mais
un nouveau type d’information visuelle qui peut étre
exploitée par de tels algorithmes. La tache tradi-
tionnellement assignée au systéme visuel d’un robot
autonome est la reconstruction de la géométrie de
son environnement. Une fois ce probléme résolu, la
navigation autonome se reduirait alors 4 un probléme
de robotique classique (contréle de mécanismes). Il
est malheureusement toujours impossible de calculer
le type de “cartes” sensées étre utilisées par les al-
gorithmes de navigation. Nous proposons dans ce
papier une nouvelle approche au probléme de la
navigation, une approche basée sur I’exploitation de
portes d’espace libre, et par laquelle les processus vi-
suels peuvent étre étroitement intégrés au contrdle
du systéme robotique.

1 Introduction

We are interested in the problem of visual navi-
gation, that is, of realizing autonomous robots able

to perform complex navigation tasks in general ter-
restrial environments. This restriction essentially
means that although the robot as well as all the ob-
Jects in its environment are three-dimensional, it dis-

placements are compliant to a locally two-dimensional

surface (the horizontal plane in the case of an indoor
environment, the local tangent plane in the case of
terrain navigation). We can therefore reduce the ob-
stacle representation and trajectory planning prob-
lems to the two-dimensional case.

The problem of trajectory planning (or, more of-
ten, path planning) for such a robot in a known
environment has been the subject of many studies
over the past decade. Currently, whether the goal
of these work is an optimal solution or a heuris-
tic one, there are two kinds of approaches to the
motion planning problem: those who study simple
robots (little or no dynamic constraints) in general
2D environments ([12], [9]), and those who study the
control of complex (non-holonomic) robots in simple
environments, generally with no obstacles ([1]).

On the other hand, there are now example of
vision-guided mobile robots which are able to incor-
porate elements of both approaches and can avoid
obstacles under dynamic trajectory constraints. Nat-
urally, this can only be done at the cost of restricted
environments and simpler models for the robots, but
the most important lesson one can learn from the
most successful of these robots is that efficient con-
trol is possible only if a good visual feedback is used:
curvature of the road for autonomous road following
([5]) or structures found in an office environment in
the case of indoor navigation ([4]).

The purpose of this paper is not the description
of a particular path planning algorithm, but the pre-
sentation of a new type of visual feedback that can
be used by existing algorithms for the control of au-
tonomous navigation tasks. We present in Section 2
the concept of free space doors and show in Section 3
how this data can be exploited by motion planning
algorithms.
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Figure 1 — The robot amidst obstacles and the
free space doors

2 Visual Feedback for Naviga-
tion
2.1 Obstacles and Free Space Doors

Obstacle avoidance is hardly a task on its own; it
will be performed during the realization of a more
complex action: exploration, cleaning of an office
environment, prey catching, etc. We will in conse-
quence assume that the robot has knowledge of a
goal it is trying to reach while attempting to dodge
obstacles on its way. This goal could be a point of
the workspace, or of the configuration space S, but
also an area of the workspace defined by the task at
hand. For example, the robot may have to search
for an object, or explore a given domain of its sur-
roundings.

At every moment, the robot needs to know where
it can go. In order to get this information, it does
not have to determine the position, shape and mo-
tion of the obstacles it may find on its way: what re-
ally matters is where the free space lies. Because the
robot does not possess complete information about
its environment but must interpret that provided by
its camera, it can at best detect the apparent free
space.

Let us consider the 2-dimensional scene depicted
in Figure 1(a). The robot is represented by the
boxed arrow indicating the direction of motion, and
the obstacles by the black blocks labeled O; through
O4. The robot’s camera gives it information about
the shaded area, which corresponds to the current
apparent free space. From this particular position
and orientation, the robot is unable to detect whether
or not there is actually free space between O1, Oz, O3

and Oy, since all it can see of these obstacles is the
dark lines drawn in Figure 1(b).

Rather than storing and updating the position
and shape of these partial contours, we can notice
that, in order to reach its goal, the robot has to
cross either the lines limiting its field of view, v,
and v, or one of the longitudinal lines labeled I;,
for i = 1,...4, which correspond to occlusions in the
scene. The problem of planning a path to the goal
can therefore be redefined in terms of crossing such
lines, which we consequently call free space doors
([8]). In some cases, the trajectory can be further
constrained: before crossing {3 or I, the robot would
have to cross the transversal dashed line labeled ¢;
first. Lines of  type (which includes v, and v ) will
be called longitudinal doors, or l-doors, while  type
lines will be called transversal doors or t-doors.

(a)

Figure 2 — Conditions for the existence of a
transversal door

The existence and location of t-doors are entirely
determined by the relative position of 1-doors: scan-
ning the robot’s field of view from left to right, we
number the l-doors as we encounter them, starting
with lp = v, and ending with I, = v_, the left and
right limits of the field of view respectively, and la-
bel each I; either (+) or (—) according to the sign of
the depth discontinuity. In Figure 2(b), 1, I3, and
l4 would be labeled (+), with I the only (-). The
endpoint of I; closer to the robot is named a;, the
other one b;, so that the door is represented by a
3-tuple: l; = (+, ai, b;) or Il; = (—, a;, b;). Naturally,
v, and v, are always (+) and (—) doors respectively,
and a; and a, coincide with the optical center of the
camera. If there exists a t-door t; between [; and
l;11, its endpoints will be a; and a;41 and the robot



will cross ¢; leaving a; on its left.

Figure 2 summarizes the possible relative config-
urations of two l-doors that result in the existence
of a t-door. More details on the properties of I-doors
and t-doors, such as their orientation, can be found

in [8]).

2.2 Corridors and Modifications of the
Free Space Doors

The information provided by the free space doors
at one particular instant is not sufficient to plan a
collision-free, even if the non visible space should
prove to be free. The reason for this is that, as
was intended, free space doors do not completely
represent the shape of obstacles. However, as the
robot’s position changes, so do the free space doors.
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Figure 3 — A free space corridor

We notice in Figure 3 that the door undergoes
modifications in position, orientation, and scale. The
set of successive positions {I(kT’), ¢ € N} defines the
portion of free space currently under exploration; we
call it a free space corridor . In particular, as the
robot encounters new corridors, and penetrates one
of them in its attempt to reach the goal, it is in
fact performing a depth first search on a graph of
free space corridors which describes the free space
available.

Free space doors can undergo more radical trans-
formations as well: they can disappear (when the
robot reaches a dead end) or split (generally when
previously hidden free space between objects be-
comes visible). These modifications of individual
doors can be interpreted to detect turns or exits to

! Our corridors should not be confused with the generalized
cones used by [3] to decompose the free space in a known en-
vironment. The free space doors and corridors are dynamic,
and extracted from the incomplete visual information avail-
able to the robot.
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passageways ([7]), but the main value of doors re-
mains as a data that can be best interpreted and
exploited as a dynamic process rather than isolated
snapshots.

3 Planning a Path for the Robot

3.1 Free Space Doors and Configura-
tion Space

In the free space door formalism, the path planning
problem reduces to that of point obstacle avoidance,
the obstacles being the endpoints of the doors the
vehicle has to cross on its way to the goal. Let us
model our robot as a cylindrical vehicle (Figure 4(a))
controlled by two variables: the tangential acceler-
ation (deceleration) 4; and the rate w at which the
steering parameter is changed, (generally, the angle
velocity of the steering wheel). We can then reduces
our robot to a point in the configuration space while
growing the obstacles to the discs delimited by the
circles C(L, 7o) and C(R, o) (Figure 4(b)).

- 3} 1S Mf@
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robot
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Figure 4 — (a) Intersecting a door (b) In configu-
ration space

In addition, and regardless of the shape of the
obstacles in the 3D space, we can now include to
our planning dynamic constraints such as bounds on
the velocity v, curvature «, and acceleration (both
on the tangential acceleration ¥; and on the normal
acceleration v, = & - v?).

3.2 Determination of the Intersection
Space

3.2.1 Definition

Let a free space door be given, for which an orien-
tation has been defined according to the results of
Section 2. The intersection space Z is defined as the
set of authorized intersection states, that is, of ve-
hicle configurations (M, ¢, k) such that there exists
a circular trajectory of radius R = 1/« intersecting
the door at M with an angle ¢, and which com-
pletely brings the robot from the front side of the
door to the other, without colliding with the door’s
endpoints. Figure 5 gives examples of non autho-
rized ((a) and (c)) and authorized trajectories ((b),

(d), and (e)).
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This definition would not be valid if our goal was
to plan statically an optimal trajectory to the goal.
In the case of our dynamic control, we can picture
the planning problem as jumping every At from an
authorized circular arc at ¢ = kAt to an autho-
rized arc at (k + 1)At, by increments of the curva-
ture Ak = w At. Similar assumptions, on curvature
and velocity have been made on systems which have
proved remarkably successful in their restricted do-

main ([5]).

@ (e)

Figure 5 — Illustration of the definition of 7

Our definition allows two sorts of authorized tra-
jectories: the “drive-through” is that of a circle en-
closing one of the disc obstacles, thus resulting in
a single transversal intersection with the door (Fig-
ure 5(d)). The “kiss-and-ride” type of trajectory
only temporally leads the robot to the other side of
the door, to bring it back to the same point (Fig-
ure 5(e)). For a more thourough justification of Z
and the need for “kiss-and-ride” trajectories, see [7].

3.2.2 Minimum and maximum authorized in-
tersection angles

Let L and R be the left and right endpoints of
the door to cross, of length [ = LR > 2r,. We
consider a point M of the door of “door coordi-
nate” z = LM, and we would like to calculate, for
a given curvature k (and the corresponding curva-
ture radius R = 1/k), the values of the minimum
and maximum angle, §_and 6,,, under which the
vehicle can safely cross the door at M (see Fig-
ure 6). A look at the figure reveals that 6_ and
6,, correspond to trajectories tangent to the obsta-
cles in configuration space, and that the problem
is symmetric: 6,,(z,R) = m — 6_(z,R). Another
symmetry exists, with respect to the midpoint of
the door, which results in the following relation:
0.(z,R)=0_(—-2z,-R).

Figure 6 — Definition of 6, and 6, for curvature
radius R

We study now the evolution of 8 for drive-through
trajectories as |R| varies from oo to ry. Subsec-
tion 3.3 will present a similar study for kiss-and-ride

trajectories.
doubly tangent
circles for R

R,
>

S

(a)

®)

Figure 7 — Partition of the door: (a) the doubly
tangent circles (b) the 3 parts

3.2.3 Case 1: |R| < /2

We can identify on the door two remarkable points,
which we call S;(R) and S3(R), and for which there
exist circular trajectories tangent to both obstacles
(see Figure 7(a)). Let z; = LSy and 23 = LSy =
1 — 21 be the door coordinates of these points:

4Rru Z
I 2RI \/4r0(2|72|—r0)+(—1—1|——l)
5 g )

The free space door decomposes into three parts, as
shown in Figure 7(b).

o Case 1.a If M belongs to part I, no circular path
crossing the door at M can collide with R without



also colliding with L, the converse being not true:
the path is only constrained by L, regardless of
the sign of the curvature (Figure 7(c)).

¢ Case 1.b If M belongs to part II, the symmetric
problem is encountered (Figure 7(e)).

® Case l.c If M belongs to part III, the door’s
endpoint constraining the path is determined by
the sign of the curvature, regardless of which half
of the door M belongs to. The constraint point
s Lif k > 0;itis Rif k < 0 (Figure 7(d))

3.2.4 Case 2: |R|=1/2

S; and S, come in contact with the obstacle, thus
giving only one doubly tangent circular trajectory
instead of two for S; and S, (C] = C1, C) = Cs
as in (Figure 8(a)). Whether the curvature is posi-
tive or negative, the path is only constrained by the
endpoint closer to M (Figure 8(b)).

3.2.5 Case 3: l/4+ry/2 < |R|< /2

(@) (e) ®

Figure 8 — Constrained trajectories:
(a): [R|=1/2,
(c): I4+m0 <|R|L1/2

We can again distinguish two remarkable points,
51 and S, which are the leftmost and the rightmost
poinst on the door for which there is an authorized
drive-through trajectory o radius R (Figure 8(c)).
The door coordinates of S; and Sy are z; = [+ rg—
2|R| and z3 = 2|R| — ro. These points partition the
door in three parts, as in case 1.
® Case 3.a On part I, only trajectories of positive

curvature are possible, and they are constrained

by L (Figure 8(d))
® Case 3.b On part II, only trajectories of negative

curvature are possible, and they are constrained
by R (Figure 8(f)).
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¢ Case 3.c On part III, trajectories of positive cur-
vature are possible and constrained by L, while
trajectories of negative curvature are constrained

by R (Figure 8(e)).

3.2.6 Case 4: |[R|=1/4+1y/2

For |R| =1/4+1ro/2, segment [S;, So] collapses into

a single point at the center of the door, on which it

thus defines a bi-partition (Figure9(a)).

¢ Case 4.a On the left half, no drive-through tra-
Jjectory with negative curvature is available, and
positive curvature circular trajectories are only
constrained by L (Figure9(b)).

® Case 4.b The situation is exactly symmetric on
the other half of the door, the only authorized
trajectories having negative curvature, and being
constrained by R.

Figure 9 — Constrained trajectories:
Ri=3+ 5

3.2.7 Case 5: 7o < [R| < I/4+ ro/2

Once again, a segment forms around the door’s mid-
point, delimited by points S;(21 = |R| — ) and
S2(22 = I+ 79— |R]), so that it enlarges to converge

to [ro, I—ro] as |R| tends to ro (Figure‘exthetad5s’(c)).

The now familiar tri-partition of the door leads to

the following interpretation:

¢ Case 5.a On part I, only trajectories of nega-
tive curvature, constrained by L are possible (Fig-
urel0(d)).

¢ Case 5.b The symmetric configuration occurs on
Part II, and only paths of negative curvature, con-
strained by R are authorized.

¢ Case 5.c No drive-through trajectory is autho-
rized on part III.

Figure 10 — Constrained trajectories:
ro < IRI < I/4+To/2
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3.3 Authorized kiss-and-ride trajecto-
ries

The largest value of |R| for which a kiss-and-ride
trajectory is defined is the one corresponding to the
construction of Figure 11(a). A simple application
of Pythagore’s theorem give us |R1| = 161/ro.

As |R| decreases, we notice four remarkable points
(see Figure 11(b)), Ss, S4, Ss, S, of door coordinate

23 = \ﬂlRlTo — \/7‘0(2|RI o T'O)y
26 = V4[R|ro + \/T0o(2|R| = r0),

For all |R| € [ro,R1] and every door point M(z),
there exists no kiss-and-ride trajectory through M
if and only if zs < z < 2z¢. In particular, if [ > 679,
then for all

|R| > |R2(l,70)| there exists a kiss-and-ride trajec-
tory for every point M : ro < z < I — 7o (Fig-
ure 11(c)).

z4=1—2z3

z5=1—z¢

N

Se(R) Ss(R)
(c)

Figure 11 — Examples of kiss-and-ride trajectories

3.4 Derivation of 6_(z,«)

We can now derive the analytic expression, as func-
tions of k and z of the smallest autorized intersec-
tion angle for a drive through trajectory, f(z, k) and
for a kiss-and-ride trajectory, g(z, k). For example,
Figure 12 shows how f(z, k) can be computed for a

negative (a) and a positive curvature (b):

f(z, k) = sin™ [zz_ - I~|(z2z— ro)]

Similarly, for the kiss-and-ride trajectories, we ob-
tain

9(z,k) = cos™! (1 = || - 7o) .

trajectory
x>0

Figure 12 — Determination of function f (z,%)

3.5 Graphical representation of Z

Figure 13(a) shows the values of z; and z; (horizon-
tal axis) plotted against the curvature of the path,
& (vertical axis). Figure 13(b) shows the variations
of 23, za, 25, and z¢ for kiss-and-ride trajectories.

Due to the symmetry property of 6; and 6
(6(=k,z) = 0(k,l — z)) we only need study these
functions for positive values of the curvature. Let
us therefore observe the qualitative evolution of the
curves 4(ko,2) as ko decreases increases from 0
to 1. Figure 14(a) again shows z;(R) and 22(R),
and decomposes interval [0,1] into seven segments
or points.

For & = 0, the trajectory is a straight line. We
know from Figure 14(a) that z;(R) and z2(R) co-
incide with the door’s midpoint, and we observe in
Figure 14(b) a corner point at this location, where
the two half curves meet (one being constrained by
the left endpoint, the other by the right endpoint,
as was explained earlier). As k decreases, the corner
moves toward the right endpoint of the door (Fig-
ure 14(c)) and reaches it (vanishes) for k = 1/R1 =
2/1 (Figure 14(d)). Further decreasing & results in
reducing the domain [rg, zo(R)] of the function (Fig-
ure 14(e)) until k = 1, for which the curve is reduced
to an isolated point (Figure 14(h)). Interestingly,
whether « is larger than 1/R, = (§ + 2)7* (Fig-
ure 14(e)) or not (Figure 14(g)) has no significant
effect on the shape of the curve.




4 Conclusion

We have presented the concepts of free space doors
and corridors, a new type of dynamic feedback for
autonomous visual navigation. We have shown that
this information could be exploited by classical plan-
ning techniques to control the trajectory of an au-
tonomous robot in obstacles avoidance tasks. Fi-
nally, we completed our presentation by deriving
the configuration space constraints associated one
free space door, and exposing the elements of our
general navigation system.
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