Chapter 1

Intr oduction

robot
Fromtranslatiorof 1920play“R.U.R” (“RossumsUniversalRobots”),by Karel
éapek(1890—1938),from Czechrobota“forced labor, drudgery”,from robotiti
“to work, drudge”, from Old Church Slavonic rabota “servitude”, from rabu
“slave”, from a Slavic stemrelatedto Germanarbeit “work”.

1.1 Overview and Motivation

Sincethelate 1960s,with the developmentof SRI's Shaley robot[54], artificial intel-
ligence(Al) and mobile roboticshave beencloselyrelated. A mobile robot mustbe
autonomousdeal with uncertainty plan and decidewhatto do, reactto unpredicted
situationsthatis, it hasto overcomereally hardproblemsif we wantit to actin anin-
telligentandautonomousvay. Thus,mobile robotsposeoneof the biggestchallenges
for Al.

Although impressie successebave beenobtainedsinceShaley, it cannotstill be
saidthatthe objective of having truly autonomousobotshasbeenachierzed. Oneof the
fieldsin whichthereis still muchto dois onmobileroboticsfor unknovn ervironments.

Roboticsystemdfor navigating throughunknown environmentsare a focusof re-
searchin mary applicationareasncluding,amongothers,spacecraffroversfor Mars
andthe Moon) and searchandrescuerobotics. Thesesystemshave to performvery
differenttasksfrom looking for rocks,picking themup andanalyzingthem,to assess-
ing damage®r looking for survivors aftera naturaldisasteror accidenthashappened.
However, they all sharetwo key characteristicsfirst, they have to achieve their goals
autonomously andsecondthey have to navigatein unknovn ervironments.

Thefirst key point in theseapplications,autonomy arisesfrom the impossibility
of alwayshaving a humanoperatorcontrolling the robotic system.Althoughtheideal
situationwould beto have anexpertoperatorcontrollingtherobot,thenecessargondi-
tionscannotalwaysbe met. Theseconditionsareusuallyrelatedto the communication
betweerthe operatorandthe robot. In mary situationsit is very difficult to guarantee
thatthe communicatiorlink will berobust,in termsof speedandavailability. A clear
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exampleis foundon planetaryexplorationmissions.A majorproblemin suchmissions
is the distancebetweerthe robotandthe control station(usuallylocatedon the Earth);
thetime of sendinganorderto therobotandhaving it executedcanbein the orderof

minutes. In the casea fastreactionwere needed changingthe trajectoryof therobot,
selectinga new scientifictargetthat might be morerelevantto the mission,etc.), this
time would not be acceptableat all. Anotherdisadwantageof dependingon external
agentgbeit ahumanor ary otherdevice — e.g. a GPSdevice for localisation)is that
therobotcangetblockedif any of theseagentgproviding basicinformationfor accom-
plishing the task crashes.This would leave the robotwith no meansto continuewith

its mission. Therefore,all the decisionsshouldbe taken on-board,without having to

exchangecommandsor informationwith ary externalagent,or at least,malke this ex-

changeminimal, suchassendingonly informationabouttaskinitialisation (e.qg. target
selectiontaskdescriptiongtc.).

The otherimportantpoint for suchapplicationsis navigation The robot mustbe
ableto startin anunknawn locationandnavigateto a desiredtarget. Navigationin un-
known unstructuree@rnvironmentgs still adifficult openproblemin thefield of robotics.
Thefirst difficulty of suchanervironmentis thatthereis noapriori knowledgeaboutit,
andthereforea mapcanonly bebuilt while exploring. Secondlyunstructureenviron-
mentsarecharacterizedprecisely by the lack of structureamongthe differentobjects
of theworld. This is usuallythe casefor outdoorervironments.On the otherhand,in
structuredervironments suchasoffices,buildings, etc. mary suppositionsabouttheir
structurecanbe done. For instance walls and corridorsare straight,they are usually
orthogonal mostof the doorshave the samesize, etc. Thesecharacteristicarevery
helpfulwhenbuilding amapof theenvironment,asits structurecanbeinferredwithout
the needof sensingthe whole ervironment. Contrarily, in unstructurecervironments
suchsuppositionglo nothold, sotherobotcanonly rely ontheinformationit is ableto
gatherfrom its sensorsThis makesthetaskof mapbuilding andnavigatingevenmore
difficult.

This researchwork is part of a larger roboticsproject. Anotherpartner(IRI%) in
the projectis building a six leggedrobotwith on boardcamerador outdoorlandmark
recognition. The goal of the projectis to have a completelyautonomousobot capable
of navigatingin outdoorunknonn ervironments. A humanoperatomwill selectatarget
usingthe visualinformationrecevedfrom the robot’s cameraandthe robotwill have
to reachit without ary interventionof the operator The robot could alsohave anim-
ageor descriptionof the target, so the humaninterventionwould not even be needed
for selectingthe target. A first milestonefor achieving the final goal of the projectis
to develop a navigation systemfor indoor unknown unstructuredervironmentsfor a
wheeledrobot. Moreover, the ervironmentsof this first stageare composedf easily
recognizablédandmarkssincethevision systemfor outdoorss not yet available.

We proposea robot architectureto accomplishthis first milestone. The approach
usedandthe resultsobtainedare the subjectof this thesis. The robot architectureis
composedf threesystems:the Pilot system,the Vision systemand the Navigation
system.Eachsystemcompetedor the two availableresourcesmotion control (direc-
tion of movement)andcameracontrol (directionof gaze). Thethreesystemdave the
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following responsibilities.The Pilot is responsibldor all motionsof the robot. It se-
lectsthesemotionsin orderto carry out commanddrom the Navigation systemand,
independentlyto avoid obstaclesThe Vision systemis responsibldor identifying and
trackinglandmarks(including the targetlandmark). Finally, the Navigation systemis
responsibldor choosinghigherlevel decisionsn orderto movetherobotto aspecified
target. This requiresrequestinghe Vision systemto identify andtrack landmarks(in
orderto build a mapof the environment)andrequestinghe Pilot to move therobotin
variousdirectionsin orderto reachthe goal positionor someintermediatdarget.

Fromthe brief descriptionof therobotarchitecturegivenabove, it canbe obsered
thatthethreesystemsnustcooperateandcompete They mustcooperatdecausehey
needoneanothelin orderto achieve theoveralltaskof reachinghetargetposition.But
atthesametime they arecompetingfor motionandcameracontrol.

The Navigation systemis implementedasa multiagentsystem whereeachagent
is competenin a specifictask. Dependingon its responsibilitiesandthe information
receved from otheragents,eachagentproposesvhich actionthe Navigation system
shouldtake. Again, we find that the agentamustcooperatesincean isolatedagentis
not capableof moving therobotto thetarget, but they alsocompetepecausalifferent
agentsvantto performdifferentactions.

The problemof cooperatiorandcompetitionbetweerdifferentagentss very com-
mon in robotics,and BehaviorbasedRobotics[3] addressesxactly this issue. This
approacho robotic systemslealswith coordinating or arbitrating,differentbehaviors
sendingrequestdor actions,usuallyincompatiblewith eachother, to arobot. Therole
of the coordinationis to selecta singleactioncommandhatwill be sentto the robot.
Whenthis actionis a selectionof one of the behaviors’ requestswe talk aboutcom-
petitivecoordinationwhereasf the actionis a mix of severalbehaiors’ requestswe
talk aboutcoopeative coordination.In our architecturegachagentplaystherole of a
behavior, andthereis anadditionalagentplayingtherole of coordinator

For boththeoverallrobotsystemandthe Navigation systemwe proposehe useof
a new competitive coordinationsystembasedon a bidding medanism In the overall
robotsystemtheNavigationandthePilot systemgeneratdidsfor theserviceoffered
by the Pilot andVision systems.Theseservicesareto move the robottoward a given
direction,andto move the cameraandidentify the landmarksfound on its view-field,
respectiely. The serviceactuallyexecutedoy eachsystemdepend®nthewinning bid
ateachpointin time. Similarly, in theNavigationsystemgachagentbidsfor theaction
it wantstherobotto perform. Thesebidsaresentto a specialagentthatgathersall bids
anddetermineghe winning action. The selectedactionis thensentasthe Navigation
systems bid for the servicesof the Vision andPilot systems.

The architecturgust describedabove is actually an instantiationof a generalco-
ordinationarchitecturewve have developed. In this architecturehereare two typesof
systems:executivesystemsand delibemative systems Executive systemshave access
to the sensorsand actuatorsof the robot. Thesesystemsoffer servicesfor usingthe
actuatordo the restof the systemgeitherexecutve or deliberatve) andalsoprovide
information gatheredrom the sensors.On the other hand,deliberative systemsake
higherlevel decisionsandrequirethe servicesofferedby the executive systemsn or-
derto carryout thetaskassignedo therobot. Althoughwe differentiatebetweerthese
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two typesof systemsthe architectures not hierarchical,and coordinationis madeat
a singlelevel involving all the systems.This coordinationis basedon a simplemech-
anism: bidding. Deliberative systemsalwaysbid for the servicesofferedby executive
systemssincethis is the only way to have their decisionsexecuted.Executive systems
thatonly offer servicesdo not bid. However, thoseexecutive systemghatrequireser
vicesfrom ary executive system(including themseles) mustalsobid for them. The
systemsid accordingto the internalexpectedutility associatedo the provisioning of
aservice.A coordinatorrecevesthesebiddingsanddecidesvhich serviceeachof the
executive systemshasto engageon. In the instantiationfor our navigation problem,
thereis a deliberatie system,the Navigation system,one executive systemthat bids,
the Pilot systemandoneexecutive systemthatonly offersservicesthe Vision system.

To navigatein anunknowvn ervironment,the robotmustbuild a map. Existingap-
proachesssumehatanappropriatelydetailedandaccuratenetricmapcanbeobtained
throughsensingheenvironment.However, mostof theseapproachesely onodometry
sensorswhich canbe very imprecise,dueto the wheelsor legs slipping, andleadto
mary errorsthatgrow astherobotmoves.

Our approachconsidersusing only visual information. The adwantageof using
visual informationis thatit is independenbf arny pastactionthe robot may have per
formed,whichis notthe casefor odometry The robotmustbe equippedwith arobust
vision systemcapableof recognisingandmarksandusethemfor mappingandnavi-
gationtasks. The specificscenariathat we are studyingassumeshatthereis a target
landmarkthat the robot is able to recognizevisually. The targetis visible from the
robot’s initial location (so that the humanoperatorcan selectit), but it may subse-
quentlybe occludedby interveningobjects. The challengefor the robotis to acquire
enoughinformationabouttheervironment(locationsof otherlandmarksandobstacles)
sothatit canmove alonga pathfrom the startinglocationto thetarmget.

But even vision-basecdhavigation approachesissumeunrealisticallyaccuratedis-
tanceanddirectioninformation betweenthe robot and the landmarks. We proposea
fuzzy setbasedapproachthat assume®nly very rough vision estimationof the dis-
tancesand,thereforedoesnotrely on ary localisationdevice.

Themaingoal of our researchs to designa robustvision-basedavigation system
for unknowvn unstructurecervironments. In particulay we want to provide the robot
with orientationsensesimilar to thatfoundin humansor animals.Therationaleof the
orientationsensas thattherobotdoesnotneedto know theexactroutefrom its starting
pointto thetarget’s location, but it useslandmarksasreferencedo find its way to the
target. To make a parallelwith humanswhengiving directionsfor going someavhere
in our city, no one gives exact distancesturning angles,etc., but gives approximate
distancesand more important,referencepoints (distinctive placessuchas buildings,
squaresetc.) that help us gettingto the destination.In our approachthis orientation
senseis realizedby the useof landmark-basedhavigation topological mappingand
qualitative computationof landmarklocations. We give a brief definition of eachof
thesethreeconcepts:

e Landmark-basedavigation A landmarkis a visually salientobjectof the envi-
ronmenttherobotis ableto identify. Othernavigationapproachethatdo notuse
vision systemalefinea landmarkasa setof featuregherobotcandetectwith its
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sensorgusuallysonaror laserreadings) As the robotexploresthe ervironment,
it storesthe detectedandmarkson a map. Whentherobotneeddo locateitself

onthe map,it candoit by matchingthe detectedandmarkswith the landmarks
alreadystoredon the map. This approactavoidsrequiringodometryasthe main

informationsourcefor navigatingandbuilding maps.

e Topological mapping thisapproacho mapbuilding hasacloserelationshipwith
landmark-basedavigation. A topologicalmapis usuallya graph,wherenodes
represenfandmarksand arcsrepresenpathsor motion instructionsfor going
from onelandmarkto another The advantageof this approachs thatthereis no
needfor building accurategeometricnaps.Storingthe topologicalrelationships
amongthelandmarksn the ervironmentis enough.

e Qualitative computation we usethe term “qualitative” in the sensethatwe do
not needto work with exact distanceor angleinformation; we can deal with
someimprecisionaboutit. More specifically we dealwith it by meansof fuzzy
numbersandfuzzy arithmetic. Thus,whenwetalk aboutqualitatively computing
thelocationof alandmark,it meanghatwe aretakinginto accountthe possible
imprecisionaboutits location.

Our map representationhowever, is slightly differentfrom the one given above.
The mapis a labeledgraphwhosenodes,insteadof representingsolatedlandmarks,
representriangularshapedregions delimited by groupsof three non-collinearland-
marks,andwhosearcsrepresenthe adjaceng betweerregions,thatis, if two regions
sharetwo landmarks the correspondinghnodesare connectedoy an arc. The arcsof
the grapharelabeledwith coststhat reflectthe easines®f the path betweenthe two
correspondingegions.A blockedpathwould have aninfinite cost,whereasflat, hard
paved pathwould have a costcloseto zero. Sincethe mapis not given, but built while
the robot moves,thesecostscanonly be assignedafter the robot hasmoved (or tried
to move) alongthe pathconnectinghe two regions. Althoughthe adjacenyg of nodes
in our graphalsorepresentadjaceng of topologicalplacesthearcscontainonly cost
information, not instructionson how to getfrom one placeto another But, actually
this informationis not missing, it is implicit in the adjaceng of regions. Giventhat
two nodesareadjacenbonly if their regionssharetwo landmarksit is clearthatto go
from oneregion to anothertherobothasto crossthe edgeformedby the two common
landmarksunlesgthereis along obstacleblockingthis path.

Although this topological map would be suficient for carrying out navigational
tasks, we also provide the robot with the capability of storing the spatial relation-
shipsamonglandmarks.To realizethis capability we have extendedPrescotis beta-
coeficientssysten{55]. Prescots modelstoregherelationshipsamongthelandmarks
in the ervironment. The locationof alandmarkis encodedbasedon the relative loca-
tions (headingsanddistancesf threeotherlandmarks Thisrelationships uniqueand
invariantto viewpoint. Oncethisrelationshiphasbeenstored thelocationof eachland-
markcanbecomputedrom thelocationsof thethreelandmarksencodingt, no matter
wheretherobotis located,aslong asthe robot cancomputethe headinganddistance
to eachof thethreelandmarks.As therobotexploresthe environment,it storesthere-
lationshipsamongthelandmarkst seesThis creates network of relationshipsamong
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thelandmarksn the ervironment.If this network is sufficiently-richly connectedthen
it providesa computationamapof the ervironment.Giventhe headingsanddistances
to a subsebf currently-visiblelandmarksthe network allows usto computethe loca-
tions of all of the remaininglandmarksgvenif they arecurrentlynotvisible from the
robot. Prescotiassumedhatthe robot could have the exactdistancesand headinggo
thelandmarksbut aswe mentionedoreviously, we needto dealwith theimprecisionof
therealworld. To dealwith it, we have extendedthe modelusingfuzzy numbersand
fuzzy arithmetic. With this extension,if the targetis ever lost during the navigation,
therobotwill computeits locationwith respecto a setof previously seenlandmarks
whosespatialrelationwith thetargetis qualitatively computedpothin termsof fuzzy
distanceanddirection.

We have implementedhe overall architectureandthe Navigation systemandfirst
testedit over a simulator After obtainingpromisingresultson simulation,we have
implementedhealgorithmon awheeledrobotandtestedt onrealenvironments.

Although the tuning of our systemwas carried out throughthe experimentation
with therealrobot,we alsoemployedsimulationto apply machindearningtechniques
in orderto improve the performanceof the system. In particular we have applied
Reinforcement.earningandGeneticAlgorithms. We have usedReinforcement.earn-
ing to have the systemlearnto usethe cameraonly whenappropriate.The camerais
a very expensve resourceandit hasalsoa very high demand(the Pilot and several
agentscompetefor its control). Sincemanualtuning of the parametersontrolling the
agents’behaiors is very difficult, andthe problemwe aretrying to solve is a quanti-
tative trade-of, Reinforcement.earningis foundto bethe mostappropriatéechnique
to use,asits maingoalis to maximizeexpectedreward. We have obtainedgoodresults
that shaw the feasibility of applying Reinforcement.earningto improve our system.
Nonethelessye still needfurtherexperimentatiorandtuningof thelearningalgorithm,
in orderto integratethelearnedpolicy into the multiagentsystem.In parallel,we have
useda GeneticAlgorithm to tunethe differentparametersf the agents.The tuning of
theseparametergsannotbe donemanually neithercanit be doneusingReinforcement
Learning.Thereforewe have choserto usea geneticalgorithmapproach.

1.2 Contributions

The objective of theresearcltarriedout during the completionof this PhD thesishas
beento accomplishthefirst milestoneof the above mentionedoroject,thatis, develop-
ing a navigation systemfor indoor unknovn unstructurecervironmentsfor a wheeled
robot. More precisely we have focusedon the Navigation systemand on the overall
robot architecture. However, we have also had to implementsimple versionsof the
Pilot andVision systemsn orderto realizeandtestthe Navigation system.

As it may have alreadybeennoticed,this work hastwo mainresearchhreads:the
control architectureandthe mappingand navigationmethod

Regardingthe control architecture, we have proposed generakoordinatiorarchi-
tecturethatusesa biddingmechanisnior coordinatingagroupof systemgandagents)
that control a robot. This mechanisntanbe usedat differentlevels of the control ar-
chitecture.In our case we have usedit to coordinatetwo of the systemsof the robot
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(NavigationandPilot systemsandalsoto coordinatehe agentshatcomposdhe Nav-

igation systemitself. Moreover, the multiagentview of the Navigation systemcould
alsobe appliedto othersystemshaving a multiagentPilot or a multiagentVision sys-
tem. Using this bidding mechanismthe actionactually being executedby the robot
is the mosturgentoneat eachpoint in time, andthus,if the agentsbid rationally, the
dynamicsof the biddingswould leadthe robotto executethe necessargctionsin or-

derto reacha giventarget. An advantageof usingsuchmechanismis thatthereis no
needto createa hierarchysuchasin the subsumptiorarchitecturebut it is dynamically
changingdependingon the specificsituationof the robotandthe characteristicef the
ervironment. A secondadwantageis thatits modularview conformsan extensiblear

chitecture.To extendthis architecturewith anew capabilitywe would justhave to plug
in anew system(or agent).

Regardingthe mappingand navigation method we have extendedthe work pre-
sentedby Prescot{55], sothatit canbeusedwith fuzzyinformationaboutthelocations
of landmarksn the ervironment. This is of greatimportancewhenworking with real
robots,asit is impossibleto avoid dealingwith the imprecisionof real world ervi-
ronments. Togetherwith this extension,we have alsodevelopedmethodsthat permit
computingdivertingtargets,neededy therobotwhenthereis no clearpathto thegoal.

1.3 Publications

The publicationsrelatedwith this researchhathave beenpublishedasjournal articles
or in conferenceproceedingsirethefollowing:

e C. Sierra,R. Lopezde Mantarasand D. Busquets. Multiagentbidding mecha-
nismsfor robotqualitatve navigation. Lecture Notesin ComputerSciencePro-
ceedingATAL'00), vol. 1986 pagesl98—212 Springer Verlag,2001.

e D. BusquetsR. Lopezde MantarasandC. Sierra. A robust MAS coordination
mechanisnfor actionselection.Proceedingf 2001 AAAI Spring Symposium,
Stanfod, CA. Rolust AutonomySerig pages38—40,2001.

e D. BusquetsR. Lopezde MantarasC. Sierraand T.G. Dietterich. Reinforce-
mentLearningfor Landmark-base®obotNavigation. Proceedingof the First
International Joint Confeenceon AutonomousAgentsand Multiagent Systems
(AAMAS2002) pages841-842 ACM press2002.

e T.G.Dietterich,D. BusquetsR. LopezdeMantarasndC. Sierra.Action Refine-
mentin Reinforcement.earningby Probability Smoothing.Proceedingsf the
19thiInternationalConfeenceon MachineLearning(ICML'02), pagesl07-114,
2002.

e D. BusquetsT.G. Dietterich,R. LopezdeMantarasndC. Sierra.A multi-agent
architecturdantegratinglearningandfuzzy techniquedor landmark-basedobot
navigation. Topicsin Artificial Intelligence Lectuie Notesin Atrtificial Intelli-
gence(Proceedingsf CCIA02), vol. 2504 pages269-281,Springer Verlag,
2002.
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e D. BusquetsC. Sierraand R. Lopezde Mantaras.A multi-agentapproachto
fuzzy landmark-basedhavigation. Journal of Multiple-Valued Logic and Soft
Computing Old City Publishing(In press).

e D. BusquetsC. Sierraand R. Lopezde Mantaras.A Multi-agentapproachto
qualitatve landmark-basedavigation. AutonomousRobots Kluwer Academic
PublishergIn press).

1.4 Structure of the Thesis

This PhDthesisreportis organizedasfollows:

Chapter 1. Intr oduction

This chaptergivesanoverview of this PhDthesis,jits motivations,objectivesand
its main contritutions. It alsogivesallist of the publicationsoriginatedfrom the
researcltarriedout duringthe completionof thethesis.

Chapter 2. Relatedwork and state-of-the-art

Thischapteiis devotedto relevantrelatedwork andstate-of-the-arbn thefield of
autonomousobotsfor unknowvn unstructuredenvironments. The relevantwork
hasbeendividedin two parts,onefor eachmainthreadof researctof thethesis:
control architecturesand mappingand navigation methods. The relevantwork
concerningcontrolarchitectureglivesanoverview of thedifferentapproachesn
autonomousobotscontrol,focusingon the behaior-basedapproachRegarding
themappingmethodswe review andcomparehetwo mainapproachefor map
building, themetriconeandthetopologicalone.A comparisorbetweertwo dif-

ferentlocalisationapproachefandmark-baselbcalisationandmodelmatching)
is alsogiven.

Chapter 3. Mapping and Navigation

In thischaptemvefirstly describePrescotts modelfor storingspatialrelationships
amongthe landmarksof the ervironment. After that, we describehow we have
extendedthis modelfor dealingwith impreciseinformationaboutthelocationof
thelandmarks.We also presenthe algorithmfor building a topologicalmap of
the ervironmentandhow it is usedto computediverting targets,neededy the
robotwhenit is blocked.

Chapter 4. The Robot Ar chitecture

In this chaptera generakoordinationarchitecturébasedn abiddingmechanism
is presentedWe alsopresenthe particularinstantiationof the generalarchitec-
turethatwe have usedto solve the navigationproblem.A detaileddescriptionof
themultiagentNavigationsystemis alsogivenin this chapter
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Chapter 5. Simulation Results

In this chapterthe resultsof the simulatedexperimentsare presentedTheseex-

perimentsincludethe testingof our architectureandthe applicationof Machine
Learningtechnique$n orderto improvetheperformancef thesystem.n partic-
ular, we presenthe applicationof Reinforcement.earning,which we have used
to make thesystemearnhow to appropriatelyusethe cameraandanapplication
of GeneticAlgorithms, usedto tunesomeof the parametersf the agentsof the
Navigationsystem.

Chapter 6. Real Experiments

This chapteris devotedto presentthe resultsof the experimentson real envi-
ronmentswith a real robot. Firstly, the wheeledrobot platform and a simple
vision systemusedfor the real environmentsexperimentsare described.Then,
we describethe differentscenariosn which the experimentshave beencarried
out. Finally, the resultsof the experimentationn suchscenariosaregivenand
discussed.

Chapter 7. Conclusionsand Futur e Work

In this chapteywe summarizehe main contributionsof the thesis,andpoint out
someopenproblemsandfutureresearciperspeciiesthatwe planto tacklein the
nearfuture.



