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Abstract: One of the common ways of localization in robotics is the triangulation using a
system composed of a sensor and some landmarks (which can be artificial or natural). This
paper presents a framework, namely the Localization Space, in order to deal with problems
such as the landmark placement and motion planning including the localization constraint.
Based on this framework, we present general approaches to the optimal distribution of
the landmarks or to the computation of reliable trajectories. The case of a mobile robot
equipped with an orientable sensor (such as a pan vision system) is the recurrent example of
the paper, meant to illustrate the formal concepts and to also show the practical relevance
of the proposed tools.
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“Espace de localisation” : un outils de travail générique
pour la localisation et la plannification, pour un systéme
capteur /balises.

Résumé : TUne des techniques classiques de localisation en robotique est la triangulation
utilisant un systéme composé d’un capteur et d’un ensemble d’amers (artificiels ou naturels).
Cet article présente la notion d’espace de localisation, notion qui permet de traiter des
problémes tels que le placement optimal des amers ou la planification sous contraintes de
localisation.

Gréace & cet outils, nous présentons une approche générale pour la répartition optimale
des amers et le calcul de trajectoire fiables. Le cas d’un robot mobile équipé d’un capteur
orientable servira d’exemple tout au long de cet article, de facon & illustrer les concepts
formels et & montrer 'intérét pratique de la méthode.

Mots-clés :  Localisation, robotique, planification sous contraintes de localisation, place-
ment d’amers
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1 Introduction

When moving a robot, the classical way to deal with the modeling errors and the execu-
tion errors is to equip the robot with some localization ability so it can compute its error
with respect to the nominal path and correct it through a closed loop. A common way of
localization in robotics is the triangulation using a system composed of a sensor and some
landmarks or beacons (which can be artificial or natural). Depending on the sensor type
and accuracy and the robot dimension, different number of landmarks may be needed to
have a reliable localization. In general, the subspace of the configuration space in which the
localization is possible depends on the placement of the landmarks. To our knowledge, very
few work deals with the problem of landmarks placement. In other respects, guaranteeing
the maximum localization ability along a trajectory in order to have a safe execution is an
important additional constraint for the motion planner (a.k.a. the sensor-oriented motion
planning). In this paper we present a framework which leads to some general approaches
to the two pre-cited problems : namely, the optimal distribution of the beacons and the
computation of the reliable trajectories.

However, let us first have an overview of some of the existing works in the literature on the
problems related to landmarks and the associated planning. Concerning the sensor-oriented
planning and the safe execution of the paths, some works such as [7] and [8] suggest methods
to determine which of the visible landmarks should be used to improve the localization
results. In [1], the authors consider a mobile robot following a path and they compute
the velocity profile and the sensor motion in order to optimize the path following while
guaranteeing the visibility of the landmarks. Finally some more general works such as [6]
or [4] consider the problem of uncertainty propagation along a path and suggest different
ways of keeping this uncertainty bounded by leading the path through some areas where
relocalization is possible. In our work, we aim at the practical computation of these areas
for a Sensor/Landmarks system. We are also interested in applications where the safe zone
is big enough so that most of the problems can be solved without leaving the safe zone. We
aim at giving a general scheme for safe motion planning in such cases.

Concerning the optimal placement of the landmarks there has been so far very few works
in the literature. [10] presents a placement method maximizing the localization accuracy.
However, this work concerns only the sensors where one beacon is enough for localization.
The estimation of the accuracy in [10] is also very specific to the type of considered beacon.
Our goal is more to optimize the size of the safe area, than the localization accuracy. Also,
we consider landmark optimal placement for localization systems requiring any number [ of
landmarks. This problem is closer to the illumination problem presented in [3]. However, [3]
considers only quadrilateral obstacles and can be applied only to sensors with an unlimited
range and angular opening. In this paper, we consider a general sensor with a limited range
and angular opening.

Our work is based on the notion of Localization Space which will be defined and build
in section 2. We will show in section 3 how to compute a discretized version of this con-
tinuous set which would be conservative for localization. Then, in section 4, we present a
practical procedure of optimal landmark placement using the localization space. Finally,
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section 5 deals with the relevance of the localization space for path planning and includes
some simulation results of a planner for mobile robots computing reliable paths.

2 Localization Space : definition and construction

We consider the case of a generic robot with n degrees of freedom, moving in a polygonal
environment with some obstacles. We assume that the robot is equipped with a sensor
characterized by a range p and an angular opening a. To the physical sensor, we associate a
virtual (punctual) sensor (z,y,8), where (z, y) is the absolute position of the sensor reference
point and 6 its absolute (main) orientation. The physical aspects of the sensor (such as the
relative motion to the robot, collision avoidance, etc) will be treated by considering the
physical sensor solid, as a part of the articulated robot.

In other respects, we assume that the environment includes some landmarks such that if
a sufficient number of them is within the sensor field of perception, the localization module
is able to compute the pose (z,y,6) of the sensor.This last assumption supposes that the
problem of detecting and identifying the landmarks have already been solved and that the
positions of the landmarks are precisely known.

2.1 Symbols and notation

Let us note :
e W : Polygonal workspace of the robot (free space).

e (z,y,0) : Sensor pose.

(z,y) : Sensor position in W.
e @ : Sensor orientation.

e P : Space of the free poses of the sensor = space of poses such that (z,y) is outside
the obstacles.

CS#ree = Space of the free configurations of the robot.
e g : robot configuration in CSfyee.

In the following, we first define the Sensor Localization Space L as the subset of P where
the sensor pose can be computed. For instance, with a Sick laser range-finder, we need to
identify at least two landmarks in order to compute the robot pose, thus £ will be the subset
of P where at least two landmarks are visible by the sensor.

Then we define the Localization Space IL as the set of configurations ¢ in CSype,
for which the resulting sensor pose is in £. Note that, due to the collision of the physical
robot with the obstacles, it may exists sensor pose in £ which do not correspond to any
configuration in IL. Let us now describe the different steps to obtain IL.

INRIA
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2.2 Sensor field of view S5

Given 6, p and «, we define the orientation vector :
dy = (cos(6) , sin(9))T
and the field of view :
Sp% = {7/ || < p and |(dy, 7)| < o/2} 1)

In order to simplify the notation, we will use Sy for S§**. Then, for a given position R(z,y)
and given orientation 6 of the sensor, the set £ C W of the points in the sensitive field of
the sensor is :

E=R®Sy={R+7T/0€ Sy} (2)
2.3 Visibility area Z,(B)

For a given sensor orientation 6, we define the visibility area Zy(B) of a landmark B, as the
set of the sensor positions where B is in the sensor field of view (see Fig. 1). We have :

Zy(B)=Be S ={B-7/7€ Sy} (3)

Figure 1: Sensor field of view (in gray) and visibility area of three landmarks

2.4 Visibility polygon P(B)

The visibility area does not take into account the environment and its obstacles. To deal
with this problem, we use the visibility polygon notion : the visibility polygon P(B) of a
landmark B is the set of points P € W such that [PB] C W. Finding the visibility polygon
of a point is a complex but feasible problem (see [2] and [5]).
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2.5 Visibility Vy(B)

Using the visibility area (for the constraints imposed by the sensor) and the visibility polygon
(for the constraints imposed by the environment) we build the visibility Vy(B) of a landmark
B, for a sensor orientation 6. Vy(B) is the set of positions where the landmark B can be
perceived despite the presence of obstacles :

Vo(B) = Zy(B) N P(B) (4)

Fig.2 illustrates this construction.

Figure 2: Construction of the visibility of a landmark

2.6 Localization layer L,

Let us assume that n landmarks {B;};—1.., are distributed in WV and that we need to identify
at least [ landmarks to be able to localize the sensor. Then, given a sensor orientation §, we
define the localization layer Ly as the subset of W where [ landmark(s) are in the sensitive
field of the sensor. Formally :

Lo ={(z,y) € W/ card({i [ (z,y) € Vs(Bi)}) 2 I} (5)
We will use the notation Ly to define the corresponding subset of P :
,Ca = Lg X {0}

2.7 Sensor localization space L

Now, we can easily express the whole localization space, i.e. the subset of P where sufficient
landmarks are visible to compute the pose of the sensor.

L= Lj Lo 6)
6=0

INRIA
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2.8 Localization space I

For each pose p in £, there exists a set of possible configurations in CS¢ye. for which the
resulting sensor pose is p. Calling K the function mapping a configuration g to the resulting
sensor pose, we have :

L= {q € CSfTee / K(q) € [’} (7)

Note that due to the collisions, there may exist poses in £ which are not the image by K of
a configuration in CS¢ree.

3 The practical computation of £

The computation of £ requires some approximations that will be presented and justified in
this section.
3.1 Approximations

e First, the localization space is defined as a union of layers over the continuous set
© = [0..27]. We thus have to chose a discretization step 64, and replace © by

0 = {kOsteptke{0,1,....27 /05101
Then, we assume that the localization layer is constant for
= [0 — Hstep/2- -0 4+ Gstep/Z]

and we get
0s

Ezf:U Lg x [0 —

0c6

tep gstep
g 0+ —5] (8)

e Second, for each 6 € ©, we build the localization layer Ly thanks to the partitioning
of W according to the visible landmarks. Fig. 3 represents the algorithm that achieves
this partitioning .The result is a set of region RY of W associated with the set V;? of
landmarks visible from R? by a sensor with the orientation 6.

In order to simplify the computation of the intersections and unions, we choose to
approximate the bordering arcs of the visibility area, with regular polygons inscribed
in the visibility area. Obviously, the more edges for these polygons, the closer the
polygons to the real arcs. The main consequence of this approximation is a reduction
of the localization space : for each landmark and for each orientation, the approxi-
mated visibility is inside the real visibility, thus, it exists some (small) subset of P
where localization is said to be impossible though in reality, it is possible.

Note that the algorithm of Fig.3 leads not only to a construction of £ but also to a
partitionning of £ with respect to the list of the visible landmarks.

RR n° 4385
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Figure 3: Partitioning W
Given n landmarks, we note
P ={(RY;, Vki)}ti=1..n, the partition
state at step k € [l.n] . At start, no
landmarks are visible in W.

1P§ «— {(W, 0)},n0 =0
2for each landmark k£ € 1,..,n,
/* Refining of the partition */

3 P

4 {(RO_, ,\Ve(Bi),Vi-1,)/i=1...n; 1}

5

6 (RY_1 ;N Va(Bk), Vi1, U{Bx})/i=1...n_1}
/* Removing the empty regions */

7 Pl— PIN{(R,V)/R=0}, ni = card(P{)

3.2 Validity of the approximation

We will prove here that £~ %t<r? C L®P_ Let’s choose

6 € O
and t € [_Hstep/2; +08t6p/2]
e For 7 € S;l_a“”’p, we have
- 7 a — astep
151 < p and |7, dp)| < E =Tt
By using the complex notation, we get v = rel®+#) with
o — estep o — astep
= eter < < 4o _ster
> = P st
a- estep o - a — Hstep o
SR i< ot <Ry
_a- aste; + astep < f-t < +a — aste; + estep
Therefore v = re'((*+)+(5-9) also belongs to Sg4F,.

e For each 6 and ¢,

a—0step,p a,p
Sy C Ogpy

Thus, for each landmark B,
_astep, 3
Z; P(B) C Zoofi(B)
And, as W does not depend on 6,

VPP (B) € VgP(B)

INRIA
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Figure 4: £ (left), IL 3D projection (right) and the corresponding workspace

4
o—o0 © ©00—0
o0 00
© o © o)

From this, we deduce

a—gstep P a,p
Ly C Lyiy

And finally, since the inclusion remains over ¢ € [—8step/2, +8step/2],

[:afﬂstep,p C LoP (9)

This result can be expressed as the following proposition :

Proposition 1 With a sensor of angular opening «, the approzimated localization space
should be built for an angular opening of o — Os4ep in order to have a conservative approxi-
mation for localization.

In other words, by this way, we will be certain that the approximated localization space
we get is included in the real one.

3.3 Example

Fig.4 shows an example of a representation of a given localization space. We used : [ = 2,
Ostep = 5°, a = 60° and a range approximatively equal to 75% of the workspace width.

e In the workspace W, the small circles represent the landmarks.

e In the localization space £, the vertical axis represents 8 (discretization is done or-
thogonally to this direction). The coloring is made according to the connectivity of £
(see section 4.1).

In general, the practical computation of IL based on the approximated £ requires some more
works which may be more or less complex, according to the robot geometry and dimension.
Let us here consider the case of a circular robot (2, ¥, 6,) equipped with a mobile sensor
with an opening a able to rotate with respect to the robot by a relative angle |3| < Biim.-
The robot/sensor system (z, yr, 0y, 8) is of dimension 4. If (z,y) = (z,,y,) then L for this
system is the one of Fig.4 and the projection of IL on (z,,y,, 8,) can be easily deduced from
L by :

RR n° 4385
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e deducing the (z,,y,) free space W, from W by computing the Minkowski sum of the
robot circle and W,

¢ substituting each layer of £ by its intersection with W, x [0 — Ostep/2,6 + O51ep/2],
e vertically expanding each layer of £ with S, at the top and the bottom,

Notice that the first 2 steps are not equivalent with computing £ with W, instead of W.
Indeed such a substitution will cause an unjustified reduction of the localization space due
to the fact that when computing the visibility polygon at one point, the other positions of
the robot along W border will be considered as obstacles preventing the landmark visibility
(which is of course false). Fig.4 represents the 3D projection of the approximated IL for our
mobile robot. Notice that IL and £ may not have the same connectivity (we will see its
influence on motion planning in section 5).

4 Optimization of the localization space

Let us recall that we consider the case of a localization module using landmarks. The per-
formances of this localization obviously depends on the “good” placement of the landmarks
in the environment. As far as we know, the problem of finding an optimal placement for a
minimal number of landmarks is an open problem in the general case. We believe that L is
an interesting tool to evaluate a given landmark placement. A better space would be IL but
the construction of I may be complex. We believe that £ gives us a first estimation, easier
to compute.

In this section, we discuss about different optimization criteria (expressed with respect
to L) for the computation of an optimal placement of the landmarks. However, we first
introduce some relevant measures of £ that will be later used in our cost function. The
results of our numerical optimization are presented at the end of the section.

4.1 Measures

Volume : The proportion of P which is occupied by the localization space is obviously a
good indication on the quality of the landmark distribution. We use the following classical
formula to compute £ volume :

Volume(L) = Z Area(Lg).Ostep (10)
[122)

Connectivity : The connectivity of the localization space is very important for motion
planning. Indeed, as long as a trajectory remains in the same connected component of the
localization space, it is theoretically always possible to relocalize the system and therefore
correct the execution errors and prevent the growth of the uncertainty on the position. The
best scenario is a single connected component for £ covering W.

INRIA
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Practically, for a given distribution of the landmarks, we study the connectivity of £ by
building a graph G(£) that we will later use for motion planning. The nodes of this graph
are the regions RY x [0 — 0s1ep/2,0 + 05p /2 for which card(V,?) > £ where £ is the minimum
number of landmark required for localization (see section 3.1). We have seen that £ is the
union of such regions. Then, we consider that two nodes are connected if they are adjacent.
At this point, a simple exploration algorithm gives the separation of the different connected
parts of the graph. One can proof that :

Proposition 2 for a sensor with an angular opening «, if the approximated localization
space is built with an angular opening less than a—20.,, all the edges of the graph correspond
to a path that is completely included in L, despite the approzimation.

g(ﬁa—wstepm) C g(ﬁ%l’) (11)

4.2 Optimization of the landmark placement using £

The following list of criteria using £ gives some quantities which can be used in a cost
function for the landmark placement optimization :

e The connectivity : a connected localization space will lead to an easier planning and
to a more reliable execution of the resulting trajectory.

e The volume : if a big proportion of P is covered by £, the robot will have more
opportunities to localize.

e The secure area : i.e. the subset of W where localization is possible for any orientation.
This is particularly important when dealing with a nonholonomic system. For instance,
the classical mobile robots are small-time locally controllable which implies that any
path in the localization space can be approximated within this space, by a feasible path
for the nonholonomic system. However, (specially with a fixed sensor), the complexity
of this approximation is strongly influenced by the space available for the change of
orientation...

e The projected area : i.e. the subset of W where localization is possible for at least
one orientation. Typically, when a 360°-orientable sensor is used, it is sufficient to
maximize this area. Another use of this space is the case of a holonomic mobile robot
applied to problems where the final orientation is not important.

e The localization accuracy : it may be important to place the landmarks such that
an upper bound of the localization error could be guaranteed for a real sensor. For
instance, in the case of triangulation, the influence of measurement errors on the local-
ization is minimal when the angle between the sensor and the two visible landmarks
is close to 90 degrees.

RR n° 4385
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Moreover, it will be necessary to decide whether the landmarks are accepted inside W or
only on its border. In the first case, we may have to consider them as obstacles during the
navigation. Nevertheless, as the landmarks will be visible from any direction, each landmark
will allow more localization possibilities.

4.3 Example

Let us get back to our mobile robot with an on-board orientable sensor. In this framework,
we try to use as few artificial landmarks as possible.

4.3.1 Cost function

For a given number of landmarks, we want to be able to localize in a large portion of the
space and to have the least possible number of separate localization subspace. We decided
therefore to maximize the average volume of the separate localization subspace.In other
respects, in order to improve the localization accuracy, we impose a minimum distance
between two landmarks. In this way, we increase the average angle between the sensor and
a pair of landmarks used for localization. Indeed, with a small angle, measurement errors
leads to larger localization errors. These constraints lead to the following cost function C :

dmin = smallest dist. between 2 landmarks
,C — (drﬂin/dlim)2 if dmin S dlim

1 otherwise
C - K Volume(£)

Number of connected parts in £

4.3.2 Results

We use this cost function with a library implementing genetic algorithms. In the both
following examples, we have a = 90° and the robot needs at least two landmarks to compute
its configuration. We ran the optimization process for 2 to 20 landmarks placed either inside
the environment, or on its border only and we compared the obtained occupied space (see
Fig.6 and Fig.7).

e In the first example, the workspace has a U-shape (see Fig.5) and the sensor has

an infinite range compared to the environment size. The results on Fig.6 show that

Figure 5: U-shape workspace and placement of 11 landmarks.
© O © S}

o]
© (0]
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when the sensor range is large enough, there is no need to place landmarks inside
the environment, except if we have very few of them. Indeed, landmarks inside the
environment have maximum visibility. However, if the sensor range is large enough, an
edge of the environment is visible from any configuration. Fig.5 shows the placement
obtained for 11 landmarks with and without forbidding inside the space.

Figure 6: Optlmlzatlon results U- shape workspace

Wi h \andmarkan T
With landmark on the bordure of W only -~ +

Space occupied by L (%)
85 8 8 3
T T T T

8
T

2 4 6 8 10 12 14 16 18 2C
Number of landmarks

e In the second example, we ran the optimization process in a large hexagonal environ-
ment, with a small sensor range. In this case, we can observe that landmarks should
be allowed inside the environment (see Fig.7) since those on the border can only be
used locally.

Figure 7 Opt1mlzat10n results large workspace

With \andma!k in W ——
With Iandimerk on the BT o W only —+

Space occupied by L (%)
8 8 8 8
T T T T

5]
T

5
T
|

=)

2 4 6 8 10 12 14 16 18 2
Number of landmarks

5 Planning in the localization space

Now that we know how to optimize the landmark placement, let us see how to use the
resulting localization space for motion planning. Indeed, planning in the IL. C CSypee is
more interesting than planning in CSyfr... Along a path contained in IL the robot can
measure the execution errors by relocalizing and therefore correct them. Such a path is thus
more reliable. Moreover, at each point, we know the exact subset of visible landmarks and
their positions relative to the robot. This will ease the data association process.

RR n° 4385
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5.1 Definitions

For a robot with n degrees of freedom, a configuration ¢ is defined by n parameters ¢ =
(z1,...,z,) which we divide in two (possibly empty) classes :

Extern parameters : parameters for which exterioceptive sensors are required in order to
estimate their values with a bounded uncertainty. For instance, the position parame-
ters of a mobile robot.

Intern parameters : parameters whose estimation with proprioceptive sensors is accurate
enough for our application. For instance, the orientations of a pan & tilt camera.
Note that when intern parameters exists, their movement do not depend on the others
(otherwise, they would need exterioceptive localization). Consequently, it is possible
to move them while maintaining the extern parameters fixed.

Reliable trajectory : atrajectory is reliable if the robot can estimate all its parameters at
each point of it. Typically, if the trajectory is totally contained in I, it is reliable. This
is a sufficient condition but not a necessary one. Actually, as intern parameters can
be estimated without exterioceptive sensing, a trajectory is reliable if it is admissible
(C CSyree and kinematically feasible) and if the extern parameters are fixed for the
portions of the path outside IL.

5.2 Algorithm

Before all, we have to define two projections : Pey(z1,...,%,) = (21,...,%p), on the extern
parameters and P, (z1,...,%,) = (€pt1,...,Tp), on the intern parameters. Let us consider
the planning of a reliable trajectory between gsiort and ggoai-

o If gstort and ggoq: are in the same connected part of IL, and if the kinematic constraints
of the robot allow it (which is for instance always the case for holonomic and small-time
controllable nonholonomic robots), there exists a reliable trajectory between gszqr¢ and
Ggoal, We “just” have to find it.

e Otherwise, if the robot does not have intern parameters, no reliable trajectory can be
found.

e If the robot has intern parameters, we will see how to attempt reliable trajectory plan-
ning between the disconnected parts of I.

Linking disconnected parts : Let us consider C; and Cs, two connected parts of IL and let
us try to find a reliable trajectory 7 going from C; to C3. We have seen that a reliable
trajectory must keep extern parameters fixed outside IL, thus P,;(7) must be a point inside
P, (C1)NP,.;(Cs). Typically if this intersection is empty, there is no way of finding a reliable
path. Now assume that there is ¢ € Poy(C1) N Pep(C2) with ¢ = Peg(q1) = Pes(ge2) such
that there is feasible path 7 C ¢ going from q; to go. Then 7 is a reliable path. For any

INRIA
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gstart € C1 and ggoqr € O3 there is a reliable path going from gser¢ to g1 within C7, then
following 7 from g; to g2 outside IL and finally going from ¢s to ggoq; Within Cs.

Let us illustrate the above construction through an example with our experimental plat-
form. For sake of simplicity consider that the position of our robot is fixed and that the
sensor is an orientable laser pointer, see Fig.8. Thence we consider only two system pa-
rameters : the robot orientation 6 (considered as an extern parameter) and the relative
orientation of the laser : § € [—w/4, /4] (accurate enough to be considered as an intern
parameter). We assume that the robot is between two reflexive landmarks L; and Lo such
that the angle formed by the robot and them is between 7 and 7. Therefore, there is an
interval 6 € [a,b] where the laser can aim at L; and Ls. Now if we consider that gsert is
facing L1 and ggoa is facing Lo, these configurations are obviously in two separate parts of
IL. Indeed in order to face L2 the robot has to turn for more than 7, therefore the laser
has to leave L; at some point and aim later at L,. During this phase, the robot cannot
localize. However, there is one reliable way of going from gstart 10 ggoar (see Fig.8) : we
can turn the robot towards L until § € [a,b] with the laser always pointing to L;. Then
stop the robot and reorient the laser from L; to Ly (this corresponds to the portion of the
reliable path outside IL and is indeed orthogonal to the extern parameters). Finally, rotate

the robot until facing L, while the laser keeps aiming at Lo.

Figure 8: A reliable path outside IL

2] — = good trgjectory

q goal

ol Localization space (6,)

5.3 Simulation results

This section is meant to illustrate how the tools presented in this paper (such as the local-
ization space or the corresponding planning algorithm) can be practically used in sensor-
oriented planning. We consider once again our circular mobile robot equipped with a setero-
vision system. For sake of simplicity in the space representations, we assume that the robot
is holonomic and that the sensor is fixed with respect to the robot. Let us assume also
that a = 907, p is half the environment width and that the robot needs two landmarks to
compute its localization. We consider the environment (including 4 landmarks) represented
on Fig.9 for which we compute the approximated localization space as explained in section 3.

Now, let us solve the planning problem of Fig. 9. First, we find a shortest path in the
graph G(IL) (see section 4), between the two nodes containing the extremal configurations
(this may not lead to the shortest ground path...). Fig.10 illustrate such a path.
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Figure 9: Simulation environment, landmarks and L.

@
Strt Position
Obstacle.

Angular sensivity : 90 degrees

Figure 10: Path from start to end

Robot

Path steps in W Path steps in IL

From the resulting path, we extract a complete trajectory (see Fig.11, left). In each
node the robot follows a linear trajectory (black lines) and at some edges it may reorient
its cameras. The resulting path is a reliable path along which the robot is always able to
localize itself. Notice that the goal here is not to obtain optimal paths but just to show how

Figure 11: Trajectories from start to end

Intermediary steps of the trajectory

the perception constraints can be taken into account during planning and how they may
affect the result. Typically the examples of Fig.11, show how the robot has to first move
in the opposite direction of the goal or graze the wall in the corridor (corresponding to the
narrow neck of Fig.10) while reorienting itself in order to guarantee that at each point at
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least 2 landmarks are visible.

Remark : for nonholonomic robots, the planning scheme above is still complete as long
as the robot is small-time locally controllable. The basic maneuvers of straight line and
turning obviously need to be substituted by some feasible set of maneuvers remaining in the
corresponding I layer. Another approach would be to apply in IL, nonholonomic planning
methods based on the approximation of a geometric path or even applying probabilistic
schemes in I, using an adequat steering method (e.g. [9] for details).

6 Conclusion

This paper deals with the problems associated with sensor-oriented planning for systems
using landmarks for localization. We presented a framework, based on the notion of Local-
ization Space that we mainly used for two applications : i) the first optimization method
(in the sense of space coverage), concerning the placement of the landmarks for localization
and ii) planning a reliable path along which, localization remains always possible. We also
presented practical computations of near optimal landmarks placement and reliable trajec-
tories for classical mobile robots with an on-board sensor, showing the practical relevance
of our formalization.

As for future works, we would like to consider the computation of the best path when
there is no reliable solution to the problem (and to integrate the existing work in the liter-
ature on the propagation of the uncertainty). In other words, where to cross safely : where
and how to move outside IL to guarantee a bound on the uncertainty. Some secondary
interesting topic may be : building the localization space for a robot with a general shape,
improving the path planner to get “nice” reliable paths and working more specifically on the
nonholonomic case.
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