Chapter 3

Mapping and Navigation

As alreadymentionedthe taskthe robot hasto performis to navigatethroughan un-
known unstructurecervironmentand reacha target landmarkspecifiedby a human
operator This taskis not easyto solve, sinceit hasto be carriedout in a comple
ervironment,andthe target canbe occludedby otherobjects. Purelyreactive robotic
systemswould have problemstrying to accomplishthis task, sincethey do not build
ary modelof the environment. If the targetwerelost, it would be difficult to recover
its visibility andcontinuethe navigationtowardsit. For thisreasonwe thoughtthatthe
robotshouldbuild a mapof the ervironmentin orderto navigatethroughit. Theinfor-
mationstoredin the mapmustpermittherobotto computeits location,the locationof
thetarget,andhow to getto this target. Althoughthe objective of this PhD thesisis to
develop a navigation systemfor indoorervironmentswe have useda maprepresenta-
tion thatalsoworks outdoors,sincethis is the next milestoneof the projectin which
we areinvolved. Thus,insteadof usinga grid-basedapproachthe mostwidely used
approachor indoor environments,we have useda topologicalone, mostappropriate
alsofor outdoors.

Our approachis basedon the model proposedby Prescottin [55]. The princi-
plesunderlyingthis modelareinspiredby studiesof animalandhumannavigationand
wayfindingbehaior. Thismodel,calledbeta-codficientsystemdoesnotonly dealwith
how to representhe ernvironmentasa map,but alsoaddsa mechanisnfor computing
thelocationof landmarks~vhenthey arenot visible, basedon the relative positionsof
thelandmarks.This mechanisnis whatwe have usedto provide therobotwith orienta-
tion sensesinceit capturegherelationshipamongdifferentplacesof the ervironment.
Therobotmakesuseof this orientationsensdo computethelocationof thetargetwhen
it is occludedby otherobjectsor obstacles.

In this chapterwe firstly describehow Prescots modelworks whenthe robot is
ableto have exactinformationaboutits ervironment,andthenwe explain how we have
extendedit to work with impreciseinformation. We also describethe methodused
for dividing the ervironmentinto appropriatedopologicalregions,andfinally how the
topologicalmapis usedto navigatethroughthe ervironment.
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Figure 3.1: Possiblelandmarkconfigurationand points of view. LandmarksA, B, C
andT arevisible from viewpoint V. Only landmarksA , B and C are visible from
viewpoint V'

3.1 Beta-coefficientSystem

The ideabehindPrescott modelis to encodethe location of a landmark(which we
referto astarget— notto confusewith thetargetor goal of the Navigation system)with
respectto the location of threeotherlandmarks. Having seenthreelandmarksanda
targetfrom a viewpoint (e.g.,landmarksA, B andC andtargetT from viewpoint V,
in Figure3.1),thesystemis ableto computethetarget’s positionwhenseeingagainthe
threelandmarksput not the target, from anotherviewpoint (e.g.,V'). A vector, called
the g-vectorof landmarksA, B, C andT, is computedas

B=X"1Xp (3.1)

whereX = [X4XpX¢c]andX; = (z;,y;,1)T, arethehomogeneou€artesiarcoor
dinatesof objecti, i € {A, B,C,T}, from viewpoint V. This relationis uniqueand
invariantfor any viewpoint if landmarksare distinct and non collinear The target’s
locationfrom viewpoint V' is computedas

Xh=X'3, (3.2)

whereX' = [X), X5 X(].

It shouldbe notedthat, althoughPrescotts systemworks with Cartesiancoordi-
nates,onceall the computationdave beendone,the resultingtarget’s locationis con-
vertedto polarcoordinatessince, aswill beseenn next chaptersthisis thecoordinate
systenthatusesthe Navigationsystem.

This methodcanbeimplementedvith atwo-layerednetwork. Eachlayercontains
a collection of units, which can be connectedo units of the otherlayer. The lowest
layer units areobject-units andthey representhelandmarkgherobothasseen.Each
time therobotrecognizes new landmark,a new object-unitis created. The unitsof the
highestlayerarebeta-unitsandthereis onefor eachg-vectorcomputed.

Whentherobothasfour landmarksn its viewframe, it selectoneof themto bethe
target,anew beta-unitis createdandthe 3-vectorfor thelandmarkss calculated.This
beta-unitwill be connectedo thethreeobject-unitsassociatedavith the landmarkgas
incoming connectionskandto the object-unitassociatedvith the targetlandmark(as
an outgoingconnection). Thus, a beta-unitwill alwayshave four connectionswhile
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anobiject-unitwill have asmary connectionasthe numberof beta-unitst participates
in. An exampleof the network canbe seenin Figure3.2h In this figure therearesix

object-unitsandthreebeta-units. The notationABC/D is understoodasthe beta-unit
thatcomputeghelocationof landmarkD whenthelocationsof landmarksA, B andC

areknown.

This network hasa propagatiorsystemthat permitsthe robot to computethe lo-
cationof non-visiblelandmarks.It works asfollows: whenthe robot seesa group of
landmarksit activates(setsthevalue)of theassociatedbject-unitswith theegocentric
locationsof theselandmarks.Whenan object-unitis activated,it propagate#s loca-
tion to the beta-unitsconnectedo it. Onthe otherhand,whena beta-unitrecevesthe
locationof its threeincomingobject-units,it getsactive andcomputeghe locationof
thetargetit encodesausingits S-vector, andpropagatesheresultto the object-unitrep-
resentingthe target. Thus,an activation of a beta-unitwill activatean object-unitthat
canactivateanotherbeta-unit,andsoon. For example,in the network of Figure3.2b,
if landmarksA, B andC arevisible, their object-unitswill be activatedandthis will
activatethebeta-unitABC/D, computingthelocationof D, whichwill activateBCD/E,
activating E, andcausingBDE/F alsoto be activated.In this case knowing thelocation
of only threelandmarks(A, B andC), the network hascomputedhe locationof three
morelandmarkghatwerenotvisible (D, E andF). This propagatiorsystemmakesthe
network computeall possibledandmarks’locations.Obviously, if a beta-unineedshe
location of a landmarkthatis neitherin the currentview nor actvatedthroughother
beta-unitsjt will notgetactive.

This propagationsystemaddsrobustnesgo the computationof non-visibleland-
marks sincealandmarkcanbethetargetof seseralbeta-unitatthesameime. Because
of imprecisionin the perceptioron landmarklocations the estimate®f thelocationof
atargetusingdifferentbeta-unitsarenot alwaysequal. Whenthis happensthe differ-
entlocationestimatesnustbe combined.Prescotiusesthe size of the 3-vectorasthe
criterionto selectoneamongthem.A beta-unitwith a smallerg-vectoris moreprecise
thanthosewith larger 3-vectors(see[55] for a detaileddiscussioron how to compute
the estimateerrorfrom the sizeof the §-vector). The propagatiorsystemdoesnot only
propagatdocationestimatesbut alsothe sizeof the largests-vectorthathasbeenused
to computeeachestimate.Whena new locationestimatearrivesto an object-unit,its
locationis substitutedvith thenew oneif thesizeof thelargests-vectoruseds smaller
thanthatusedfor thelastlocationestimatereceved.

The network createdby objectandbetaunits canbe corvertedinto a graphwhere
thenodesrepresentriangularshapedegionsdelimitedby a groupof threelandmarks,
andthe arcsrepresenpaths.Thesearcscanhave anassociatedost,representingnow
difficult it is to move from oneregion to another Althoughthe arcsarecreatedmme-
diatelywhenaddinga new nodeto the graph,the costscanonly be assignedafterthe
robothasmoved (or tried to move) alongthe path connectinghe two regions. In the
casethe pathis blockedby anobstaclethearcis assigne@ninfinite cost,representing
thatit is notpossibleto gofrom oneregionto theother Thisgraphis atopologicalmap,
andwe call its nodestopolaogical units. An exampleof how thetopologyis encodedn
agraphis shavn in Figure3.2c.

Thistopologicalmapis usedwhenplanningroutesto the target. Sometimeswhen
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Figure3.2: (a) Setof landmarkgb) associatedetwork (partialview) and(c) associated
topologicalmap

the positionof the targetis known, the easiesthing to do is to move in a straightline

towardsit, but sometimest is not (the routecanbeblocked,the costtoo high...). With

the topologicalmap, a routeto the target canbe computed.In Section3.4 a detailed
explanationon how to computeroutesto thetargetis given.

3.2 Extending Prescott's System:Moving to Fuzzy

The beta-codicient systemasdescribedy Prescottassumeshattherobotcancom-

putethe positionof the landmarkswith small errors,in orderto createthe beta-units
andusethe network. But this is never the case:the Vision systemprovidesthe robot

with inexactinformationaboutthe locationof landmarks.To work with thisimprecise
informationwe usefuzzy numbers.

3.2.1 Fuzzy Numbersand Fuzzy Operations

A fuzzy numbercanbethoughtof asa weightedinterval of realnumberswhereeach
point of the interval hasa degreeof membershiprangingfrom O to 1 [7]. The higher
this degree,the higherthe confidencehatthe point belongsto the fuzzy number The
function F4 (z), calledmembeship function givesusthe degreeof membershigor x
in thefuzzy numberA.

Beforedefiningthearithmeticwith fuzzy numbersye haveto introducetheconcept
of a-cut. Thea-cut (o € [0,1]) of afuzzy numberA, is theinterval {4}, = [a1,a2]
suchthat F4(z) >= a, Yz € [a1,as].

Let A and B befuzzy numbersand{ A}, and{B}, a-cuts. Thefuzzy arithmetic
operationsaaredefinedasfollows,

A+ B=C,s5t {C}a ={A}a ® {B}a Vo

A—B=0C,st.{C}a ={A}a ©{B}a Va

AxB=0C,st.{C}a ={A}a ® {B}a Vo

A+ B=C,s5t{C}a ={A}a ©{B}a Vo
wheretheoperationsp, ©, ® and@ areperformedonintervalsandaredefinedas

[a1, a2] @ [b1,b2] = [a1 + b1, a2 + b2]

[a1,a2] © [b1,b2] = [a1 — b2, a2 — b1]
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[a1, az] ® [b1,b2] = [min(a1b1,a1b2,a2b1,a2b2), maa:(a1b1,a1b2,a2b1, azbz)]
[a1,a2] @ [b1,b2] = [a1,a2] ® [év ﬁ]v 0 ¢ [b1,02]

3.2.2 Fuzzy Beta-coefficientSystem

To usethe beta-codficient systemwith fuzzy numbers,we simply perform the cal-
culationsdescribedin the previous sectionusing the fuzzy operatorsdefinedabove.
However, becaus®f the natureof fuzzy operatorssomelandmarkconfigurationsmay
not be feasible(the matrix inversionusedfor computingthe g-vector— Equation3.1-
may produceadivision by 0), sonotall configurationscanbe storedin the network.

Whenusingthe network to computethe positionof alandmark,we obtaina fuzzy
polarcoordinatgr, ¢), wherer and¢ arefuzzy numbersgiving usqualitatve informa-
tion aboutits location. An advantageof working with fuzzy coordinatess thatit gives
usinformationabouthow precisethe locationestimates, sinceit representshe loca-
tion notasa crisp coordinateput asa spatialregion wherethelandmarkis supposedo
be.

Anotherdifferencewith Prescot modelis the criterion usedto selectamongdif-
ferentestimatedocationsfor the samelandmark. In our extendedsystem,insteadof
looking at the size of the g-vectors,we usethe imprecisionof the estimatedocation
itself. Theimprecisionof alandmarkiocation, (1), is computedoy combiningtheim-
precisionin theheadingandin thedistanceasfollows. I}, (1) is theimprecisionin head-
ing, andit is definedby takingtheinterval correspondingo the 70%«-cut of thefuzzy
numberrepresentinghe headingto the landmark(seeFigure3.3). This imprecisionis
normalizeddividing it by its maximumvalueof 27. Similarly, I;(1) is theimprecision
in distanceandit is definedasthe 70% a-cut of the fuzzy numberrepresentinghe
distance.lt is normalizedby applyingthe hyperbolictangentfunction, which mapsit
into the [0, 1] interval. Finally, thetwo imprecisionsarecombinedaccordingio:

I(l) =X tanh(8 - (1)) + (1 = \) - [;_S:) (3.3)
where A weighsthe relative importanceof the two imprecisions,and 5 controlshow
quickly thetransformed; approaches. In ourexperimentswesetg = 1 andA = 0.2.
Whenan object-unitrecevesa new locationestimate jt computeshe imprecisionof
this estimate,comparest with the imprecisionof the currentlocation estimate,and
keepsgtheleastimpreciselocation.

3.3 Building the Map

In Section3.1we mentionedhatwhenthe robothasfour landmarksn its viewframe,
it createsa new beta-unitfor them. However, with four landmarkstherearefour can-
didatesto be the target of the beta-unit. Moreover, if the robot hasmore than four
landmarksin the viewframe, thereare mary possiblebeta-unitsto be created. More
precisely if therearen visible landmarksthereare (}) - 4 candidategor beingnew
beta-unitsHowever, it is notfeasibleto storethemall, firstly becausef thehugenum-
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70% a—cut
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Figure3.3: Computatiorof theimprecisionof theheadingowardlandmark asafuzzy
number

ber of combinationsand secondly and moreimportant,becausesomeconfigurations
arebetterthanothers.Thus,someselectioncriterion mustbe used.

Beforedescribinghe criterionwe have used we explain how theobstaclesrerep-
resentedn the map.We differentiatetwo typesof obstaclespoint obstaclegndlinear
obstaclesPoint obstaclesrethosetherobotcaneasilyavoid by slightly modifying its
trajectory sincethey do notcompletelyblock thepath.In ourindoorenvironmentsuch
obstaclesare boxes and bricks. In outdoorenvironmentsthey could be small rocks,
trees,etc. Theseobstacleslo not affect the global navigation, asthe Pilot cantackle
themalone,sothe Navigation systemdoesnot take theminto accountandthey arenot
storedin themap.Ontheotherhand linear obstaclesrelongobstacleshatcompletely
block the pathof the robot. They canalsobe avoidedby the Pilot, but the trajectory
hasto be drastically modified. In our indoor ervironmentwe use several bricks to
form theseobstaclesIn anoutdoorervironmenttheseobstaclesouldbefenceswalls,
groupsof rocks, etc. Sincetheseobstaclesdo highly affect the navigation task, they
have to berepresenteth the map,sothatthey aretakeninto accounwhencomputing
routesto thetarget. Theinformationabouttheseobstacless storedon the arcsof the
topologicalmap.An arcis labelledwith aninfinite costto indicatethatthereis anobsta-
cle betweerthe two regionsconnectedy the arc. Notice thatwith this representation
we canonly representhoseobstacleplacedalongtheline connectingwo landmarks.
Althoughin ourexperimentsve have designedheervironmentssothatthey satisfythis
condition, the systemwould alsowork if it werenot satisfied. However, in this latter
case the Navigation systemcould not take all the obstaclesnto accountandthus,its
performancevould be worse. The arcs’ labelsareupdatedwvhenerer the Pilot system
informsaboutthe presencef anobstaclebetweerntwo landmarks.

Going back to the selectioncriterion, given a set of landmarks,for which their
location is known, we seekto obtain a set of triangularregions with the following
constraints:

e Low collinearity: thecollinearityof aregionis computedas

afy
(3)?

wherea, § and~ arethethreeanglesof the triangularregion. The bestquality
is associatedo equilatertriangles,wherea = 3 = v = %, andhencetheir
collinearity is 0. Whenone of the anglesis 0, landmarkswould be maximally

Col(R) =1 — (3.4)



3.3. Building the Map 31

collinearand Col(R) = 1. The higherthe collinearity, the higherthe erroron
the computationof the 3-vectorandlandmarklocations(see[55] for a detailed
explanation). Therefore,the regionswith lower collinearity are preferred. For
example,in Figure3.4thetwo regionsontheright arepreferredoverthetwo on
theleft, sincetheregion ABD is too collineat

B B
C C
A A
D D

Figure3.4: Left badsetof regions;region ABD is too collinear Right goodsetof
regions

e Connectivity thesetof regionsmustbecorvertedinto agraphwith asinglecom-
ponentsothatthereis a pathbetweerany two nodesof thegraph.In Figure3.5,
the setof regionson theleft is not acceptablesincetherearetwo disconnected
componentsywhereasn the seton theright all theregionsareconnected.

B8 c B c
D D
A A
E E
G G
F F

Figure 3.5: Left badsetof regions;therearetwo disconnectedomponents.Right
goodsetof regions

e Corvex hull covering the regionsmustcover the corvex hull of the setof land-
marks,sothatthe ervironmentis representedompletely with no unrepresented
regions. In Figure3.6,thesetontheleft is not acceptablesincetheregion DFG
is notrepresented.

Figure3.6: Left badsetof regions;region DFG is missing.Right goodsetof regions
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e Nonoverlapping theregionsshouldnot overlapwith eachother If thiswerethe

case therobotcould be in morethanoneregion at the sametime, which could
causesomeproblemswhencomputingroutesto the target. For instancejf the
robotwerein the overlappingareaof the two regions, it would make no senseo

orderthe robotto move from oneregion to the other, sinceit would alreadybe
insidebothregions,andthe orderwould not have ary effect. Moreover, if oneof

theoverlappingedgess anobstaclethe pathfrom onesideof theadjacentegion

to theothersidewould beblocked,whichis obviously abadrepresentatioof the
ernvironment,sincethe robotmustbe ableto move aroundthe whole spaceof a
region. In Figure3.7,the setof regionson theleft is a badset,sincepartof the
obstaclebetweenlandmarksB andD lies inside the region ADC. In this case,
the associatedyraphwould have two nodes,ABD and ACD, which would be
connectedsotherobotwould think thatit canmove from region ABD to region

ADC, but it would find the pathblockedbecaus®f the obstacle.

B B

obstacl
D D

Figure3.7: Left badsetof regions;the obstaclebetweerlandmarksB andD is inside
theregion ACD. Right goodsetof regions

e Keepobstacles if anedgeof aregion is marked asan obstacle this edgemust

bekeptin themap,evenif it causesherobotto keephigh collinearregions.The
obstacleedgesarethe only onesthatcannotbe removedfrom the map. If we did
so,theinformationaboutthe locationof obstaclesvould be lost andwould not
betakeninto accountwhencomputingroutesto thetarget.

To computethe optimal setof regionsfor a given setof landmarkswe have de-

velopedanincrementablgorithmthattreatslandmarksoneby oneto updatethe map.
However, the algorithmonly startsworking whenthe locationsof at leastfour land-
marksareknown, sincethis is the numberof landmarksneededo createa beta-unit.
With thesefour landmarks,the mappingalgorithm computesthe bestset of regions
accordingto the constraintgyiven above. Then,the restof visible landmarks,f ary,
areaddedoneby oneto the alreadybuilt map. Whenaddinga new landmarkto the
map,two situationscanhappen:(1) the landmarkis insidean alreadyexisting region,
or (2) the landmarkis outsideary region. In thefirst case,the region containingthe
new landmarkis replacedby threenew regions(seeFigure 3.8). In the secondcase,
all the possiblenew regionsarecreatedseeFigure3.9). No matterthe situationof the
landmark,oncethe new regionshave beencreated the algorithmchecksif the result-
ing mapis still optimal. This optimizationconsistsof analyzingeachpair of adjacent
regionsandcheckingif their configurationis optimalaccordingto the constraintsIf it
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finds that someregionscould be changedso that a betterconfigurationis obtained,it
doesso. An exampleof this stepby stepupdatingis shavn in Figure3.10.

B B
c ‘ C
A A
Figure3.8: Adding anew landmark(D) locatedinsideanexisting region (ABC) result-
ing in the substitutionof the original region for threenew regions(ABD,ACD,BCD)

l C

Figure3.9: Adding anew landmark(D) locatedoutsideany existing regionresultingin
theadditionof two new regions(ACD,BCD)

Oncethe setof regionsis computednew betaandtopologicalunitscanbecreated.
For eachnew regionabeta-unitis createdor eachregionadjacento it, takingthethree
landmarkof thefirst regionastheencodingandmarksandthelandmarkof thesecond
regionthatis notin thefirst oneasthetarget. In otherwords,for eachpair of adjacent
regions, two “twin” beta-unitsare created. An examplecan clarify this explanation:
with theregionsABC andACD showvn ontherightin Figure3.4,thebeta-unitsABC/D
andACD/B would becreated Onetopologicalunit is alsocreatedor eachnew region,
andthe graphis updatedaccordingto the adjaceng of regions. Initially, the arcsare
labelledwith a default costof 1, andthey arechangedo oo whenever an obstacleis
detected. The topologicalunits correspondingo regionsthat are not usedary more
areremoved from the graph. However, beta-unitsare never removed, sincethey add
robustnesso the systemasin Section3.1.

Thistriangulationalgorithmneedghelocationof thelandmarkdo beknown (either
recognizedy theVision systemor computedy thebeta-codicientsystem) However,
notall landmarklocationscanalwaysbeknown. Thealgorithmonly takesinto account
thoselandmarkswhoselocationsareknown. This ensureghatthefive constraintsex-
plainedabove aresatisfiedonly for the locatedlandmarks.Whenoneof the unlocated
landmarkss seenor computedsomeconstraintsnight becomeunsatisfied Whenever
ary constraintis broken,the mapis rehuilt in orderto satisfyagainall the constraints.
This constraintoreakcanalsobe causedy the fuzzinessof the locations.Becausef
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Figure3.10: Adding anew landmark(E) into amapwith two regions(ABD andBCD):
first, region ABD is substitutedfor three new regions (ABE,ADE,BDE); after that,
optimizationfor regionsBCD andBDE is performedandthey aresubstitutedor the
new regionsBCE andCDE

the imprecisionof the locations,the map cansuddenlybe breakingsomeof the con-
straints.To avoid having aninconsistentmap,every oncein a while the satisactionof
the constraintss checled,and,if neededthe mapis retuilt.

3.4 Navigating Thr oughthe Environment

Thebeta-codiicient systemdescribedabove providesthe meandor computingthelo-

cationof atargetevenif it is notvisible. Thisis very usefulif therobotis navigatingin

an ervironmentwith a high densityof landmarksandobstacleghat occludethetarget.
In this casetherobotis ableto go towardsthetargetby seeingotherlandmarks How-

ever, in somecaseghe obstaclesnight be blockingthe directpathto thetarget. In this
case knowing the locationof thetargetis not enoughandan alternatve routeto reach
it mustbe computedusingthetopologicalmap.

Althougharouteconsist®of asequencef regionstherobotshouldnavigatethrough
in orderto reachthe target, only thefirst region is takeninto account. The reasorfor
doing sois that sincethe ervironmentis never fully known, the robot cannotcommit
to a givenroute becauset might encountemew landmarksand obstacleghat would
changethe shapeof the map,andpossibly therouteto thetarget. Therefore hereafter
insteadof talking aboutroutes,we will talk aboutdivertingtargets. A divertingtarget
canbe: (1) anedge betweertwo landmarkswhich therobothasto crossin orderto go
from oneregionto anotheyor (2) a singlelandmarkto whichtherobothasto approach.

Whenthe systemis asled for a diverting targetin orderto reachanothertamet,
it first finds out in which region the robotis currentlylocated,using the information
aboutthe landmarksvhoselocationis known. This region will bethe startingnodeon
the topologicalmap. The shortestpathfrom this nodeto ary of the nodescontaining
the target landmark(a landmarkcanbe componenbf several topologicalregions)is
computed. The edgeconnectingthe currentregion with the next one on the shortest
pathwill bethedivertingtarget. Theedgeis givenasa pair of landmarkspnethathas
to be kepton the left handside of the robotandanotherto be kepton the right hand
side,sotherobotknows which way the edgehasto be crossed.An exampleis shovn
in Figure3.11.In this casetherobotis in region ABC, thetargetis G, andthe shortest
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Figure3.11: Divertingtargetcomputation

pathto the target would be {ABC,ABD,BDE,BEFEFG}. Thus, the diverting target
would betheedgeAB.

However, it could happenthatthereis no suchshortestpath. The casesn which
suchpathdoesnot exist arethe following:

e Therobotis notin ary topologicalregion.

e Thecostof theshortespathis infinite. This meanghatthe pathis blockedby an
obstaclesoit is notavalid path.

e Thetamgetis notfoundin ary topologicalregion.

To solve thefirst two casesthemaphasto be enlagedwith virtual regionsthrough
which the robot can navigate. The ideais to let the robot move in an unknown area
outsidethemap. Thevirtual regionsarebuilt by placingsomevirtual landmarksaround
the existing map, and creatingthe appropriateregions using the samealgorithm as
describedn the previous section. An exampleof thesevirtual regionsis depictedin
Figure3.12. To force therobotto useregionsof the original map,the arcsconnecting
virtual regionsarelabelledwith a high cost(thoughnot infinite), sothatthey areused
only if it is absolutelynecessarywith this enlagedmap,the shortespathis computed
again.However, it canbethatthe edgeto be crossedcontainsonevirtual landmark.In
this casetheedgecannotbegivenasthedivertingtarget,sincethevirtual landmarksio
not exist on thereal ervironmentandcannotbetracked. In this situation,the direction
tothemiddlepointof theedgeis computedandgivenasthedivertingtarget. Weassume
thatthereis alwayssomefreespacearoundtheexploredareasothattheregionscreated
with thevirtual landmarkscanbetraversed.

In the casethetargetis notin arny topologicalregion, thereis no way to compute
which shouldbethe next region to visit, sincethereis no destinatiornode. Whenthis
happensthe divertingtargetis setto ary of thevisible landmarkshopingthaton the
way to this diverting target, the map is updatedand the target for which a diverting
targethasbeencomputeds incorporatednto it.
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original map

S N

enlarged map

Figure3.12: Enlaging the mapwith virtual regions(dottedlines)

3.5 FutureWork

Although the extensionof Prescott method,togethemwith the algorithmsto compute
divertingtargets,is enoughfor permittinga robotbuild a mapandnavigatethroughan
unknown environment,we would like to explore other mappingmethods so that the
combinationof the differentmethodsaddsrobustnesgo the Navigation system.With

the currentmappingmethod the robotneedgo seeat leastthreelandmarksn orderto

beableto usetheinformationstoredin the map. We would like to develop someother
mappingmethodgo copewith the situationsan which therobothasvery little informa-
tion (i.e. lessthanthreelandmarks). Thesemethodswould be even more qualitatve
thanourfuzzy extensionof Prescott method.We could,for example,look atthefield
of SpatialCognition,which workswith spatialrelationshipsuchas“landmarkX is at
theleft handsideof theline connectindandmarkY andlandmarkz”.



