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Distance-Optimal Navigation in an Unknown
Environment without Sensing Distances

Benjanin Tovar, Rafael Murrieta-Cid, and Steven M. LaValle

Abstract— This paper considers what can be accomplished

using a mobile robot that has limited sensing. For navigation
and mapping, the robot has only one sensor, which tracks the
directions of depth discontinuities. There are no coordinates, and
(@)

the robot is given a motion primitive that allows it to move
toward discontinuities. The robot is incapable of performing (b) (©
localization or measuring any distances or angles. Nevertheless,

when dropped into an unknown planar environment, the robot
builds a data structure, called the Gap Navigation Tree, which
enables it to navigate optimally in terms of Euclidean distance
traveled. In a sense, the robot is able to learn the critical
information contained in the classical shortest-path roadmap,
(d) (e) ®

although surprisingly it is unable to extract metric information.

We prove these results for the case of a point robot placed into ) ) ] o

a simply connected, piecewise-analytic planar environment. The Fig- 1. Figures (@) to () show environments which are inufistishable

case of multiply connected environments is also addressed into the robot (black disc) with limited sensing; however, incstill navigate

which it is shown that further sensing assumptions are needed. optimally using the Gap Navigation Tree shown in (7).

Due to the limited sensor given to the robot, globally optimal

navigation is impossible; however, our approach achieves locally

optimal (within a homotopy class) navigation, which is the best . A

that is theoretically possible under this robot model. of depth discontinuities of the boundary, from the current
osition of the robot. These discontinuities are caligbs

Index Terms— Visibility, navigation, optimality, map building, P

S ; . : and the abstract sensor may be implemented in a number of
minimal sensing, shortest paths, information spaces, sensor-bad includi ) idi . | |
planning, bug algorithms. ways, including using an omni !recyona camera or a low-

cost laser scanner. To characterize its environment, thetro
|. INTRODUCTION builds a dynamic data structure, called tGap Navigation

In the design of many mobile robot systems, the intuition i'gree (GNT), entirely from online sensor measurements. Once

often that “more information is better”. This typically &s constructed, it encpdes path_s from the current positiomer t
robot to any place in the environment. As the robot moves, the

to the integration of powerful sensors that provide dens ; L i .

: . . NT is updated to maintain shortest-path information from
accurate measurements of distance information. The goal Is "
typically to construct a complete geometric map of the risbotthe current position of the robot. These paths are globally

optimal in Euclidean distance traveled if the environment i

environment while localizing the robot with respect to itsim lv connected. even thouah aeometric information. such
map [40]. As the number of sensors and the amount of datq Py ' 9 g '

increase, there are substantial burdens in terms of co&ErpoZ\S/z;i?;tﬂéhs’ angle measurements and robot orientation,tis no
consumption, reliability, and modeling. Therefore, ourrkvo ' . . .
. . - , . . Our approach is based on the careful consideration of
investigates theminimal information that is needed to solve. : : : ) .
- . information spaces. To illustrate, consider Figure 1. gsin

some tasks. By establishing that certain tasks can be sol ) . . . .

: ) . . . € sensing and action history available to the robot, the fiv
using simple sensors, it may be possible to avoid costlysens

] . p L environments are indistinguishable, and generate the same
and substantial modeling challenges. Perhaps “less iriom A . . .
is better”. GNT, shown in Figure 1.(f). Their scale and orientation are

. L I nknown. All h environments fall in n enorm
We model the robot as a point moving in an unknowf} >0 uhno such environments fall into an enormous

planar environment. The robot is assumed to have an Juivalence class (called a nondeterministic I-state 8)[2

stract sensor (in the sense of [14]) that reports the or ansmgly, the robot can p(_arfo_r_m optimal nawgatlor_]hmt
trying to resolve these ambiguities. Thus, the sensing inode
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maps [3], [13], [29] or exact geometric representationg.[A7 inside of a cell, there is no significant change in informatio
topological map usually takes the form of a graph, in whiah thThe robot receives the same combinatorial information from
vertices represent particular sensor readings and coafigns the sensors. In contrast, as the robot crosses a cell bgundar
and the edges represent the controls between two diffeo@nt cthe combinatorial structure of the visibility region diaatly
figurations [37]. Our work differs from previous approacheshanges, and the robot’'s information may be modified. Such
in that we are interested inlacal representation, defined forsudden changes are calladsual events[12]. Our paper
the current position of the robot, rather than a global oike, | focuses on the use of visual events for optimal navigation in
in [5], [6], [8], [10], [39]. the plane.

Our research considers minimal sensing for mobile robots.Finally, a similar data structure to the GNT was presented
This was also considered ioug algorithms[20], [21], [28], in [1], where the shortest-path tree is updated when a point
in which a robot that combines global knowledge with locatrossesconstraint lines For this approach, complete knowl-
information is able to navigate among boundary componergdge of the polygon where the point is moving is assumed,
and reach a known goal. The robot navigation capabilities awhich corresponds to exact localization and perfect sensor
simple (movement towards boundary components and watteasurements. The focus of that work was to compute online
following), no representation of the environment is madmgd, changes in the visibility polygon of an observer in motion.
and the global information consists only of the positiontod t
goal. These characteristics allow the use of bug algorittrms I1l. ROBOT MODEL
robots that have very limited sensing capabilities and lisnre

able motion control. More importantly, the memory required The robot is _modeled as a point moving in an ‘;”"”OW”
. . environment which could be any compact sé& c R* for
for the algorithms is constant. which the interior of R is connected, and let the boundar
In general, minimal sensing does not allow the full knowl-”g 8Reb tehoin? sfco iec \?vi, a n Ieti (T 03 E:Vy
edge of the state. In robotics, the problem of driving a systeo ' » D€ he Image of a piecewise-analytic closed curve.
te thatR is simply connected, which is an assumption that

from an unknown state to a goal state was considered in t’H% : )

context of manipulation [15]. For example, up to convex huWII be removed in Section VI.

symmetry it is possible to manipulate polygonal parts to alfin

configuration without any sensor information [16]. Of cayrs A. The gap sensor

not all robotics tasks can be solved without sensors, but itThe robot has only one sensor, callegap sensarwhich

is very interesting, and scientifically important, to detére s only able to detect and track discontinuities in depth

the minimum information necessary to complete a given tagiformation. The gap sensor is abstract sensof14], which

[2], [9]. Moreover, one may go a step further and design @eans that its physical implementation may vary. It can be

sensor that exactly suits the robotics task. One can thinkiﬁfagined as a crude range sensor that gives inaccuratachsta

an abstract sensothat gives the “ideal” minimal information jnformation, but from which a kind of edge detector can

to the robotics system to work correctly, and its physic@gle ysed to extract the discontinuities in the measurement.

implementation using a “subideal” sensor [14]. This sensor can be implemented with a laser range finder,
One such abstract sensor reports the set of points VisiQlghars, cameras, or with an ad hoc sensing system. For

from the current position of the robot. This sensor gives t@ample, imagine an inexpensive laser pointer rotatingikap

visibility region, which formally is defined as the set(x), in  norizontally on the robot position, so that a horizontaklis

whichz is the position of the robot, anfle V(x) implies that  grawn in the field of view of the robot. An omnidirectional

the open line segment joining and ¢ does not intersect the camera can detect where this libesaks thus detecting the

environment boundary. As a robot moves, the visibility 0egi gjiscontinuities in depth information. The robot does noteha

changes, modifying the information about the environment gny geometric information about the discontinuities, othan

its progress towards a goal. The changes in the visibiltfjore theijr cyclic ordering with respect to the robot's local frarof

have been extensively studied, from the art-gallery probleeference.

[32], to decompositions of the environment into regions of g5ch discontinuity will be referred to asgap [35], [38],

similar visibility. In [34], a cell complex decomposition is which also corresponds to a region Bfthat is not visible to

presented: thevisibility complex in which points inside a tne robot. For example, Figure 2 (right) shows the gaps for

cell seethe same set of objects in the environment. Thge environment shown in Figure 2 (left). It is assumed that

environment can also be decomposed also into equivaleRgg ropot can track and distinguish the gaps at all times and
classes of similar visibility of an object. Elements inside record any of their combinatorial changes.

class have a similar qualitative view of the object: theyts®e | ot G(2) = [g;,...,¢:] denote the sequence of gaps as

sameaspect An aspect is defined as the set of views of aghey appear in the gap sensor when the robot is: at
object that share the same combinatorial structure. ThSsle It » lies in the interior of R, then G(z) is a cyclic

to the aspect graph{4], [24]. In [18], a planar environment ordering; therefore, due to being cyclic, statements sich a
is decomposed into cells thaee the same aspect of ther,, o1 — [g,,... g, 1] can be made. Ifx € OR,
environment boundary. Such a decomposition is called then part of the sensor view is obstructed by the boundary,

visibility cell decompositionand each cell is calledasibility  ang a linear ordering of gaps is obtained; however, thisaextr
cell.

In the decompositions mentioned before, as the robot move&rhe gaps correspond to the spurious edges defined in [18].
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Fig. 4. The chage) motion primitive. When the boundary is not smooth,
the robot may not necessarily transverse an intervédl ®fwhen executing a
chasg-) motion primitive.

Fig. 2. The robot’s view of the environment. The position oé tfobot The robot has no compass, odometers, or other sensors that

is shown with a black disk. On the left, the environment andwisébility ~might be used to derive distances.
region of the robot. On the right, angular position of thegdptected in the
visibility region.

B. Motion primitives
_________ \ Since the robot does not have access to coordinates, it is

............... \ important to define a control model that does not require them
/O’—\ /"/\ The robot motions are expressed as a sequenceation
primitives which are described solely in terms of information
() (b) from the sensor. This enables motions to be expressed withou

referrin rdin ifR2. For
Fig. 3. Gaps from the environment's boundary. On (a), the daonto ete g to coo dinates iR ora gapg < G(x)’ agap

the right is smooth and curves below from the right tangent @ay (b), the ChaSin_g motion primitive is denoted as _Ch6(§6?; note that
degenerate polygonal case is shown. there is no reference te@ because this is unknown to the

robot. In this motion primitive, the robot rotates to aligs i

heading with the gap and moves forward with unit speed. The
. . . . . . robot uses sensor feedback to continue the motion, which is
information will not be important and is not necessarily Wmo

o th bot. It is i fant to defi hich ﬁuaranteed to be collision free, except for tangential omsti
0 the ToboL. 1L IS important 1o definé which gaps appear long the boundary. If the robot trajectory would be dirdcte
x € OR. A gap will appear to the right (counterclockwise

N . - 1nto the interior of the complement ak, then the gap would
direction alongdR) of z if either of the two cases shown IN ot have appeared i6i(x). Note that chasg) might cause

Figure 3 occurs. In Figure 3.(a), the poundary to the right {Re robot to follow the boundary, as shown in Figure 4.
smooth and curves below from the right tangent ray. F|gure.|.he motion primitive can be considered as an action in

3.(b) shows a degenerate polygonal case in which the bo'ymdgrhierarchical approach. It is therefore important to dgeci

remains on the right tangent ray and then curves below (e'ﬂ?ﬁe conditions under which a motion primitive terminatest L

smoothly, or abruptly at a nonsmooth point). The potentlaTiI: [0,¢;] — R denote the trajectory taken by the robot when

gag) :o the left ofx is defined thetrs]ame ;Nay. tlr\]IOtE tha;cj if the xecuting a motion primitive cha§g. Consider howG(7(t))
robot Moves across a nonsmooth point on the bounaary, Ives as the robot moves. It should be possible to chase

boundary gaps can jump discontinuously. We assume thes%

are nevertheless tracked because all of the other gaps mot%eﬁﬁ:ly when it is present inGi(r(t)). Therefore, chase)

i | d th d b d inates whery disappears frondZ(7(¢)). This termination
continuously, and the proper corrgspon ence ce_m € MadGy guaranteed by Lemma 2, which is presented in Section IV.
For anyxz € R, eachyg; € G(x) is merely a unique label

it A * All robot motions are based on primitives. Therefore, any
and does not contain information about lengths or angleStM(Pnotion strategy for the robot must be a finite sequence of
often, as the robot moves a small amount, the gap sequeg&itives.

does not change. Occasionally, fundamental changes occur,
such as gaps appearing, disappearing, merging, or sgjittin IV. THE GAP NAVIGATION TREE
these cases will be covered in detail shortly. Suppose that

the robot moves along any path, : [0,1] — R. If there _ SuPPOse that the robot moves along any path|0, 1] —

is some gapy for which g € G(r(s)) for all s € [0,1], then R. Consider the information obtained from the gap sensor.

it is assumed that the robot maintains its unique label. ,'I'hd:sor everys € [Q’ 1] a cyclic sgquenceG(T(s)), of gaps is
the robot is not confused about the identity of any gaps th@pServed. In this section, we will define a compact represent
remain in the gap sequence as it moves. However, if somi@n of mformatlon that is relevant for optimal navigatiand
gap disappears and then reappears later, we do not reqeire¥pPears it (7(s)) for all s € [0, 1].
robot to recall of the old label. Thus, there is no registrati
problem. A. Compressing the sensor history

Recall that the robot has no previous knowledgeRoénd Suppose that initially, the gaps are labeled consecutively

it is not capable of building an exact map of the environmergtarting withg,. For each new gap that appeatrs, it is assigned
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the next unused integer W to ensure uniqueness. To consideprocess is applied inductively untjl is observed by the gap
the problem of maintaining information, suppose that th®to sensor, and cha&g can be applied. Lethase(g) denote
moves along some path and initially, G(7(0)) = [g1, 92,93]. the corresponding sequence of motion primitives. We may
Now suppose that at som€ < (0,1), gap g» splits into therefore say that any gap in the GNT candb&sed which
two new gaps, which are labeled by conventiongasand means that a sequence of motion primitives is executed until
gs- The gap sensor reads(7(s’)) = [g1,94,95,93]- Now the gap is eventually chased.
suppose that at som&’ € (s,1), gapsgs and g5 merge
into a single gap. By conventior; is assigned, rather thang. Critical events and incremental GNT construction
worr_ying about Co"eSpOr_‘def‘CE to the original gap labsied The GNT can be constructed incrementally as the robot
It will be useful for navigation purposes to remember th%oves along a path. Initially, the GNT consists of a root
%4 and g‘:’j V\(/jer%merg’]ed_to obtain gag. Pgrhags rt]h|s could vertex that is connected to one leaf vertex for every gap in
be encoded a&/((s")) = [g1,[94,95), 9], in Which g1, 95] - 0)). Each timet at which a change ir(7()) occurs
IS uged.as the gap label mstee}d @i This idea could be corresponds to aritical event This requires updating the
applied iteratively to make complicated, nested expressior GNT. There are four different kinds of critical events (see
the structure of merged gaps that appea{n(1)). Note that Figure 5);
the cyclic order ofG(7) is enough to generate the correct label ' ) . .
correspondences when a gap splits. In the previous examplé) A new gapy appears.A .verteXg IS "’Fdded asa child of
this means that when gap, splits, of the new two gaps that the root, while preserving the cyclic ordering from the
are detected, the one detected after gapis actually gap gap sensor. . ) .
gs4. Also note that given a geometric constraint (Lemma 1 in 2) GapSgl andg, merge intag: Ver_tlce_Sgl andg, becom(_-:-
Section IV-C), the correspondence between gaandgs can children of a new verte.Xg, which is added. as a child
of the root and preserving the cyclic ordering.

be determined, but such information is not currently needed A di ™ ; hich t be a leaf
Rather than representing merge information syntactically ) is ?:r%% Velsdappears. € vertexg, which must be a leaf,

it will be convenient to express it as a rooted tree in which o .
4) Gap g splits intog; and g5: If g is a leaf vertex, then

all children are ordered. Suppose once again that a path . :
PP g P g1 and g, become new vertices; otherwise, they already

[0,1] — R is executed. Let th&sap Navigation Tree (GNT) ist hild Both d ted t
be a rooted tree, defined as follows. Every non-root vertex of exist as chi ren_ob. oth g1 andg; are connected 1o
the root, preserving the cyclic ordering and removing

the GNT is a gap that appears@{((s)) for somes € [0, 1].
Every child vertex of the root is a gap i@(7(1)), and they o )
are cyclically ordered around the root in the same way thgt Geometric interpretation of the GNT
they appear inG(7(1)). All remaining vertices (i.e., not the Now consider the geometric information that can be inferred
root and its children) in the GNT are gaps that appeared about the environment from the GNT. This will help us to
G(7(s)) for somes < 1, but not appear irG(7(1)) due to prove that the GNT enables optimal navigation. We begin the
merging. The children of any non-root vertex,are precisely discussion with the relation between critical events arel th
the gaps that were merged to fommand are assumed to begeometry of the environment. Critical events are deterchine
ordered in the same way that they once appeared in the gmmeralized inflectionand generalized bitangentsf OR (see
sensor. Figure 6). Following the presentation of [27], a generalize
When is a GNT as complete as possible for a particularflection of OR is identified with a connected, open detc
environment? This question will be addressed in detailtShor OR if there exist a linelL that partitionsl into three connected
however, it is convenient to have the definition now. ConsidsetsI;, I and s such that: 1)I; is an open set that does not
the leaf vertices of a GNT. If any leaf vertex has the poténtimtersectL, 2) I, is a closed subset df, and 3)/5 is an open
to split, then the GNT is incomplete because it could exparskt that does not interseEt and that lies on the opposite side
Recall that some gaps split when approached using ¢hgaseof L from I;. If I, is a single point, then the right derivative
and others simply disappear. Let the gaps that disappear ahdR (taken in the limit of open intervals i) evaluated at
their corresponding vertices in the GNT be calledmitive. [ corresponds to the slope &f Likewise, a pair of disjoint
If all leaves of a GNT are primitive, then the GNT is said t@onnected open sefsandJ identify a generalized bitangent if
be complete A geometric interpretation of this will be givenat least one point of is visible to one point of/, and if there
in Section IV-C. is a line L that partitions/ and.J into setsly, I5, andI3, and
The primary use of the GNT is to define a sequence di, J,, and J; respectively, such that: 1 (J;) is an open
motion commands that guides the robot to a gap that oneet that does not interseét 2) I, (Jz) is a closed subset of
was once observed by the gap sensor and is consequently moand 3) 73 (J3) is an open set that does not interséciand
a child of the root. Letg be such a gap. It appears in thehat lies on the same side @f from I; (J1). From now on,
GNT because it was involved in one or more gap mergeshen we writeinflection or bitangent we meangeneralized
The merges can be undone by applying the chaggimitive inflectionandgeneralized bitangentespectively.
to every gap in the GNT that is an ancestorgfSuppose, Given an inflection, identified by liné and setsl;, I, and
for example, that the path from the rootgas (¢1,92,...,9) I3, as defined before, anflection rayis found by extending
(ignoring the root, which is not a gap). The primitive ch@g¢ a ray insideR with the same slope a5k, from a point in7
forcesg; to split, which enables chagg) to be applied. This until a point of R is hit. Given a bitangent, identified by
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) () )
® ® ® ®
@ @

(a) Appearance (b) Merge

(c) Disappearance (d) Split

Fig. 5. Updates in the Gap Navigation Tree. The relevantdtifia or bitangent complement is indicated with a gray linensegt. (a) Chasing gag;, gap
g3 appears, and the respective vertex is added to the root. (lBnWhpgs is chased, gapg: and go merge. They become children of a new gap and
the tree is updated accordingly. (c) Gap disappears when chased. The vertex correspondigg te removed from the tree. (d) Gap splits into gapgy:
andg2. The two cases for the split are presented hergylfvas known to have descendants, these become children ofdheotberwise two new vertices
are created.

the setsly, I, I3, Ji, J2, J3, and by the linel, a bitangent when the robot crosses inflection rays. The other critical
line segmenis any of the open segments with endpoints iavents, merges and splits of gaps, are related to bitangent
I, and J, completely contained i. For each bitangent, two line segments odR. Merges and splits occur when the robot
bitangent complementare defined. These correspond to therosses bitangent complements (Figure 6.(b)).

two rays with the same slope &f starting at a pointid; and  Together with the previous discussion, the following lemma
Ja, extending untilR is hit, and not containing any point ofjs presented:

the bitangent line segments of the corresponding bitangent Lemma 1:Let g; and g, be two gaps that merge into gap

Inflection rays and bitangent complements decompise 93- When gs splits, g1 and g> appear at the same angular
into cells of similar visibility, called aspect cells (also called?®Sition in 1t at the time of the merge, independently from
visibility cells). We use a common general position assummpt the robot's motion.
that no line is tangent to more than two points of the Proof: Merges and splits occur when the robot crosses a
boundary, since suclritangentswould not survive a small bitangent complement @R. Thusg, g2, andgs are aligned
deformation of the environment [23]. Without this generawith the bitangent at the split or the merge. This is indejeend
position assumption, the simple capabilities given to tap gOf Where the bitangent complement is crossed. O
detector make it impossible to distinguish some criticards The previous lemma associates two critical events to a
that occur simultaneously. For example, a gap splitting inparticular bitangent complement: a split and a merge. This i
three gaps from a gap splitting into two gaps occurring vethe basis for the correct encoding of critical events in tiNTG
close and simultaneously to a gap appearance. As illudtrateven though the robot may not be able to recognize that a gap
in Figure 6.(a), appearances and disappearances of gaps otteat appears was detected previously, Lemma 1 implies that
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Disappear split /
gap /inflection ray
P /

~ /
N . - / .
S . . .
A @ - @ o v/ gap’, bitangent
s . S e itangen
S 1n§l{ection ‘)&Gﬂp \'Gap (merged) /\ v % __~tomplement
ray~ . < K4 e
SO . >
S : \
. pli 2

©

(@) (b) @) (b)
Fig. 7. Every chage) motion primitive terminates, either with a disappear-
Fig. 6. Critical events. (a) Appearance and disappearafa@aps occur ance or with a split critical event. The black disc represahe position of
when the robot crosses inflection rays. (b) Splits and mergerday crossing the robot when the chage motion primitive is issued. After reachingR,
bitangent complements. the robot moves tangentially @R, until an inflection ray (a) or a bitangent
complement (b) is crossed.

Appear
Gap.
Gsplit) *

when a gap splits, it can only split into gaps that merged be-
fore. Lemma 1 also provides the correct label corresporeten&. Constructing a complete GNT

after a gap split. The identification of the gaps i_s done purel Now that we have specified how the GNT is expanded as the
by the orde“r of the %Japs before_the corresponding merge, aaf,t follows a fixed path, the next task is to determine what
not by the “features” of the environment that produced therg,oion commands should be executed so that the robot follows
a path that builds a complete GNT. Incompleteness of the GNT
is caused by any nonprimitive leaves. Therefore, the GNT is
D. The gap-based roadmap forced to be complete by iteratively chasing leaves. Eadle ti
that a leaf splits, one of its children can be arbitrarily £
Consider a path segment: [0,1] — R followed by the and chased. If a leaf disappears, then another nonprintiafe
robot with the motion primitive chagg). Assume now that js selected for chasing. The order in which the nonprimitive
the chasgy) has not been issued, but that the robot is at|@aves is chased is not important. Eventually, all leaveds wi
point 7(¢), with 0 < t < 1. If chasdy) is issued, then the pe primitive, in which case the GNT is complete.
robot follows the same path, restricted to[t,1]. This is As an example of constructing a complete GNT, suppose
because gap detection depends only on the current positigg robot is in the environment as shown in Figure 8. In Fig-
of the robot. Consider now the paths followed by each of thge g.(a) we show the boundaries of the aspect cells. The root
possible motion primitives after a critical event. The sét gf the GNT is shown as a solid black disk. Vertices that are not
points of R visited by all such paths is called tlymp-based known to be primitive are shown as circles, and vertices that
roadmap and it is denoted by5. Once the robot is on a point are primitive are squares. The robot begins to build the GNT a
of S, chasg:) motion primitives may only reach points insideshown in Figure 8.(a). There the robot first executes dlgase
S. All of the paths that generate the roadmap have finite lengifyhen this gap is followed, the robot triggers an appearance
which is is a direct consequence from the following lemmagyent, and gaws; is added to the tree (Figure 8.(b)). Later,
Lemma 2: Termination of chadg) is guaranteed for any gapsg, and g3 merge, and they become children of a new
g € G(x) and anyz € R, and is caused by only two possiblevertex, g, (Figure 8.(c)). Wheny, disappears (Figure 8.(d)),
critical events: disappearance or splittinggof g2 is the only remaining nonprimitive gap, and the robot
Proof: The heading of the robot is always aligned wittexecuteschase(gz2), which generategchaség,), chaségs)].
g, which forbids the robot to follow any cycle, or to moveThe robot chaseg, until it splits, and theng, is chased
away fromg. Consider now Figure 7. As the robot movegFigure 8.(e)). Finally, whery, disappears, all of the leaf
with unit speed towards the gap, the starting point of the gaprtices are primitives. (Figure 8.(f)).
slides ond R, towards the respective inflection ray or bitangent Lemma 3: The procedure of iteratively chasing nonprimi-
complement. When the robot reach#R, the position of the tive leaves terminates with a resulting complete GNT.
robot and the starting point of the gap coincide, and three Proof: Consider the path executed during the proce-
cases should be considered: 1) the robot moves away frdore. The key observation is that any time that a new gap
the inflection ray or bitangent complement, 2) the robot sppears inG(7(s)), it must be primitive. If the gap is chased,
stationary indR, 3) the robot moves towards the inflectiorit cannot split. Therefore, the only gaps that contributehi®
ray or bitangent complement. Cases 1 and 2 cannot ocdacompleteness of the GNT are ones that either appeared in
since the heading of the robot always points to the gap, a6gr(0)) or were formed by a sequence of splits of these gaps.
the robot moves tangentially ahR with unit speed. Thus, the Even though chasing a leaf may reveal new gaps via splitting,
remaining case always occurs, and the respective inflectipn the number of primitive gaps for a given environment is finite
or bitangent complement is eventually crossed. It is cleat t because each corresponds to a inflection. There are finitely
the termination critical event cannot be an appearanceesimany inflections becauserR is piecewise-analytic. Each time
the gap is already detected € G(x)). The critical event that the procedure forces a gap to disappear, it is one step
cannot be a merge either, because the corresponding mergiloger to having a complete GNT. Since the number of gaps
gap for the bitangent complement pair is not yet visibled is finite, the procedure must terminate with a complete GNT.
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using chasg) motion primitives of paths starting and ending
in S. In Section V-C we will extend the optimality arguments
to points not inS. For the following discussion, let, ¢ € S,
and letU = (uy,us,...,u,), With u; C OR, be the sequence
of maximal connected intervals &fR that the robot traverses
(in order) in the shortest path fromto q.

Lemma 4:Let H = (¢1, g2, ..., gn) be a sequence of gaps,
in which g; is the gap chased when the robot traverses the
intervalu; € U. The path generated by chasing iteratively the
sequenced is the shortest path betweenandq.

Proof: It is sufficient to prove that the path between
u; and u;4q iS optimal, since the sequendg is optimal
by definition. The shortest path between two points in the
Euclidean plane is unique and is a straight line. When the
robot transverses the interior d?, from wu; to w;1; when
following g;+1, the trajectory is a straight line tangential to
u;+1. Finally, the intervalu;,» becomes visible whem;
has a critical event; otherwise, there is a contradictiothin
sequencd/ giving the shortest path betweenand q. O

Theorem 1:If R is simply connected and the robot is at a
point in S, then the path encoded in the Gap Navigation Tree
between the root and any poigte S is globally optimal in
Euclidean distance.

Proof: Let p € S be the current position of the robot.
From the GNT, a sequendd = (g1, 92, --., gn, gq) Of gaps is
generated such that if chased, the robot reaghBg following

® H, the intervalsU = (uj,us,...,u,) of the boundary are
&7 transversed by the robot, in that order. I8 be the sequence

of gaps that generates the shortest path betweand ¢, as

(e) ) in Lemma 4. Lety, € H, generated from interval, € U, be

Fig. 8. Building the Gap Navigation Tree. (a) The thin linés the pl the first gap in whichH and H, differ. Since critical events

1g. o. ullding the Gap Navigation Iree. (a e thin In@sw the places : ] H

where gap critical events are triggered. The robot chasaprimitive gaps are recor_ded in the_ GNT as they become visible, this m‘?ans
from (a) to (f), updating the GNT accordingly (refer to maixjeuntil all  that the intervahuy is visible before the rest of the path in

of the leaf vertices are primitive. Squares and circles deqoimitive and /|, and it becomes visible whep; splits. The shortest path
nonprimitive vertices, respectively. between the current position of the robot and the rest of the
path encoded irf, is the one that starts by chasigg (by
Lemma 4). ThereforeH, containsg,;, and we conclude that

O
: : H=H,. O
Note that even though a GNT is complete, it neverthelessNote that optimality follows uniquely from gap critical

changes as the robot moves in its environment. This happens . .
g bp évents, and no distance measurement is ever performed by the

because the tree always expresses how the environment ap- . ;
. robot. For polygons, some of the intervals definedfomay
pears relative to the local frame of the robot. Once a coreple(f . . )
. . egenerate into single points, and the gap-based roadnap co
GNT has been constructed, however, it remains complete I
spite of any motions executed by the robot responds to thehortest-path roadmajalso called theeduced
' visibility graph [25], [31]. It is important to remember that
optimality is possible when the GNT is used for navigation,
V. OPTIMAL NAVIGATION but the construction of the GNT may not be optimal. In fact,
Given that the GNT is built from critical events, andhe distance traveled in the construction may be arbijréad
these correspond to the boundaries of the aspect cellscinmpared to the one traveled if the map of the environment
decompositions such as [18], points inside of an aspect cafs available [33]. If the environments have some resonsti
have the same GNT. In fact, once the GNT is constructedtitough, some bounds can be found for certain explorations,
encodes the same information as if the single-source,esftort such as object searching insigeneralized streefspresented

path problem would be solved from a given aspect cell. in [7].

A. Moving along the gap-based roadmap B. Complexity

We now argue the optimality of the paths generated byIn our case, the environment is unknown, and it is not
chasing sequences of gaps in the GNT. In the followingncodedas an input to an algorithm in the usual sense. For this
discussion we prove the optimality (in the Euclidean sensedason, we analyze the GNT complexity in terms of relevant
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environment features. Consider the numlenf inflections The algorithm from Section IV for constructing a complete
in the environment. The construction of the GNT cannot takéNT proceeds in the same way; however, additional informa-
more thanO(n) gap-chasing motion commands. Since thet#on is now stored in the tree. The GNT definition is extended
are O(n?) bitangents, and all of the visual events may b® allow objects and landmarks to appear as vertices. If an
triggered while chasing a gap, the tree is updated at madtject or landmark disappears behind a gafit will look
O(n?) times. Note that this bound corresponds to the naivery much as a merge), then it is added to the GNT as a child
algorithm for constructing the visibility graph, in whiclagh of ¢ (see Figure 9). The robot can return to any previously
pair of vertices is tested for mutual visibility. The robatmmot visible landmarkl by chasingg until [ appears inG(z). We
predict a visibility event, given thak is unknown; thus, it has can therefore definehase(l), which is a sequence of motion
to sense each of the events to have all of the information @fimitive that leads td. An objecto € O can be handled in
the shortest paths. When the GNT is completely constructéde same way in the GNT, resulting ¢hase(o). Objects are
its number of vertices is maximum when it is a completdifferent from landmarks in that the robot is alloweddarry
binary tree, with a path to each of the inflections. Thus, &n objecto € O to another part ofR and drop it. As the
requiresO(n) space in the worst case. However, the GNT ibot moves away, will be incorporated into the GNT in the
not generally a complete binary tree, and it is not necdgsarappropriate way, in case a request is made to retum to
balanced. A query fochase(-) takes in the worst cas@(n) The next theorem states that once completely constructed,
time. the extended GNT can be used for navigation from the
current position of the robot to any object or landmark in
the environment.

Theorem 2:The extended GNT encodes a path to any ob-

Rather than be confined to the subsefthat corresponds ject or landmark in the environment from the current positio
to the gap-based roadmaf, we would like to define tasks of the robot.
that allow the robot to move anywhere R It is difficult to Proof: There are two cases for paths insi@lg, depend-
even define such problems without using coordinates. A ggal of whether the object or landmark are visible from the
specified uniquely by its coordinates (i.ex, y)) does not have current position of the robot. If it is visible, then the ratwan
any meaning in the GNT framework. This is because the rob@ével in a straight line, following the line of sight. Othése,
lacks any notion of coordinates. Suppose that the envirahmé the object or landmark was visible at some point, it is now
may contain both static, interesting places and some mevahldden behind some gap, in which case following the sequence
objects. Imagine that some objects are placedzjrand the of gaps in the GNT will make it visible. We now prove that
robot is required to retrieve them. Lét= {o01,02,...,01,} b every point of R was visible at least once to the robot while
a collection ofm pointobjects and letL = {i1,ls,...,l,} C  constructing the GNT. Assume that there is at least one point
R be a set of statitandmarks The robot could be asked,,, which was never visible. By definitio is not currently
for example, to deliver objects from one landmark to anothejisible, which means it is behind one of the currently desect
Note that each landmark is a point i Each object has a gaps, sayy (p either belongs to the current visibility region
current position inR? at any given time; however, the preciser not). If by chasingy it disappears, thep will be visible,
position is unknown to the robot. which is a contradiction. If it splits, the argument is refeeh

Assume that each object and landmark is uniquely identifiecursively. Since all of the gaps are chased until theyeeith
able and may be placed anywhere i An objecto; € O  split or disappear, all points aR are visible to the robot at
is said to berecognizedwhen the robot is atrt € R if |east once. m

and only if o; € V(z) (that is, the object is inside the As a corollary to Theorem 1, we extend the path optimality
range of the visibility sensor). Recognition of a landmask ifor points not inS:

defined similarly. The gap sensor can be er}hanced to re@gnizCorollary 1: In the extended GNThase(l) andchase(o)
objects and landmarks. Le¥(z) be a cyclic sequence thatlead to distance optimal motions to or o, between any
may contain gaps or objects. éf € O ando € V(x), then possible pair of positions itk.

G(x) containso precisely between the appropriate gaps from  proof.  The argument is the same as the proof of
the robot's position. For example, if; lies between gaps Theorem 1. For paths starting i, we only have to include

C. Traveling anywhere in the environment

g2 and gs, then the sensor observation might b¥z) = the extension of the chasg motion primitive for objects
[91, 92,03, 95, 97]. Likewise, landmarks may also appear imnd landmarks. For paths that do not start $nconsider
G(z). the sequence of gaps that generate the optimal path, and the

For the task of retrieving objects or moving to landmarksequence read from the extended GNT. Apply the argument
the motion primitive, chage), is adapted. A fifth critical presented for Theorem 1 considering the gap for which they
event is included, which corresponds to the appearance offast disagree to be the first gap followed. 0
object or landmark inG(z). Thus, chase) terminates if a
disappearance or split occurs to the gap being chased, or if a
object or landmark appears. We also allow the robot to chase
an object or landmark, yielding chdsg or chas€l). To enable  So far we have only considered simply connected environ-
this primitive, the object or landmark must be visible fronet ments. Now we study the problem in whidk is multiply
robot position. connected, which is more common in practice. In this ¢a&8e

VI. MULTIPLY CONNECTED ENVIRONMENTS
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é\o .)5\0 .)—L Fig. 11. (a) Global optimal navigation is not guaranteed intiplyl connected

environments. Paths with the least number of gaps are préfdrine robot will
follow the path on the right, because it offers fewer gapshase, although it
is not the shortest path. With only gap information, the ratstnot do better.
(b) A worst case navigation example.df> a, and if the robot chooses to
follow the gap on the right, then almost the whole triangle rimtary will be
followed to reach the circle.

Fig. 9. Encoding objects in the Gap Navigation Tree. When tiaagular
object hides behind the gap, we associate such an objectthétigap. The
gap encodes the last time the object was visible (the objdutldenbehind
the gap).

Together with these results, note that using only gap sgnsin
a robot cannot determine whether it is surrounding a convex
boundary component or it is traveling inside of an boundary
component that has a spiral-like shape (compare Figura)10.(
with Figure 10.(b)). Even though these negative results beay
discouraging from an implementation point of view, they-pro
vide a clear formal distinction regarding minimal inforricat
€Y (b) requirements in simply and multiply connected environreent
Fig. 10. Gaps in a multiply connected environment may not disapga) In simply connected environments, gap critical events are
The robot will chase any of the two gaps shown, and none of thélin gyfficient; in multiply connected environments they are. not
disappear. (b) Using only the gap sensor, the spiral looks#ime as the disc . . . . L.
in (a). From a minimalist perspective, which critical events skoul
be addedfor multiply connected environments? There are, of
course, many ways in which this question can be answered,
and it depends ultimately on the task the robot has to solve.
have several components. It is assumed that each compongriur case, we are interested in a data structure that escode
of OR is bounded and it is the image of a piecewise-analytit leastone path from the current position of the robot to any
closed curve. The construction and use of the GNT was baggdce in the environment. Thus, the data structure is stite
on the motion primitive of chasing gaps until a critical evenwhen two paths to the same location are detected in the GNT,
occurs. Although this offers a clean and simple feedbagke one with the least number of gaps is recorded, and the
control to the robot, it is not sufficient for multiply conried  other one is eliminated. Although paths are no longer glgbal
environments. We state this negative result formally in thsptimal, they are optimal in the homotopy class to which the

following theorem: path belongs. No algorithm based only on our gap-chasing
Theorem 3:Termination of gap-chasing motion primitivesmodel can do better. In [20], a similar problem is considered
is not guaranteed in multiply connected environments. It is solved by changing the direction of navigation if the

Proof: Refer to Figure 10.(a). The environment does né@bot moves in the direction opposite to the goal. Without
have an inflection ray, or a bitangent complement. The robdtmeasurement of direction or distance, this is not possible
will chase one of the gaps, expecting it to split or disappeatder our gap-chasing model
and it will keep going around a boundary component forever.

] ) ] .D A. New assumptions for multiply connected environments
Furthermore, only using gap sensing, path optimality in . i
multiply connected environments cannot be achieved: Some critical events should be introduced that guarantee
) L .a chasing motion primitive to terminate. One way to do this
Theorem 4:Global path optimality is in general not possi- . : o .
ble using onlv gap sensin is to provide the robot with the capability of recognizing a
g only 9ap g location it visited before. This can be done providing thieato

Proc_)f: Consider Figure 11.(a). The robot has the ChOi‘Rf\?ith markersor pebbles When the robot makes contact for
of following a path to the left, or the right, to reach a gosieT the first time with a boundary component while chasing a

path on the left is longer in the number of gaps to chase, béﬁp, a pebble can be dropped. Later, if by chasing the same
it is shorter in distance. The only information availabldtis ap, the pebble is found, a critical event is triggered. This
number of gaps_to c_hase, b.Ut this is only an |nd|c_at|0n of hq dicates that the boundary component has been surrounded
“cluttered” a region is, and is not related to the distancbdo completely once. The robot is provided with a new motion

traveled. Given that no length is associated to the gap$, bB}imitive, surroundb), which commands the robot to trans-
paths are equivalent, and the robot cannot determine Wh\%}se completely the boundary componémince

is shorter. Furthermore, as shown in Figure 11.(b), the path

chosen by the robot may be arbitrarily longer than the skbrte 2In practice, crude distance information could be used to maleh s
path. [0 decisions.
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B. Constructing the GNT for multiply connected environraent

To construct the GNT, the vertices are now classified into
three types:

1) Primitive: Primitive vertices encode gaps that appear as
the robot moves.

2) Nonprimitive: Nonprimitive vertices are the parents of
vertices corresponding to gaps that merge, or they are
leaves that are not primitive but that merged with an
object, a landmark, or they are the only gap associated
with a particular boundary component.

Fig. 12. Start and end of a gap. From the robot's perspedtiecpoundary ~ 3) Block: A block vertex is a leaf that is not primitive,

components can be related to the beginning and end of a degatbndinuity. and its associated boundary components are the same of

some primitive or nonprimitive gap.
As before, when the robot is placed in a new environment,
all of the leaves of the GNT are marked nonprimitive because

The pebbles, as the gap sensor, are considered in an abstfgtobot has not yet seen what is behind the corresponding
sense, with an implementation that can vary. For exampdy, tH9aps. To guarantee that the robot will see the whole envi-
may be implemented using computer vision, or with a GP@nment, a surround motion primitive is executed for each
(assuming that the error of the GPS is small in comparis@h the components obR. The robot chooses arbitrarily to
to the size of the environment). Note that even if the GPgllow a boundary component not traversed before, and once
is available, its use is relegated exclusively to the pebif@is is completed, a new boundary component is selected. In-
implementation. The particular implementation of the gebbcrementally, the robot determines how to reach every baynda
is not important, as long as the robot is able to detect tHg@mponent, as various gaps get associated with them.
it has surrounded a boundary component once. Note that thdhe critical events are encoded in the same way as be-

pebblecould beimplemented with a localization method, bufore, with the following exception. Since the environmesit i
localization itself is not required. multiply connected, the homotopy class of paths between two

. locations may not be unique. From the robot’s perspective,
Gl;ll?e number'of pelbblgﬁ neided depﬁnéis oln thle part'ﬁ“r%(/vever, all paths through the GNT are equivalent because
construction algorithm. As we will develop later, thee ropot Jacks distance information. Therefore, pathg tha

algorithm proposed surrounds each boundary component, Qfi&qe the |east number of gaps are preferred. This heuristic

by one, recording all the gap critical events. If we furtheqg o guarantee that optimal paths will be preserved, but

assume that each of the bpundary component is uniquﬁ%fers paths that drive the robot through less clutteredsar
identifiable, only one pebble is needed. The somewhat StroRg , .hieve this, some paths are eliminated from the GNT as
assumption that each boundary component is identifiablefdﬁlowS Suppos',e that the sequenige, ..., ] of gaps read
justified from a minimalist point of view. Such critical even ¢ "tha GNT is the shortest sequehéé g]ﬁ gaps which reach
should be _detected to guaran_tee that the robot has exphmzed& particular object, landmark, or boundary component. The
whole environment. As the size of the boundary COMPONeNSsyciation of the object, landmark or boundary component

|nhcrﬁase_s, thNe |mﬂlﬁ|”11entatlonhqf fthe sgnsori b(la(;:%mes MR any gap other thap,,, is removed. If the object, landmark
challenging. Nevertheless, such information should bege boundary component is visible from the current positibn o
to make performance guarantees. In summary, the new fe

. . . "' {lve robot, then the association with any vertex is removed.
quirements for multiply connected environments are a sing|

b ) . . Given the previous procedure, some nonprimitive gaps may
Egg}%g}]::td the ability to uniquely identity each boundarl){ot be associated with any object, landmark or boundary

component. Any vertex corresponding to such gap is labeled
As with objects and landmarks, components @R are asblock Furthermore, if all of the children of a vertex are

associatedvith a gap. Particularly, the start and end of the gapbeled as block, and the vertex itself is not associatetl wit

are associated with the respective boundary components. &0 object, landmark or boundary component, then the vertex

example, in Figure 12, gag begins at boundary and ends itself is labeled as block and all of its children are elintéth

at the outer boundary. Gag begins at boundary component Thus, two block vertices cannot merge in the tree, since only

and ends at boundary componenand gapys begins and ends one is kept. Figure 13 illustrates this process. A splitbitark

at boundary component These are referred, respectively, agertex yields two block vertices. A block vertex returns to a

the start and end of a gap, and are recorded together witlhonprimitive status if it is associated with a new goal. In a

each gap, updating them accordingly if they change (a gagnse, keeping a branch full of block vertices does not aseare

end may change without causing a visibility event). Note ththe robot knowledge of the environment, because it can reach

if the boundary is never visible to the robot, there will net ball of the goals chasing other gaps. To summarize the previou

a gap associated with it. This is the case when the bounddigcussion, the following theorem is presented:

component cannot be reached in the connected component dfheorem 5:In the GNT for multiply connected environ-

R in which the robot is. mentschase(!) andchase(o) lead to motions locally optimal




IEEE TRANSACTIONS ON ROBOTICS 11

Fig. 14. Graph Navigation Tree simulation for a simply conadatnviron-
() (d) ment. (a) Initial position. (b) and (c) Intermediate momenthimdonstruction.
(d) The instant before the last nonprimitive gap disappears.

Fig. 13. Block vertices elimination. The vertices in the srewe marked

with the corresponding boundary component at their stattkBrertices are

denoted with dotted outlines. In (a), after the robot transes the trajectory

shown, the shaded vertex will be eliminated, since itselfisdhildren have robot is shown in Figure 14.(a). Because no gap has been

goals already in the tree, yielding (b). As the robot movest{@ boundary explored all vertices of the tree are circles (nonprimiti}aps)

component becomes associated with a gap closer to the root, which peedui:_ ! . :

further elimination of block vertices (d). igure 14.(b) and (c) show different states of the the GNT, as
nonprimitive gaps are being explored. In Figure 14.(c) it is
particularly clear that the two vertices on the bottom-kafe

N . . . . encoding two regions that will not split, whereas all of the

in distance td or o, between any possible pair of positions "bther branches encode all of the other possible destirgaiion

R. Proof: With the arqument of the oroof for Theorem 2the environment. Figure 14.(d) shows the moment just before

: 9 P the[ last nonprimitive gap disappears. It can be seen that all
we argue that each object, landmark and boundary compon Nor leaves of the GNT are squares
is visible at least once to the robot. Thus, if vertices are Figure 15 shows an example in wh'ich the robot was asked

not ellm_lnated from the GNT, there is at least one path {8 construct the GNT, and to encode the position of the object
each object, landmark, or boundary component. Furthermore

. L . . .C%resent in the environment. Once this task is completed, the
vertices are eliminated only if there is another path (whi . .
obot moves all the square objects of a certain color to the

generates a smaller sequence of gaps). Once such path’is : . X
selected to remain in the GNT, local optimality follows fro corresponding circle of the same color. Figure 15.(a) shows

Theorem 1 Mhe tree when the con_struct_ion is completed _(aII of the_ leave
’ are squares). From this point, the robot begins to deliver th
objects until this new task is completed (Figure 15.(b)).
VII. I MPLEMENTATION Finally, in Figure 16, a simulation in a multiply connected
We implemented a simulation of the algorithms for thenvironment is presented. The GNT is shown for the position
GNT in simply and multiply connected environments. We alsof the robot, denoted as a black disc. The two trees correspon
validated the GNT sensing requirements on a mobile robotto the GNT before and after the boundary comporignivas
surrounded.

A. Simulations

Figure 14 shows a simulation of the GNT construction. THe: EXperiments with a Pioneer mobile robot

position of the robot is marked with the large black disc, We performed some limited experiments to test the validity

which also serves as the root of the graphical representatif our sensing model. The platform was a Pioneer 2-DX with

of the GNT. Primitive vertices are shown with a squardwo laser range finders. A merge event is shown in Figure 17,
nonprimitive ones with a disc. Dark (red) and light (greenp which two gaps are merged into one when the robot

color vertices hide regions of the environment to the rigtitides behind a corner. Although the gap-chasing procedure
or to the left, respectively. The branches of the GNT aieplemented here was enough for our simple experiments,
aligned with the gap they represent, but this is only forigtar a more robust navigation system following discontinuities

of presentation. Recall that no exact angular informat®n should be implemented (such as the one presented in [30],
used when constructing the GNT. The initial position of theshich uses similar models).
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@)
(b)
Fig. 17. Gaps merging. Figures (a) and (b) show the positidghefobot and
the corresponding gaps before and after the merge critiealtes detected.
(b) procedure should be implemented (this becomes even more

important in the multiply connected case). The second issue

Fig. 15. Object finding simulation for a simply connected emvinent. In IS that optimality is potentially lost, because the gapsahg
(a) the state of the Gap Navigation Tree is shown, after thsteaction phase procedure does not incorporate the robot radius.
concluded. In (b) the tree is shown, after all of the objeetgstbeen delivered.

VIII. CONCLUSIONS

This paper presented the Gap Navigation Tree (GNT) data
structure, and its use for optimal navigation in unknownienv
ronments with a robot that has limited sensing. The nawgati
paths are optimal, even though no distance or other exact
geometric measurements are made by the robot. The GNT
is constructed from detecting online visual events, yiedi
a simple but powerful framework for solving visibility bake
tasks in the plane. Our approach studies minimal informatio
a robot should gather to solve a task. The GNT shows that the
need of an exact geometric representation of the envirohmen
or localization, may be ignored to solve some visibility-
Fig. 16. Simulation in a multiply connected environment. TheT38lshown ba-lse-d tasks. Moreqver’ noF Only are exact representations
for .the .position of the robot denoted with the the black d.'rstai). In (b) and ellmlnateq,_bgt the information needed by the robot can be
(c), the GNT is shown before and after the boundary compohgnivas greatly minimized.
surrounded, respectively. The Iatigk of some vertices indi_cates t_he_ir_ start  The GNT is well suited for 50|Ving other visibility tasks. We
spilizﬁ. boundary component. Vertices without such labelitirer gorimitive appl_ied it for pursuit-evasio_n in _unknown environ_ments][lg

but its use for other tasks is still open. As mentioned in the
introduction, the localization problem is easily descdlia
terms of visual events, and the use of the GNT in this case is

Even though our experiments were much simpler than tegaightforward, following the algorithms in [11], [18]
ones we used in simulation, we are hopeful that the sensingdne common concern from an experimental point of view is
requirements are met in many real settings. For examples magat range data can be used to make gap tracking more robust.
also based on visibility events and constructed by two ®ba¥loreover, it may seem strange that we discard such data if
were presented in [36] for more challenging environments.is readily available. Our paper, however, is concerneth wi
Further experimental work is still needed to evaluate the fuletermining the least information needed by any algoritm.
applicability of our model. For example, the use of two lasgjractice, however, extra information could be used to msee
range finders seems an overkill for the problem at hangbustness. The ideal gap sensor as presented here wakjd lik
Also, the experiments were done in an artificial environmegdil in a real setting due to noise. The range information may
using cardboard as the environment boundary. The robisstngs used to construct a better gap sensor, but in the end, only
of gap sensing in the presence sfall gapsin a real

environment remains to be tested. Finally and perhaps m r3énstead of comparingisibility skeletonsconfigurations of the GNT should
’ %e used. It is remarkable that such an algorithm will work veactly the

importantly, in_ a real setting_ the_ robot is not a pOinj[' ThiBormation discarded by the visibility skeletons, becatise spurious edges
raises two main issues. The first is that a robust wall-falhgw correspond to the visible gaps in an aspect cell.
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the gaps matter. Although experiments validating the sgnsi [7] A. Datta and C. Icking. Competitive searching in a gerieeal street.

model were presented, some practical issues remain to be
solved. The most important ones are related to the gap tr@cki
process. Since the gaps have to be tracked at all times, t

implementation of the gap sensor should be robust enough.
An important issue is when a critical event is not detecte&g]
by the robot (due a noisy reading from the gap sensor, fiao]
example). In this case, complete branches of the GNT may
be lost, or the robot may chase the “wrong” gaps to ream]
a goal. An interesting problem is to detect such errors also
from the critical events, and to devise a strategy to recaser

much of the already-built tree as possible. Another dioecti

12]

is to determine which sensing capabilities should be added t
make the gap sensor more robust. In doing so, the minimalistl A- Elfes. Sonar-based real world mapping and navigati®®&EE J.

approach should be still considered in terms of the abstrft\g] M. Erdmann. Understanding action and sensing by desigaiction-

sensors. Our proposal here is that by removing information
requirements in the algorithmic side, measurement errors(3]
the sensors could be solved cleanly and directly. One exampl
of this is the pebble implementation proposed in Section lIte6]
through a GPS. If a GPS is available, it is tempting to build
a geometric model of the environment, since the Iocalimati([)l?]
problem has been solved for us. In such a case, we will have
to rely on the error measurements of the range finders, and*$i
the GPS itself. If instead the effort focuses on the task attha

we may find that such measurements are not needed. In the

tasks presented in this paper, only depth discontinuitied,a [19]

pebble should be detected. Using the GPS as a pebble solves

he
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