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NorikoEtani

Abstract

hmulti一喝entenVironment，eaCha＄entCanbeworkingatcommongoal＄with

glob叫cooperativebeha＾ors・Inordertoformcooperation，agentSfirstmigrate

relatedkn0wiedge，local1yevaluatetheothers，requirements〉then喝ent8final1y

Canformaplmtoachievegoal＄・hordertoconstruCtamOdelintegrathgagent，＄

behaviorandcooperationamong喝ent8，．WePrOPOSefourgoalB；（1）cooperation

Of80ftw打ea＄ent8inthemultipleproce88e80fitBaqChitecttlreandthecommu－

nicaAionbetweena喀ent8tOa血ieveacommongoal，（2）ad叫abilityofa80ftwad：e

喝entWhenit8autOnOmOuS80ftweagentc弧COZLtrOlit8COrreCtbehawiorin

theenvironmentandcanmana＄ebothitskn0wiedgea皿dotheragents，mlgrated

kn0wiedgetoexecuteitsbehaNiorinkn0wiedge－1evel，（3）mobilityofareal－W。rld

mobilea＄entWhenmo旭ecomputerandautonomouBmObilerobotequlPPedwith

azletWOrkca刀いeXeCuteitsbehaNiorbykn0wiedgemlgrationbetweenmobuecom－

puterandautonomousmob鮎robot，and（4）tran＄ParenCyOfkn0wiedgemigration

Whenthecommmicatio皿reqtnreStOCOnStruCttranSParentknowledgeboundaJie8

betweenreal8P誠eandvirtual8PaCeWhichacomputergeneratesinitsdisplay．

hthiBdis8ertaiion，WePreSenttWO叩PrOadesforagentcollaborationto

resoIvetheabovementionedi8SueB・Asforthefirst叩PrOa血，Weintroduceso－

Cial昭enCymOdelforcon8truCtingaprototypeSyStemforguideactivitiesin

laboratory・Wb，then，fom山名etheinteractionbetween喝entBbaBedontheno－

tionofraiiozlal喝ent8・Asforthe8eCOnd叩PrOa血，Wepre8entanautonomous

■DoctorIBThe8i8，DepartznentofhfornationProceB＄1ng，GraduateSchoolofInformation

Science，N打ahさtituteofScience礼ndTbclm0logy；NAIST－IS－DT9861004IFebruary5，2001．
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喝ent）sarchitecturei皿SOCiala＄enCyaimedatcommunicatingwithotheragent8

inknowledge－1evel・Itsarchitectureisdesigneやbythreecriteria；（1）toexecute

Servicesonheterogeneousenvironments，（2）todevelopindependentsoftwarecom－

POnentS，and（3）tonegotiate喝ent，＄behaviorbetweensoftⅧeCOmPOnentSuSing

protoco15．

Themaincontrib11tionofthisdi8SertationhaBbeentointroducerolemodels

inobject－0rientedsoftwareenglneermg，PrOPOSetheagent，smodeltodetermine

bothagent’sbehaviorandcooperationamOngagentSallowingtoexpress（1）co－

OPeration，（2）adaptabnity，（3）mobility，and（4）tranSParenCy，andveribritsmodel

bydevelopingtheprototypesystem．Moreover，ithaBbeentoveri＆real－time

PerformanCeOfautonomousagent，sarchitectureforanautonomousmobilerobot

inthemodel・Thelatterresearchha8PrOVedthattheimplementationofagent

ad：ChitecturelevelpromisestohaNethepotentialoffindingimprovedcomponents

Of肌tO皿OmOuSleamngandplanZungallowinge瓜cientparal1elprocesslngand

quicktaL8kswitching．

Ⅸeyword5：

agentarchitectures†autOnOmOu8mObilerobots）multi－a＄entCOnaboration，real－

timeperfomanCe〉raiional喝enCy）80Cial喝enCy
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1．Introduction

Duetothespreadofcomputingandnetworking）thedemandofinterconnection，

andtheneedtomakedataaL：C鰯ibleatanytimeandanyPlaceareincreaBed．h－

formationenvironmentsarecomposedofdistributedIautOnOmOuSIheterogeneou8

COmPO皿ent8・Recent叩PrOaChi皿trOducessoftweagentsintosuchenvironment8

todealwiththe8erequeStS・Asopenenviro皿mentintroducesthedynamism，the

COmPlexityanddynamismoftheinformationenvironmentshaNeledtoaneedfor

activeinter払cesanddaptiveagents・Thereareapplicaiionssuchasinfomation

access，infomationfi1teringIelectromiccommerce）WOrk－flowmana＄ement，intel－

1igentmanufactmingIeducationIentertainment，andpersonalaLS＄istant．These

applicaiionshawearequeBtedcommonmechamismsofsearchingIeditingIuSlng，

PreSentiI唱，managlng，andupda血ghfomation．The80urCeSOfinfomation

areautonomoⅧSandheterogeneous）andmaybeaddedorremoveddynamically・

TheprocesslngmeChanismmustbeextensibleand丑exible・Agentteclm0logy

wi11perfomtheabovementionedta血0VerunPredictableenvironment8．Fbr－

ther，agentSCanbecongtruCtedlocallyforea血resourceandprovidedto

high－levelprotocolofi皿tera£tion．

hthisdissertationIWehmextendedthe8erVer－Clie皿tmOdelIandhmpro－

POSed anewcomputationalmodel・hthi8mOdelImOdde8andprocesse80f

COmPuterSyStemShaⅧagOaltoreali2H，autOnOmyICOOPera＾ionladaptab

andtranSPaqenCyOfkn0wiedgetofomcooperationamOngagentSinmdti－a＄ent

SyStem・Ⅵ毎researchdesignmethodologyonfouragencymodels：rationala＄enCy，

SOCial喝enCyIinteractivea＄enCyandadaptivea＄enCy．Andweresearchmobile

agentIsfunctionforane瓜cientcomplltingre80tlrCemanagementand弧enhaACe－

mentofservicesinordertoconstruCtadistributedcooperativeproceB＄1ng・Ⅵ毎

PrOPOSeSOCialagencymodelwhichisde8ignedfocuslngOnarOletoachievea

COmmOngOal，andcooperativemethodwhichi8knowledgemlgrationwithguid－

1ngauthoritybetw℃ena＄ent8inits80Ciala＄enCymOdelba£edono皿tOlogy－baBed

knowledgedescriptionfo1lowingKQML［13］．Thispropo8edmodelisreaAzedand

evaluatedbyaprototypesy8temOfguideadivitie8inalaboratorytumgamo－

bilecomputera皿danautonomou8mObilerobot・AndanautOnOmOu＄a＄叫，s

architectureincludingahumaninteractionforanautonomousmobileroboti8

developedtocompo8ebyindependent80ftwarecomponent8．Asaresultofexe－

1



Cutingguideactivitiesinahboratory〉aCOmmOngOalamongagent8h那ebeen

achieved・Tbenhancethi＄SyStem）anadaptiveta8kschedulingpolicyandcoop－

erativeco－eVOIvingarchitecturearepropo8edasfutureresearch．

1．1　Motivation

Computationalmodelsofintelligencehwea刀皿mberofadvantagesoverproblem－

SOIvingmethods・First）theycanbeqppliedwhenoneha80nlylimitedkn0wi－

edge・SecondIartificialintenigencecanbeappliedinthecontextofnon－nOISyOr

Stationaryobjectivefunction・So，artificialintelhgenceworksforawell－defined

domainifthedomainkn0wiedgeislimitedanddefinedcompletelywithotlt

intera£tionfromtheenvironment・Distributedartificialintelligenceisa・8ubfield

Ofa3tificialintelligencewhichhaBbeeninvestigatingknowledgemodels，aBWellas

COmmmicationandrea占OnlngteClmiquesthatcomputationalagent＄mightneed

toparticipateinsocietiescomposedofcomputersandpeople［43］．Thehypot

Si8underlyingthisdissertationisthattoqpplya喀enCymOdele銑氾tivelytosoIve

interactiveproblemswiththeenvironmentIeXPlicitnotion80fautonomymustbe

introduced・Antonomyisdefinedasautonomousagentdescribedin2．3．2．

1・2　CurrentApproadleS

ItiBPOintedoutthatresearcher＄indistributedartificialintelligencearecon－

CernedwithundefStandingandmodelingactionandknowledgeincollaborative

enterprises【17］・TwomainareaBOfresearchindistributedartificialintenigence：

di8trib甘tedproblemsoIvingandmulti－agentSyStemSaredistinguished［4】．Dis－

tributedartificialintelligenceconsidershowtheta慮ofsoIvingaparticulaRPrOb－

1emcanbedividedamOnganumberofmodulesthatcooperateinsharingknowl－

edgea・bouttheproblem・Al1interactionstrategiesareincorporatedaBanintegral

PartOfthesystem・Researchinmulti－agentSyStemSisconcernedwiththebe－

haviorofacollectionofautonomous喝entSaimlngatSOIvingaglVenPrOblem．

TheseproblemsoIversaneautonomousandheterogeneousagents・Jennings［43］

PrOPOSeSaframeworkthatprovide8aStruCtureforanalyzingandclassi如ngmost

Ofdistributedartificialintenigenceresearchactivities・Thethemestha・tJennlngS

WⅢexamineareaBfo1lows：

2



●The喝ent血ichinchdesal1theelement8CharacteriEinganagentinvoIved

inamulti－agentSyStem．

●ThegrotlPPerSPeCtivetogathcrtheelementsthaich打aCterizeagroupof

a＄entSWhidliBCOmPOSedoforganizaiionofthegroup，COOrdinationand

Plannlng，andcommlmicationandinteractions．

●Specificapproach飴StlCha80penSy8temS）re丑ectionIalltOnOmOⅦ＝唱entS，

andorganizationalinformationsystems．

●ThedesignerIstopic8SuChaBmethod8a瓜dimplementationteclmique＄for

buildingmulti一喝entSy8temSIteStbed＄）designtooIsa五d叩Phcation＄for

distributedartificialintelligence．

1．3　0bjectives

Thetraditionalserver－Clientappro誠hto8tlPPOrtwireleiSSandmobileapplid止ion8

haBreSultedinthedevelopmentofnewcomputaAionalmodels．Exten8ionsofthe

8erver－Clientmodelarebasedonthestationarya＄entSbetⅦ恍nthemobileclient

andthefixed8erver・haprototypesystemofguideactivitie8，aneWmOdelis

requiredtocommunicatebetweentLemobueserverandthemobileclient．The

pnmarygoalofthisdissertaAioniBtOdevelopanewagencymodelofcooperation，

adaptAbility，mObilityandtranSParenCythatcombine8andextend8idea8血om

rationala＄entOfBDIarchitecttlre【45］toimproveit8abnitytocommmicaAein

kn0wiedge－1evel■ThefonowlngObjectivesareourmi1estone8hachievingthi8

god．

●Tbdesignandinplementacomputaiionalmodelofcooperation，ad叩t血il－

ity，mObilityandtrangParenCythatinclude8theexphcitnotionofautonomy・

●Tbformalizeinteractionbetweena＄entSba紀doncouplingdesign・

●■Tbstudytheeirktof80meimportantchaqacteristicsofsystemdesign・

●Tbapplytheit＄mOdeltoa＄entarChitecturethatcan・bedecomposedinto

lauersandtaLSksinata8k－8PeCificdomain．

3



●Tbevaluatereal－timeperfomanCeOfitsaJChitectureinataBk－8PeCificdo－

●Tbanalyzeitse伍ciencytoimprovecomponents．

1．4　Methodology

Roletheory［3］deal8withconaborationandcoordination．Role8h抑eal80been

a．ppliedtodistributedsystemsmanagementandto喝entandrobotsyBten＄．Role

modelsarenewconceptsinobject－0riented80ftwareenglneermgthatempha8i2；e

PatternSOfinteraction．Aroledefinesapositionandaset ofresponsibilities

within a role model．A role has collaborators．The8e are OtLer roles thatit

interactswith．Arole’sservicesandactivitiesareaccessiblethroughaneXternal

interhce．Usuallythereisadistinctinte血ceforeachconaborationpathbetween

twointeractingroles・hobject－0riented80ftwareenglneermg，rOlemodel8have

beendevelopedinre8POnSetOthefo1lowlngneeds：

●RolemodelsemphaBi2H！howentitie＄interactwitheadlOther．

●Rolemodelsdescribe8SyStemSinternsoftheirpattemsofinteraction．

●Rolemode18Canbeinstantiated，generd2；ed，SPeCidi次d，andawegated

intocompoundmodels．

●Rolemode18Canbedyn即nlC，lnVOIvingseqtlenClng，eVOhtion8，androle

tram鮎r．

hthisdissertaiion，rOlemodehgcanbeintroducedintoobject－0rienteddesign

model．

1．5　Contributions

Themaincontributionsofthisdissertationareaβfo1lows：

●WbhaNedesignedandimplementedanovela＄enCymOdelofcooperation，

adaptability，mObilityandtranSParenCyinwhichthesubcomponentsofa

PrOblemsohtionaJedrawn鉦omaconectionofagentsthdcollaboratewith

OneanOthertoachieveacoⅡ1mOngOal．

4



●Thisresearchinthedis8ertationhaBPrOVedthattheimplementdionof

a＄entarChitecturelevelhaBthepotentialoffindinglmPrOVedcomponents

Ofautonomou81eammgandplannlngallowlnge瓜cientparal1elprocesslng

血dq扇ckta5kswitching．

1．6　Di＄Sertation OⅦtline

There8tOfthisdissertationi80rga血edasfo1lows・hsection2weprovide

ba改訂0undandrelatedwork・Ⅵ毎describeasurveyOfagencymodelandprevious

relatedwork・Insection3weprovidesocial喝enCymOdelfora・gentSCOlhboration

withknowledgemlgration・Wbshowterminologyandgoal80fthi＄mOdel．This

isfollowedbydescription80f＄y8temOVerview〉mOdeling）eValuations，related

WOrk弧dstl皿mary・Section4provide8autOnOmOuS喝ent，sarchitecturewith

kn0wiedgezmgration・Wb既Plaindesignof喝entarChitectureIeValuatiozl，related

WOrkandstLnmary・Final1yICOnChsioninthi8dissertationi8pre8entedinsection
5．
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2．BackgroundandRelatedⅥわrk

2．1AgencyModels

Anagentisamoduleora・PrOCeSSWhichhas autonomyICOOPeration〉ad叩t－

a．bility，mObnityandtranSParenCyOfknowledge．AgentscanWOrkwhenthey

areconstruCtedinthedevelopmentofteclmiquesfordesignlngagentSwiththe

above－mentionedfeaiures．Asa．re8ult，喝entSfu1fi11theirrational，SOCial，adap－

tive，andinteractivefunctions．hthi＄5eCtion，WedescribethestlrVeyOn喝enCy

modelandthedefinitionoffouragencymodels．

2．1．1　RationalAgency

R扇ionalagencymodelstheAbstractionB舶mOdaloperatorsinalogic，andde－

SCribesaset ofreqTllrement80nits8emantics．R扇ionalagencylSreViewedin

【21】【43］．Therei8theoreticalandlogi血workonthis喝enCy．Thefirstattempt

toformali2；ethisagencywaBdonebyCohenandLeveque［9］．Theseworksgive

坤egroundsformanyOtherformalismswhichhawebeendeveloped［45］［52】．RaD

andGeorgeff［45］presentaformaLzationofthebelief；desire，andintention（BDI）

architecturesforagents．BDIagent8muSthaveimplicitorexplicitrepresent扇ion

Ofthecorrespondingabstraction80rattitude8．

2．1．2　SocialAgency

Socialagencymodelssocieties・Socialagencyisreviewedin［21】【43］．Ga∬er

developeda鉦ameWOrkforrepresentingand11SlngOrganizationalknowledgein

distributedartificialintelligence・Afterthat，Gasser［17］point80utthai80Cial

COnCePt＄Ofknowledgeandactionareconsideredafoundationfordistributedar－

tificialintelligence．Heo鮎rsthedualitybetweena＄entSandthesocietiesinwhich

theyexistandfunction・hGasser’snotion，SOCialagent8Playedthemultiplesi－

multaneOuSrOles・Hewittandhnan［19］developsomeenhanCementSSuitedto

multi－agentSyStenSbasedonactorconcept，Whichisameanstoimplementmulti－

agentsystemsthat8uPPOrtSCOnCurrenCyandautonomy．TheenhanCementStake

theformOforganizationsofrestricted，COOrdinatedsetsofactors．Wboldridge

andJenningB［591developaformalizationofCooperativeproblemsoIvingisone

6



Ofthemo8timport弧tCaPabilitie80fagent－ba朗dsy8temB．

2・1．3Ⅰ工止eractiveAgency

hter∝tivea＄enCymOdelshowthea＄emicanCOmmittooneanotherBOCiallyand

rea£Onaboutthesocialcommitment80fothers・Interactive喝enCy18reviewedin

【21】【43］・DeckerandLe8Ser（10］proposeagenericapproachtodevelopingcoordi－

nationalgorithm8IWhichcanWOrkinacooperaiiveenvironmentwithpre8erVlng

executionautonomy・LtHandSteiner［28］＄tudycooperaiionamonga＄entSfrom

ana＄ent†sperspective・ThisgenericframeWOrkisinstantiatedtodefineavariety

Ofcooperaiionprimitive＄．

2・1．4　AdaptiveAgency

Adaptivea＄enCymOde18anad叩tiveapproachtocopewithcomplexenviron－

mentswith喝ent80f出血tedcomputationalpower・Adaptive呼nCyl＄reViewed

in［21】【43］・Wbi＄S【58］pre＄ent8血弧alysi80freinforcementleaLmingforseveral

a＄ent8tOCOOrdinatetheiraction8inanenvironmentwheretheyshaueacommon

goalbutha”elimitedandinexaLCtkn0wiedge・Theresultscanbeq）P追edtorel－

aiively8impleagent8・亀埴6】pre8entSOn8implelmnter－PreyeXperiment8with

multiplereinforcementleam皿g喝ent8IWhich＄hare8en＄OryinfomaAion，pOlicies，

andexperiences・Sen［47】researche8theproblemofleamingtocoordinateandthe

PrOblemofleaGnlngintheabsenceofexplicitsha3ingofinfomationamongthe

agents．

2．2　MobileAge工止＄

MobileagentsglVeaneWCOmPutaiionalmodelformob鮎computing，Whichwe

Cal1theMobile－AgentModel．ThiBmOdelenablesthe8erver－Clientmodeltobe

extendedand丑exible．

Mobilitycanbeclaぉifiedintohardwareand80ftⅧemObi追ty［35］・Hardware

mobilitydealBwithmobnecomputizlg，SuChaswithlimitationsontheconnec－

tivityof皿ObnecomptlterS弧dmobneIP・AfewteclmiqtleSinmobilecomputing

hawesecurity，locating，namlng，andcommumicaiionforw訂ding．Softwaremobn－

itycanbeclaBSifiedintothemobnityofpaB8ivedata‥乱ndactivedata．Pa8Sive

7



datarepresent＄traditionalmeanSOftranSferringdatabetweencomputers・It

beenemployedeversincethefirsttwocomputerswereconnected．Activedata

canbeclaBSifiedintomobilecode，PrOCeSSmlgrationandmobileagent8．The8e

threeclaBSeSrePreSentincrementalevolutionofstatetranSfer．Mobnecode，SuCh

a8Javaapplets？tran8fersonlycodebetweennodes・Processmlgrationdealsprl－

mari1ywithcodeanddata・tranSfer・ItalsodealswiththetranSferofauthority，

forinstanCeaCCe8StOaSharedfile8yStem，butinalimitedway．Authorityisun－

derthecontrolofasingleadministrativedomain．Final1y，mObileagentstran8fer

code，data，ande＄PeCial1yauthoritytoactwithintheentirehternet．hour

dissertation，WePrOPOSedmobileagentswhichtranSferknowledgeandauthority

toguidepeoplebetweenmachine8・

Mobileagentsderivefromtwofields：a＄entS，aBdefinedintheartificialinteni－

gencecoⅡ1mmity，adlddistributedsystems，includingmobileobjectsandprocess

migration［35］・However，theirpopulaKitystartedwiththeappearanCeOftheW畠b

andJaJVa．TheformerOPenedvaBtOpPOrtmitiesforapplicaiionssdtedformobne

agent8andthelatterbecameadrivingprogramnlnglanguageformobne喝ent8．

haWbbenvironment，PrOgramglanguageSfoctlSOnPlaiformindependence

andsa血ty．lmovaiionsinOSservice8takeplaceatthemiddle－Warelevelra仙er

thaninkemel．Rese訂Chindi＄tributedsystemshaslargelyrefocu8ed企omlocal

towide－areanetWOrks．Secmityi8adominantrequlrementforapplic雨ion8and

8yStem8COnneCtedtotheⅥ毎b・hthisenvironment，mObile喝entSareaVery

PrOmi8ingmechanism・Typicalu8eSindtldeelectroniccommerceandsupportfor

mobile，distributedcomputingforwhichagent＄OVerCOme追mitationsposedby

Shorton一血etime，red11Cedbandwidth，andlimited8tOrage．JaJVahaBPrOVentO

beasuitableprogrammmglangu喝eformobileagent＄becatLSeitsnpportsmo－

bilecodeandmobneobjects，remOteObjectmodelandlangua．geandrun－time

Safetyindependent企omoperating8yStem・Here，IBM，sAglets［26］，MEITCA，s

Concordia［36］，Fujitsu，＄Kafka［41】andSun，sJINI［23］aReJavarbasedagentaJ－

Chitecturesprimarilydirectedtowardsb扇1dingmobilea＄entSWhichmove血om

machinetomachineduringexecution．

2．3　RelatedⅥbrk

Wbde8CribethedevelopmentbaBdontheabove－mentioned喝enCymOdel．
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2．き．1　FRI五和21

FRIEND21isanationalprojectnameof“FuturePer＄OnanZedInforma需onEnvi－

ronmentDevelopment”，Whichaimedatanidealfigtueof21thcentury，slmman

inter払ceinMinistryofInternaAionalTradeandhdtlStry．Ithad＄tartedin1988

andhadfiniBhedin1994．AsaresdtofthiBPrOject，humaninte血cearchitecture，

Whichwascded喝enCymOdel，Wa£developed．Thisagencymodelisa．executive

environmentmodelofmeta－WareWhichi8amethodofinte血edesignequlPPed
witharealcognitivemechanismsothaiitmaybeadynamicdrivebyasymboI

SuitableforataBk・Iti8anintegratedoperatingenvironment．Amemoryspace

Ofstudioi8mediaiedbetweenautonomou8mOd山eswhichaJeCal1eda＄entStO

COmmmicatewithe批hother［16］．hthisdissertation，dataonsharedmemory

isacces8edbyindependentproce8SeSandcontrolfunctionsthroughsocket－baBe

COmmunicaiioninourantonomou8agent’sarchitecttlreOfanautOnOmOu8mObile

robot．Ⅱwefo1lowaguidelineofFfuEND21，agraPhiccharacterandavoice

guidanCeareClaBSifiedaBmetむWareWhichpre8entSaninternalstateofdata．

2．3．2　AⅦtOnOmOuSAgents

Brook8［6】propoBedadi鮎rentapproadtocreaiingartificialintelligencethaiwe

mustincremental1yb厄1dupthecapめilitie80fintel追gentsystem8．Maes［29］sum－

mari2；eSthattheemphBL8isinantonomou8agent打Chitecturei＄OnmOredirect

COuPlingofperceptionand action，distributionand decentralizaiion，dynamic

intera£tionwiththeenvironmentandfundamentalmechani8mStOCOPewithre－

SOurCelimitation8andincompleteknowledge．

2．3．3Ⅰ工止e揖genta刀dCooperativeInbrⅡはtionSystems

Theideaofintenigencei皿informationsystemisimportant．htenigentandco－

OPera＾iveinfomationsystememergedduringtheearly19908．It8SyStemgathers

re8earCher8fromthefieldB Ofinfomation町gtemS，artificialintenigence，daia

ba朗，SOftwareenglneenng弧dprogrammlnglangu喝e8．Theyaimatintegrai－

hgAIandinfomaiionsystemteclm0logies・h［43］，BrodieandCeriindicated

thataninformation8y8temCanbeconBideredaBintelligentwhenitincorporate8

reaLSOnlngmeChanism8，andthatintelligencecanbeusedtoimprovethequality
●
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Ofuserinteractionandaninfomationsy8temfunctionality・Theintegrationof

distributedartificialintelligencetechnologylninformationsystemsisappeared．
●
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3．SocialAgency Modelwith］Knowledge Mi－

gration

Aprototype8y8temforguideactivitiesinahboratorylBCOnStruCtedba紀don

themdti－a＄entenVironment・htrodtLCingmobilecomputingintothemulti一喝ent

environment，mObileagent＄betⅦ恍nmaChine8areabletoenhanCeCOmPutiI唱ef・

ficiencyandservices．Tbreah2；etherobtlStmOdelforrequiredadditional8ervice＄，

仙efb皿owlI唱pOhts訂eCOn或dered．

●tO．eXeCute8ervicesonhet占rogeneotlSenvironments

●tOdevelopindepezldentsoftwaJeCOmPOnentS

Especial1y，this8CCtionfoc闇eSOnthebaBicloopdetemlnlngbotha＄ent’8be－

haviorandcooperaiionamoI唱agentS・The8e血b8eCtion8glVeSOmebackgrounds

byprovidingteminologyandgoals，andde紀ribeitsmodel，itsevaluationand

00ary・

3．1　Tbrminology

Theterminologyofsomebackgroundsinsocialagencymodelisprovided：

（1）Areaトworldagentissoftwareagentwhichha8hci滋tiestoobtaininfomar

tion血omthephy＄italenvironmentortodo＄Omethi皿gtOtheenvironment［40］．

Thi8a＄entCanhaveanautOnOmOu8COntrOla£anautOnOmOu8agentWhich

isdefinedthatanantonomousagentisasystemsituaiedwithinandpartof

anenviron皿entthatsensestha尤environment a皿dactsonit soaBtOe鮎ct

Whatitsensesinthefuture【5］．hthisp叩er，areal一WOrld喝entisarobotic

SO氏waJeagentOnanautOnOmOuSmObilerobot．

（2）Mobile agentsmovedynamicanyfromonemachinetoanOther，tran8－

fernngcode，data，andespecial1yauthorityto a£tOntheowner，＄behalf

withinthenetwork［34］．hthispaper，amObnea＄entwithauthoritycan

movebetwee皿themob辻echentandthemobileserver．

11



（3）Ⅸnowiedgei8StateandtaBkofa・＄OurCeagentinFigurel．Itisontologyi

basedknowledgedescriptiontocontrolagents）behavior．Anditcontributes

totheagent’sduditydescribedin2．1．2．

（4）KnowiedgemigrationshowninFigureli8theactoftranSferringauthor－

itybetweenagents・ThetranSferredauthorityofthesourceagentinchdeB

thestateofaguideandthetasktoguideavisitorinkn0wiedge－level・

A氏erkn0wiedgemlgration〉thedeBtinationagentgetstheauthorityand

guidesavisitorinalaboratory・Throughotltthisprocess，agent8C弧Shaqe

knowledgetoachieveagoalof如ideactivities．

knowledge（State＆task）
打ans免r

巨魂
SOurC¢agent

aよこ云云一三

d朗血a也onag帥t

貿
Figurel・取anSfemingAnthorityforGuideActivitiesbyKnowledgeMigration

（5）Autonomyi8definedaβautOnOmOtlSa＄entdescribedin2．3．2．

（6）Socialagencyisdefinedasamodeldescribedin2．1．2．

3．2　God

Thegoalsofumibringagent’8behaNiorandcooperationamOngagent8hclude：

（1）Cooperationisagoalofsocialagencywhenthemultipleprocessesinthe

COmmunicationbetweenaguideagentanda・rOboticsoftwareagentcan

WOrktoachieveacommongoalthatisguidingavi8itortohisde＄tination．

（2）Adaptabilityisagoalofsocialagencywhenitsautonomoussoftwaneagent

Canmanagebothit8knowledgeandotheragents）mlgratedknowledgeto

executeitsbehaviorinknowledge－1evel．
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（3）Mobilityisagoalof80Ciala＄enCyWhenmobilecomputerandautonomous

mobilerobotequippedwithanetworkcanguideavisitorinalaboratory

bykn0wiedgemlgrationbetweenmobilecomptlterandautonomousmobile

robot．

（4）TヒansparenCyisagoalofkn0wiedgemigrationbecausethecommunicaL，

tionandguideactivitiesinahboraioryrequlretOCOn8truCttran8PaJent

knowledgebollndarie8betweenreal8PaCeandvirtualspaL：eWhichacom－

putergeneratesinitsdi8Play［2】・RedspacemeanStheenvironmentinwhich

avisitor，ahand－heldmobilecomputer，andan鋸1tOnOmOuSmObilerobot

exist．Virtualspa£emeanSthegraphicalmapto＄howthatenvironmentin

thecomp山erd誌pl叫

3．3　0verview

Figure2iⅡu8trateStheoverviewforguideactivitiesbaBedonthemulti－agent

environmenti皿the experiment rooⅡばOfalaboratory．Itis composed ofan

infrBLSedlocationsy8tem，itsmana＄ementServer，ahand－heldmobilecomputer

andanautOnOmOtlSmObilerobot（Pioneerlmobilerobot）comectedbywirelcs8

LAN．
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…三言

mb朗唱餌t
OnaれaⅥtOnOmOt】S

md肪kJ血t

匡司
ELPASIn育むRed

Iden正広cadonand

⊂＝］　Se訂血Sy釦肌画

一Guiding－

Person8】i戚
Inbmadon

Collecdon

又
Vi扇tor

On也ehaれd－held

mobile∽mpu比r

Figure2．OverviewoftheAgents，CooperationModelfor GuideActivitiesin

Multi－AgentEnvironment

3．4　Mode1

3．4．1　Component

Thismodel’sorganizationi8describedasfo1lows．

（1）G山deAgent（GA）

Figtlre3showsa即ideagentthat displayBamapi血alaboratoryand

agraphiccharactertoguideavisitoronthehand－heldmobilecomputer．

Thismobilecomputeris“VAIOPCG－Cl”madebySony．Thenetworkcon－

nectionbetweenthismobilecomputerandothercomputersutilize8wireless

“W加eLan，”whichoperatesatal．2GH曳bandwidth．Thissystemc

tranSmitdataatlmegabitpersecond．
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Figure3・Gt）ideÅgetltOnIhnd－HeldMobileComputer

（2）R迫botkSo銑ⅦeAg倒止（RA）

Fi卯代4血owsarobotk80銑Ⅶ筍舵a酢nttht由血Y臨ito柑bⅦt肋誠

autonomouBmObilerobotmadebyActivMediah Thisautonomou8mObile

和も雨血mh椚騨ばe4has別汀en80n訂8，弧皿Cdα，弧dect血dcompa鍾，

皿dtⅥ）mOtO柑．Iti8血trondbyanope一雨hg町扇emo山yⅧ妃d毎払由

robot（PSOS），揖LdthisOSisinstdledinaぐOntrOlboardontherobo†・A

dientsystemtcrmin山i5COnn∝tCdtotheOS・Thi8tCrmin＆tis”OtCbook

typepemdm叩ぬ†瑠OLO乃mdebyG釦kw野〉hw出血RdH雨

LintLXrdeaBe5．1iBhs一山1ed．ThiBdientByBtemfeceive＄・apadet缶om

PSOSind11山鳩hp雨丘om別汀enM，弧孤Cd併弧da・00皿pa∽d血

Thedatatran配血ionr如ei80ZlepaCketperlOOm8eC．ThiBdientsy8tem

w鮎dedopdby血gS叩址mL鈷血朗bcmedwi仙PSOS・
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Figure4．PrototypeAtltOnOnOtL8MobileRobotforGuideActivitie8

（3）b“止ionSy如m（1S）

Itisutjliヱedtodetectthcloc＆tionoftheroboticsoftwaLrCagentaJLdlhc

伽I8mOb鮎compⅦぬ・Theloc血皿町如emc弧re由比eh鮎rdem料

Sionfrom＆badgeputozl＆mObilerobotaDdamobilecomputcr．Thc

h丘訂edlo血ion画m’8■血e柑皿地ece揖喝8d仏eh山w耶ddect仙e

mot血ecomp山即’8姐dmo姐embt，β10C血．でも血loc戚iⅧh血相血i。n

kⅦpd戚edm仙eloc血町如em，8托ⅣeL

3．4．2：h加mdion

Inthemultj－agentenVironment，thcrcarefo1）rkindsoEinteraetionasfoll。WS．

（1）Perso適edh血ionCoMon
Avisitorinp血hiBreSearChinterestonthehadld－heldmobneconptlter
血gba卯ide喝孤t，8h或mc扇皿．

（2）Ⅹmwkd酢Mi鮮血im

＾llthorityforgqidingavisitoristransferredbyhowIcdgemigTaLtionbe一

価℃弧a卯ide喝弧t弧dambo庇80氏w打e噸問t・

（3）G血血喝

Av適t（汀ね血涙g画ed吋ag扇de喝弧tandarobo仏c鋸戯w鋸e昭弘‖oa
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（4）bc血Detedion
ELPASiTLfra－redidenti瓜ca・tionandseaJChsystcmdctcctsthephyさica）loぐar

tionsofthcmobilecomputerandthemobilerobot・

3．4．＄　ⅨmwledgeMi画論n

（1）D軸
蜘5血珊8皿tOlo計b鋸始dh輌血血g・払血ag血h適地m
knowledgecon8tiainedbyit8rOkBLnditBObngation・Theloc誠on6y8－

temd如由a卯i血喝弧摘誠damも。触抑銑Ⅷe呼出’sloc摘0叫弧d

noti鮎se＆亡hlo⊂ationtoeachAgent・AguideageTLtCO）1cctsvisi10r，spcr－

sonali2edinformalionYhicllis⊂OZlteXtforguidir．glThisknowledgeofaL

如de喝血由t－血dbaTObo血拍銃Ⅷeage止A蝕汀t一皿娩出喝

re加dhowld酢b山鉾扇ed皿ei8COm随d弧d仙emも鵬c血

喝弧t，8h仰1d酢如Ⅳけ肋md・A鮎一也叫血相bo址血陀昭弘t
candccidcitsbehavioriTlthec皿YironmentaJLdhaNC＆uthoritytoguide

v由itor．
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usingknowledgemigrdion7＆uthorityofguidingi6tEanSfbrredfrom＆guide

呼nttOarObo血血e呼nt・蜘6i皿心血apmto血沈dp沖
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2・tOtranSmitasitenumbersentbythelocaiionsystemthroughthe

COmmunicationlayertothebehaviorlayer．

3・tOtran8mitanintemalstatefromthebehaviorlayertothecommmi－

Cationlayerforupdatingthis8tate，

4・tOtranSmitinputfromsevensonars）aCOmPaSSValueandanencoder

ValuefromtheaL：tionlayertothebehaviorlayeratonepacketperlOO
m SeC．

5・tOmlgratekn0wiedgeofaguideagent丘omthecommmicatio皿1ayer

to仙ebehⅣiorl叩er．

6・tOeXeCutePathplannmgi皿thebehaviorlayer，andtotran＄mitmotor

COntrOlfromthebehaNiorlayertotheactionlayer．

L∝胤血血

Sy如m

（2）

扇kれumber

伽血「㌫忘㌫慧Age
Ag蝕t Layα

Bdは扇or Acdon

byα　　　hy訂

（1）

Colli扇0れ

AYOidanc8

（3）

血t訂m山舶鹿

（5）

Knowld騨

M吻鵬0れ
100m坤bt　馳血

Planれing

［コ
（6）

motor

Figure6・ProtocolnacetpExecuteAnthoritywhichisMigratedfromGuide
Agent

3．4．4　馳rma正芳ation

Akeyobjectiveofthisworkistodevelopafomahmthatprovidesusefu1and

POWerfulabstractionsforthea＄entdesignerIWhuehavingawell－definedinter－
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pretationintermSOfreal8y8tenS・hthissection）Wefocu80ntherelationship

betweenagents．Afornalrepr岱entationofthe喝ent8，cooperationmodel［42】i8

htrodⅦCd．

Aタ印ま∫yβ電em＝＜Aタ印ね，β兜町盲γmme而，Co叩伽g＞

wもere：

（1）

Aタe71ま＝＜βねね，了知扇，Ou砂扇，アnフαgざ＞

－Stateisthesetofproperties（value8，truePrOPOSitions）thatcomplefely

describestheagent．

－hputandotltPtltare＄ubsetsofstatewhosevasiable8areCOuPledto

tもeenvironment．

－Proce∬誌an肌tOnOmOudyem血gproc鰯地雨血ang朗他eagen七’s

＄七ate．

（2）

βれV盲γ0れme花王＝＜βねね，P和αββ＞

－TheenvironmenthaBitsoⅦⅦprOCe8SthatcanChangeit＄Staie，inde－

pendentoftheactionsofitBembeddeda＄entS・

（3）Couplingisam叩Pingofanagent，8inputandoutputfrom／totheenviron－

mentIs細孔te．

Basedonthisfomalization［42】，Itshowspreciselyhow喝ent8，interaction

andcommmicationcanbeprovento騨IaLranteethenavigationforavi8itorina

laboratory．Theformalmodeli8definedbythefollmgfiveelement8・

De魚n祉ionl．

Themulti－a＄entmOdel，M，isastruCturC：

〟＝（A，β，C）
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Where：

－A＝‡GA，RA）isasetofagent＄．

－E＝■（LのisasetofenvironmentwhichhabtheitsownPrOCeSSthatcan

Changeitsstate，independezltOftheaL：tionsofA．

－Ciscouplingmodelth雨theagentsha£amaPplngOfinputandoutputto

Orfromtheenvironment．

De丘nition2．

CollPlingmodel，C，isastruCture：

C＝（∫，0）

wbere：

－Ⅰ＝（LNTu乃iBaBetOfinputs駐omtheenvironment．

－0＝‡DEgmAmN）isasetofoutputstotheenvironment．

De丘nition3．

GAmodel，A（GA），i8aStruCture：

A（GA）＝（∫，∫，0，ア）

w血ere：

－S＝（attention，Calculatin9，PrShin9，Waitin9）isasetofGA，sstates【11］．

－Ⅰ＝‡LNTmEg71SI呵isa8etOfi皿PutStOtheenvironment．

－0＝（mOWLEDGF）i8aSetOfoutputstotheenvironment．

－P＝（instruction，9uiding，mi9ration）isasetofprocessesthatchangethe

age皿t’5細雨朗98．

De丘nition4．

RAmodel，A（RA），isastruCture：
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A（点A）＝（g，J，0，ア）

wbere：

－S＝（idle，trtlnSmission，9uidi喝，90aqisasetofRA’sstate8・

－Ⅰ＝（G＾笹ⅣOWLEDGE），SI呵isasetofinputstotheenvironment・

一0＝‡DEg肌MON）isasetofoutputstotheenvironment・

－P＝（wanderin9，9uidin9）isasetofproc鰯eSthatchangetheagent’s

StateS．

De丘nition5．

LSmodel，E（L句，isastruCture：

β（ムβ）＝（β，ア）

w血ere：

－S＝（GA坪rり，月A卿呵‡論asetofLS’8細雨鰯・

一P＝（detection，nO軸tion）iBaSetOfproc鰯e8thatchangeLS’sstates・

3．5　Evdua七ion

Sociala＄enCymOdeli8eValuatedbyguidingavisitorinaprototypesy＄tem・

Knowiedgemlgrationbetmena如ideagentandaroboticsoftwareagentcan

gtlaranteethea＄entI8dualitydescribedin2・1・2・A8forit8dualityincluding

people，theycondtlCtedexperiments〉andprovedavisitorIsguidingcontextper－

sistenceinahboratoryin［44］．
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3．6　Related VVbrk

Wtsurveyandreview［18】【21】【54】concemingmulti－agentSy＄temS．Socket－baBed

COmmunicationswithtextmessagessuchaBFIPA【14】orKQML［13］1ikeourre－

SearChareemployed・Theyallowlargecommmitiesofagentstobebuilt．Inthese

SyStemS，lmageSandcomplexdatastruCtureSWOuldneedtobeexplicitlyserialized

byeachagent・IBM’sAglets［26］，MEITCA，sConcordia［36］，Flditsu，sKa叫41】

andSun’8JINI【23］aqeJavarbasedagentarchitecturesprimari1ydirectedtoward＄

buildingmobileagentswhichmove鮎mmachinetomachinedmingexecution．

Inthisdissertation，knowledge，WhichisdescribedbaBedonontolo訂，1＄mlgrated

betweenagents，andthismlgrationtran8fer8authorityofguidingpeoplebetween

mac血ines．

3・6・1TheOpenAgentArchitecture

TheOpenAgentArchitecture［30］makesitpossibleforsoftwareservicest。be

PrOVidedthroughthecooperativee瓜）rtSOfdistributedcollection80fauton。m。uS

a・gentS・Commtmication弧dcooperationbetweenagent8arebrokeredbyoneor

morehcilitators，Whichareresponsibleformatchingrequests，fromusersand

agents，withdescriptionsofthecq）abiLtie＄Ofotheragents・Inthisarchitecture，

ablackboardstyleofcommmicationi8introduceda5aglobaldatarepository

Whichcanbeusedcooperativelybyagroupofagents・Cooperationamongthe

agentsoftheOpenAgentArchitectur寧SyStemisachievedthroughmessagesex－

PreSSedin・aCOmmOnlanguage，ICL・ICListheinte血ceICOmmmicaiion，and

taBkcoordinationlanguageSha・redbya11agents）regardlessofwhatphtformthey

runOnOrWhatco皿Puterlanguagetheyareprogrammedin．hthisdisserta－

tion，OntOlogy－baBedknowledgedescriptioni8uSedtocommmicatewitha＄entS

throughsocket－baBeknowledgemlgration・Our80Cialagencymodelinguideac－

tivitiesi8realizedwithoutablackboardstyleofcommunication．Ourautonomous

a・gentarChitectureofanautOnOmOuSmObilerobotinsociala＄enCymOdel，Which

isdescribedinSection4IuSeSablackboardstyleofcommunicationbetweenmul－

tipleproce8SeS．
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3．7　SⅦ皿ary

h8unmaKy，thi88eCtionprovidedotLrSOCiala＄enCymOddIsdesignandformali2；ar

tiononagentscooperationwithkn0wiedgemlgrationwhichwaBintroducedinto

a・PrOtOtyPeSy8temOfguideactivitiesinalaboratory・Ourgoalwascooperation

toachieveacommongoalthatiBguidingavisitortohisdestination）adaptability

tomanagebothitskn0wiedgeandothera＄entSImlgratedknowledgetoexecute

itsbehaviorinkn0wiedge－1evel）mObilitytoguideavisitorina・hboratoryby

kn0wiedgemlgrationbetweenmobilecomputerandatltOnOmOtlSmObnerobot，

andtranSParenCytOCOn8truCttraZL8PaJenthowiedgeboundariesbetmenreal

spaceandvirtualspacewhichcomptltergenerateSinit8display・ThiBWaB・a£－

complishedu81ngPSyChologicalexperimentstLSlngarObotinte血emodelwitha

lifehkeagentinordertoconstruCtarelationshipbetweenhLma瓜£androbots【44］・

hsubsection3．4wedescribedanagent8yStemmOdelwhichisfocusedon

agents，enVironmentandcouplingthatisamapplngOfanagent）slnPutand

outputfrom／totheenvironment，88taie・Ⅵ毎demonstratedthemodelaBthe

kn0wiedgelevelofcooperativeinteraL：tionbetweenfouragentswithinmachineB・

hthefinal8ubsection，relaiedworkwithcooperationa皿dmulti－agent8yStem

i8inve8tigated・Socket－basecommmicationwithtcxtmessa＄eandmobneageht

whichiscompo8edofdataandcodewithauthoritya∬eemPloyedtoconstruCt

multi－agentSyStem・Wbemphasi2iethatotusocialagencymodeliB8PeCidi胱d

towdstheneedsofexecutingservice80nheterogeneot18environmentsandde－

velopingindependentsoftwarecomponen七s・
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4・AutonomousAgent，sArchitecture

Thissection而11describeadesignanditsevaluationofrealーtimecontrolarchi＿

tectureforanautonomousagentinguideactivities・Anautonomousagentis一

anautOnOmOllSmObilerobotwhichisaroboticsoftwareentity・AnatltOnOmOuS

agentdecidesitsbehaviorfromenvironmentinputsICOntrOIsinterfaceagentwith

WamlngVOiceandalife－1ikegraphiccharacter，andcommunicateswithother

agent＄inkn0wiedge－1evelconnectedbyTCP・Thi＄agentisintroducedintoa

PrOtOtyPeSyStemforguideactivitiesinahboratorytoevaluateitsreal－time

PerformanCe・Tbrealizetherobustmodelforrequiredadditional8ervices，the

fonowlngPOintsaReCOnSidered．

●tOdevelopindependentsoftwarecomponent8

●tOnegOtiate喝entIsbehaNiorbetweensoftwarecomponentsuslngPrOtOCOIs

4．1　AgentArchitecttlre

ThiBBeCtionde8Cribe8theimplementationofdetemlnlngbothagent，sbehavior

andcooperationamong喝entS・ThissoftwarearchitectureshowninFigure7haB

threelayersof以communicationlayer）乃（Ebehaviorlayer乃and“actionlayer．”The

function8ine批hlayerarede紀ribeda£fonow．

4・1・1　Thecontrollayer＄

（1）CommumicationLaver

Thislayerhastwofunctions・OneiBtOmanagefourinternalstate8fora

roboticsoftw揖e喝ent）sbehavior：当dle）n乃nan8mission〉””Guiding”and

HGoal乃accordingtothei皿terruPtionofits8taiechange・ItsinterruPtion

detailsde8Cribeinanextsubsection・Anotheri8tOCOntrOlinte血cea＄ent

Whichdisplay＄1ife－1ikegrqphicalcharacterandoutputsavoiceguidance

accordingtotheseinternalstates．

（2）B血訂正orL叩er

ThislayerhaBtWOfunctions・OneistomanageSeVeralinputswhichaxe

a・8itenumberglVenbythelocation＄y8tem）daiafromthesevensonars，a

●
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compaB8Value）anenCOdervalue）anintemalstaie，anda・doornumberas

adestination．AnotheristoexecutepathplannlngtOdirectthereal－WOrld

mobueagent’sbehavior・

（3）AdionL叩er

Thisis’composedofSaphiracontrdaJChitectureIthreelnPtltCOmPOnent＄

fromandone・OutPutCOmPOnenttOSaphiracontrolaxchitecture，andthe

managementsystemforinputinfomationfromthelocation8y＄tembyTCP・

Figure7ilhstratesthe8truCtureOfaroboticsoftwe喝ent？ssoftwarearchi－

tecturewithinPioneerlmobnerobotholdingtheSaphira，scontrolarchitecture［24］・

Theroboticsoftwareage皿tI8SOftwarear血itectureorganize8multipleprocessesto

thecooperativeaJChitecture・Runmngproce甜ineachlayercommunicaiewith

eachotheruslngUNIXsocket8・Thesemodulesofencoder，80na柑，COmPWin－

puts，andmotors，otltPutSuSlngSaphiraLibrarie8areCOntrOuedinta慮switching

manne川乱ng五山te一成如em血e・Ⅰ血e血e喝e孔tCOn七rolofgr叩uCCb訂誠terIs

behaviorandvoiceguidanCeareimplementedonJaNaaPPletsinWtb・htemal

sta＾edaiaonsharedmemoryisa£CeSSedbycontrolfunction8（encoder，SOna指，adld

compass），Pathplanhing，andinternalstateman喝ement・Therobotic80ftⅧe

agentreceivesitBenVironmenthput8throughpacketcommunicationprotocol，

migratedkn0wiedge，anda・Sitenumber＄entbythelocationsy＄temthroughTCP・

Itmanage8itspresentlocaAionandrunnlngdirection，eXeCuteSPathplannlng，

andcarriesoutrunOPerationtofindadestination・
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Figure7・Agent）sSoftweArchitectureonAtltOnOmOu8MobileRobot

4．1．2　The且owofcontroI

TherearethreegenericcontroIpaihsthatNeinustraiedinFigure8aFC．The

bottom－uPCOntrOlmechanismcanbealwaysworkedintheactionlayer・Figure8

a）describesthereactivepath．Emergencysituaiionsorsituati。nSthatcaAbe

dealtwithbyaroutinewithoutreqtlmngeXPlicitplamgarerecognizedand

handledattheactionlayer・Whenthea＄entiBrunnlngandrecognlZeSthechange

Ofsite，COntrOltakesthe■localplaJmlngPath・Situaiionshandledbyu81ngthis

PathaKerequlnnglocalpathplannlng・Aplanisgenera＾edandexecutedbyacti－

Vatingsequencesofaprocedure（Figure8b））・Thecooperativepathadditionally

invoIve8thecommmicaiionlayer，aStheyrequirecoordinationwithother喝ent8

inkn0wiedgelevel．
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Figure8．TheFlowofControl

4．2　Saphira，sSystemControI

SaphiraIssystemcontroli8aSetOfroutinesthatinterpretsen点Orreadin野relative

toageometricworldmodelIanda8etOfadio刀LrOutinesthaimaprobotstates

tocontroladion＄．Regi＄trationroutineshktherobot’8localseuorreadingsto

itsmapoftheworld，andtheProceduralReasomigSystemsequencesactionsto

uhievespecificgoals・PioneerlmobnerobotprovidestheSaphiracontrolarchi－

tecturesb扇1tontopofasynchronous，intempt－drivenOS［24］・Micro－taSk8are

finite－StatemaChinesthataJeregisteredwiththeOS．TheOScycleperlOOm8

throtlghallregisteredfinite－StatemaChine8Perfom80ne8tePineachofthem・
BecimSethesestep8adTePerformedatfixedtimeintervals，al1thefinite－Statemar

chinesoperatesynchronou＄ly・hFigure8Ita慮controIIscomponentisdesigned

adldimplementedbasedtheabovefinite－StatemaChines・Figure9indicatesthe

designofta虚血扇sion・

Figure9・DesignofTbskControltoDetemieBaBicLoopofRoboticSofh耶ばe

Agen七
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Fo1lowingthisde8ign，micro－t舶kisdescribedinFigurelO．dhiLPrDCeSSis

atopleveloftaBkcontrol・Tbskexecutesitsoperationsequential1ybychaAglng

State．

VOjdm血（ht町野，血訂＊＊訂gV）†

SfOnConnectFh（myConnectFn）；／■registeraconnectionfunction■／

SfOnStartFn（myStarbpFn）；／●registerastartupfunction＋／

靂

I

I

）

VOidmyConn∝tnl（VOid）（

・S虹ni触s（Ge伊勅MGe伊acbtM）；
S伽i触s（G比凱如∬，MGetS触M）；
SfhitProcess（CkeckDir，MCheckDir”）；

）

Ⅵ舶Ge貯血t（VOid）（
S而血匝ぬ也）（
CおeSm；

Ca駆2αP征b蝕cdv亘）；

pmLShte＝3仇

b化膿；

Cおe30：WriteDatahtoShredMemoryO；

pm00S5」St如e＝20；

b托ak；

1

I

FigurelO．DescriptionofMicro－T誠kinTaBkControl

4．3　Protoco1

4．3．1InternalStateTran5ition

Figurellillu8trateBanintemalstatetranSitionmodel．Thi8mOdelisdescribed

asthefollowingcycle．

1・htheidlestate8howninFigure12）theroboticsoftⅧeagentgOeSback

andforthinacomidor）StOP8infrontofeachdoorandoutputsavoice

卯idance．

2・hthetran8mi8Sionstate8howninFigure13）therobotic80ftⅧeagent

meet8Visitorsintheidlestate・Andtheguideagentonthevisitor）smobile
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Fi酢l柁13．旭ion

椚卯托14．G扇血唱

4・3・2　取ansitionofRoboticSoftYZLreAgent，＄BehaYiorState

仙正昭他誌htemdst扇etm8itionIp血p如血昭弘既emtedin仏ebdL椚ior

layer，anda払Ⅳ拡d，b血dαmt血contrdc皿dig別氾ttOthe∝tion

l町ertOCOntrO）thetwomotors・Figurc15illustrate8†hetriggerprotocolto

t罠皿威t弧htem濾ぬteh仙ecom血血′1好餌出払uow8．

1・tOSCndanin†ern山state丘omthebchaYiorlaLye∫tOthecommunicatior．1町er

如upd鵬喝仙erobotk80允Ⅷe喝声nt，s．htem出血

2・bbht加idk抽eh仏eb血ぬ‾1叫Ⅶ．

3・†oseJldatransmis＄ioncommandI上omaguideagetLtthroughthecommu一

山仏tion励甘b払ebeh扇∝1句喝T．
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4．tobeinthetranSmission＄taieinthebehaviorlauer．IftheagentcannOt

changeit8StatetOtheidlestatewithin60msec，it8Statewi11defaultto

theidlestate（b∝ktoめ0Ve2・）・

5．totranSferkn0wiedgeforguidingfronaguidea＄entthroughthecommu－

nicationlayertothebehaviorlayer・

6．tobeintheguidingstateinthebehaviorl叩er・

7．toexecutepathpIwnlngIandtorunforwardadestinationlocaiion・

8．tosendagoal8tatethroughthecommmicationlayerfromthebehavior

layertoamobilecompnter・

9．tosendatra耶mis＄ionendcommandfromaguide喝entthroughthecom－

municationlauertothebehaviorlayer・Ifthe喝entCannOtreCeivethis

coⅡ皿andwithin60m8eC，itwillde払ulttothcIdle8tateinthebehaNior

l叩er（ba慮七0め0Ve2・）・

G血k

Al口

β）
‘n曹mSmi鮎ionComm8瓜d

C00Ⅳ飢旧i血

加
口）
I山地血S払也誠I亡

□血▲gモ由一

8d仏血

h河

A血

h粍）
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（句

h也輌

［コ
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idk

Figure15・ProtocoITra£etOTran8itAgent）8BehaNiorState
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4．4　PaulPlamg

Figure16andFigure17indicatethedivisionofamobilerobotIsrunnlng8PaCe

intheeaBtandwestdirection8・Therobotic＄Oftwaxeagentgoesbackandforth

betweena8taKtingpointofasitenⅦmber化2乃andanendingpointofa・Site

number化アIwhichexistroomsandexhibitionsavai1止1eforguiding・Avisitor

CanWalkbet間enaSitenunberり1乃and以8乃withthehand－heldmobilecomputer・

htheguidingstateIanagentCalcdate8thedi8tanCefromthepresentlocation

toadesthation）slocationbyexecutingpathplannlnginthebehawiorlayerand

OrdersarunnlngCOmmandforthisdistancetotheactionlayer・hthi8Path

Plannlng，Onepathi8definedaBthe8eCtionbetween8itenunbersindicating

Changedpoints・The喝entrunSuntilitreceivesa8itenumberofade8tinationby

CheckinganOrderofrecelVlngaSitenumber，anditrunSfromtheentranceofa

finalsiteandthedestinationlocationbycheckingitsencodervalue．Therobotic

SOftware喝entrunSuntnaSitentlmberincludesadestination，andwhenitenters

ade8tinationsitearea〉itrun8thedistancebetweentheentranceofasitepoint

andthedestinationbyuslngtheencoder・Thefo1lowlngPrOCedureistaken．

Ⅵ嘔ST doorl door3　　　door5　　　　door6　　　door7　EAST

Figure16・SpaceDivi8ioninE誠tDirectionwhereRoboticSoftw訂eAgentis

Rum皿g
●
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ⅧT doorl
∠ご］

door3　　　door5　　　　　door6

／「　　　　　　／「　　　　　　　　　∠つ

door7　　EÅST

∠く］

．嶺鹿各；：

；：：：；：；：；：攣：；

［7

door2

Sitel

●

［7

door4

RumingDi血on

Site8

FigtLre17・SpaceDividonhW由tDirectionwhereRoboticSoftwaJeAgentis

Running

1．cbeckhgar皿ngdkedion

Ifan皿皿gdirectioniBdi蝕rentfromthatofthede8tination血omthe

presentloca＾ionItherobotic80ftⅧe喝entrOtateB180degree8・

2・runnlnguntila8itenumberinchdesadestination

3．calculaiingthedi8tanCefromtheentranCeOfa8iteinchldingthede8tinaiion

tothede8tination．Goal－DistanCemeanBthi8diBtanCe．Forexwple，When

a】nnnlngdirectioniseaBtandthedestinationisdoor4ItheentranCeOfa

siteindicaie8thefir8tPOinttodetect8ite4closelyconnectedwith8ite3・

WhenGoal－Siteisdetected，

Godβ毎ね几Ce←（エ圧，……，刀吻）

D：thedistancebetweenanentranCePOintinasiteinchdingthedesti－

nationandthedeBtination

（ⅢIT：皿）

n：adoornumberincludhgthedestinaiion

Goal－Site：aSitenumberinchdingthedestination

4．a刑柑皿gmgrunnlngdirectionbyuslngthelocaiionsy或em

htlPdatinga・SitenumberIaheadingdegreciscalculatedbyathetavalue
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andacompassvalueinordertominimizethegqpoftheencodervaluewith

respecttostraightrunming．

4．5　EvdⅦation

4・5・1Descriptionoftheexperime血ts

Navigationexperimentswereconductedonarobotic80ftwarea＄entwitham

agentsystemunderOpercentofTCPpacketloss・TheinterruPtionoftask

SWitchingandrecelVlngdatathroughTCP，andtheinputs血omtheenvironment

aEbctarobotic80ftwarea＄ent†scontrolintheaJChitecture．TherobotrunSin

acorridorbetweensite8number〃2乃and以7・”Therobot，8runnlnglSCOmPared

betweenaprogramforstraightforwardrunnlngandaprogramforar。b。tic

SOftⅧeagentinaRis（Ⅹ，y）andathetavalue．XandYaJetheco。rdinate8。f

therobotina2－DCarteBianCOOrdinatesy8temandthetaisitsorientation．Y

indicate8aValueofa8traightrunnlngdistance・Ⅹhdica＾esavalueof8ideways，

Whichisagapfroma・Strdightrunnlng．Allx，yCOOrdinatesareinmi11imeters．

Thetaindicatesagapofarunnlngdirectionbetweenthestartingpointandthe

PreSentpOint・Theta・isindegrees企om－180to180・Thefo1lowlngeXPeriment

invoIve”unnlngi皿theeastandwestdirections・hthegraphBPlottedforthese

experiments，“STANDARD”mean8ar飢1tofaprogramforstraightforwa3d

runnlngand（（EVALUATION乃mean8areS山tofaprogra皿foraroboticsoftware

agen楠既eC山ion．

4．5．2　R£Sults

Resultsoftheexperimcntsarcdescribeda5foll。WS．

（1）Ea5tDirection

Fi即re18indicateslocationX－Y・ThehorizontalvaluemeanSY．Thever－

ticalvaluemeanSX・Figure19indicate＄locationthetむY．Thehorizontal

ValuemeansY二TheverticalvaluemeanStheta．
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Figure20indicate8locaiionX－Y・Thehorizontalvaluemean8Y・Thever－

ticalvaluemeanSX・Figure21indicate8locationthetむY・ThehoriEOntal
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ValuemeansY・Theverticalvaluemeanstheta．
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Duetothegapindegree8betwee刀しStandardandevaluation，therobotic80ft－

Wareagentinthephysicalworldcanrun喝ainstawal1evenifcollisionavoidazICe

36



managementisexecuted・Thisgapisattributedtorunnlngaiun－uniformVelocity

and＄1ippingbeca闇eta慮switchingandrecelVlngdatathroughTCPintempt

itsbehaviorcontrol．

4．6　RelatedⅥbrk

4．6．1　BDIarchitectwe

Rao弧dGeorgeq45］consideredaparticulaqagent鮎mework・Theseindivid－

ualrationalagentsincQrPOrateCertain旭entalattitudes乃ofBelief，De血eand

htention（BDI）．Th胱areuSedtorepr彷ent，reSPeCtively，theinfornation，mOti－

vationalanddeliberativesta尤esofthea＄ent，anddeterminethesystem）sbehavior・

ThecorecomponentBOftheBDIframeWOrkaJerationalagents【22］・Theseare

autonomousentitie8，Whichexecuteindependently〉adldhawecompletecontrol

。Vertheirminternalbehavior．ThecoreelementsofBDI喝entSarea点fo1lows・

Beli曲correspondtotheinfomationthatthe喝enthaBunderstoodtheworld・

Thesetofbeliefbistypicallyincompleteandmaybeincorrectwithrespectto

thetrueSituaAion．De＄iresaJetheagent，shigh－1evelgoal＄・Theyneednotto

beachievablesindtaneOtLSly；butaqeusuanyconsistent・htentionsessential1y

representasubsetoftheagent†sde8ireBth雨ithaBCOmmittedtoachieve・A

pradicaldevelopmentapproach8tilldoe8nOtCOnSiderthemaintenanCeOfformal

properties．So知，theneedforhigh－1evellogic－basedlangtlage8CaPtmingthekey

component80ftheBDImodelremain8・

4．6．2　INT瓦RRAPaLrChitecture

BaBedonBDIarchitecturebyR釦DandGeorgeff）theINTERRAParchitecture

ha8beendevelopedizLtheMASGroupofDFKI［37】・INTERRAPisalauered

architecture．ThiBagentCOnSistsofthreecomponentswhichadea・Wbrldhte血ce

（W），aKnowiedgeBa朗（KB），andaControIUnit（CU）・WIFprovide8the

a＄ent，s＄enSOr8ICOmmmication，andactor8likedtoit8environment・KBand

thec。ntr。1mithaLSthreelayer8WhichaqetheBehavior－BaBedLayer（BBL），

theIJOCalPlanningLauer（LPL），弧dtheCooperativePlanmigLayer（CPL）・

BBL hasaroleofLhBtreaCtiononcruCialevents・Al1actionswhichaagent

canPerformareencodedintheBBL・TheLPLplanSit8behavioranddecided
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SequenCeSOfbehawiorpattemBtOaChievehisgoal・Whensomegoalscannotbe

achievedwithoutthecooperationwithother喝entS，ana＄entCOmmmicaie8aAd

build8COOPerationplans・InourdissertationIknowledgemlgrationcanexecute

COOPerationbetweena・gentS・

4・7　SⅦmmary

hsummary，thi8SeCtionprovidedana・utOnOmOuSagent，sarchitecturewithkn0wi－

edgemlgrationinsocialagencyaimedatcommmicatingwithothera＄entSin

knowledge－1evel・ThisarchitecturewaBdesignedbytwocriteria；（1）todevel。P

independentsoftwaJeCOmPOnentSand（2）tonegotiateagent，sbehavi。rb。tWeen

SOftⅧeCOmPOnentSuSlngPrOtOCO18，andevaluatedinitreal－timeperformance．

hsubsection4・1，4・2，4・3and4・4IWedescribedadesignofanautonomous

喝entarChitecturewhichisfocusedonabovementionedtwocriteria．Wbdemon－

Str雨edthatataskofcontrollinglnPutSandotltPutlataSkofmanaglngPaih
●

Plan，andataBkofpresentingaguidanCeCanWOrkcooperativelyinitsarchitec－

tureandthatknowledgemlgrationca・nCOntributetothecommmicationbetween

agentsinordertoachieveacommongoal・

Insub占ection4・5real－timeperformanceofourautonomou8agentaRChitecture

Wa8inve8tigated・Wbconductedexperimentsthaitherobot，srunnlnglSCOmPared

betweenaprogramforstraightforwardrunnl札gandaroboticsoftwareagentin

弧is（Ⅹ，y）anda仙etavd厄e．

hthefinalsubsection，relatedworkinalayeredapproachisinvestiga七ed．BDI

architectureandINTERRAParchitecturehaNenOSOCket－basecommmication

Withtextmes8ageandmobileagentwhichareemployedtoconstruCtCOOPerative

multi－agentSyStem・WbemphaBiEetha＾ourapproachofkn0wiedgemlgration

CanOVerCOmethelimitationofad叩tabilityincontrollingoveragent，sinternal
be鮎而or．
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5．　ConclⅦSions

5．1　SⅦⅡunary

Thisdissertationh舶addres＄edadomainhmitaiionofartificialinteuigencethai

reduce＄itsc鮎ctivenesswhenappliedtoincreaBinglycomplexproblems，namely

theylacktheexplicitnotionofautonomy・OurgoalhaBbeentofindcompu－

tationalexten威onsofrationala＄enttOimproveitsabilitytocomm血icaiein

kn0wiedge－level・TheprlmaqLSStlehubeenhowtodevelopanew喝enCymOdel

ofcooperationla血坤tab揖tyImObilityandtranBP打enCy・

TbaL”OmPlishthi8mission〉WedesignedIform山地edand弧aly舵dacomputar

tionalmodelofcoopera＾ion，ad叩tabilityImObilityandtranSPanenCytOaChievea

commongoal・Section3providedoursociala＄enCymOdel）sdesignandformah

tionon喝entSCOOPerationwithkn0wiedgemlgraiionwhichwa£introducedinto

aprototypesystemofguideactivitiesinalAboratory・Ourgoalwa占COOPeration

toachieveacommongoalthatisguidingavisitortohisde＄tinaiionIadaptability

toman喝ebothitskn0wiedgeandotheragentsInlgratedkn0wiedgetoexectlte

itsbehaviorinkn0wiedge－1evelImObilitytoguideavisitorhalaboratoryby

knowledgeⅡ岬aiionbetweenmobnecomputerandantonomousmobilerobot，

andtranSParenCytOCOnStruCttranSParentknowledgeboundaJie8betmenreal

spaLCeandvirttlalspa£eWhichcomputergezlerateSinit8di8Play・ThisⅦaL：－

complisheduslngPSyChologicalexperinentsu81nga・rObotinte血cemodelwith

a・脆Iikea＄entinordertoconBtruCtarelationshipbetw℃enhumanSandrobots・

Ⅵ毎de8Cribedan喝entSyStemmOdelwhichiBfocusedon8唱entSIenVironment

andcoup血gthaiiBamaPPingofana＄ent，8hputandoutputfrom／totheen－

vir。nment，8State．Ⅵ屯demonstratedthataBthekn0wiedgelevelofcooperative

hteractionbetmenfotlr喝entSwithinmachine8・Theusabilityofour80Cial

喝enCymOdelwaBinve8tigaied・Wも・COnductedexperimentsforthein8PeCtion

that誠areSultofthemlgrationtherobotcaninheritthecontextfromtheinter－

actionsbetmenatLBerandan喝entSOthatarelation8hipbetweenauseranda

r。boti8forned．Rdatcdworkwithcooperationa血dmulti－agentSy＄temi8inves－

tigated・Socket－ba紀COmmmicaAionwithtextmessa辟andmobileagentwhich

iscomposedof・dataandcodewithauthorityareemployedtoconstruCtmulti－

agentsystem・WもemphaBizethatours∝ialagencymodelisspecializedtowards
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theneedsofexecutingservicesonheterogeneousenvironmentsa瓜ddeveloping

independent80ftwarecomponents．

Section4provided弧autOnOmOuSagent，sarchitecturewithknowledgemiー

grationinsociala＄enCyaimedatcommmicatingwithother喝entSinknowledge－

1evel・ThisarchitecturewaBdesignedbytwocriteria；（1）todevelopindependent

SOftwarecomponentsand（2）tonegotiateagent，sbehaviorbetweens。ftwarec。m＿

POnentSuSlngPrOtOCOIs）andeduatedinitreal－timeperformanCe．Wもdescribed

adesignofanautonomousa・gentarChitecturewhichisfocusedonabovementioned

twocriteria・勒demonstratedthatata£kofcontrollinglnPutSandoutput，a

taLSkofmanaglngPathplan，andataskofpresentingaguidancecanworkcoop－

erativelyinitsarchitectureandthatkn0wiedgemlgrationcanCOntributetothe

COmmmicationbetweenagentsinordertoachieveacommongoal・Real－timeper－

forma・nCeOfourautonomousagenta・rChitecturewasinvestigated．Wbconducted

experimentsth雨therobot，srunnlnglSCOmParedbetweenaprogramforstraight

forwardrumingandaroboticsoftwareage皿tinads（Ⅹ，y）andathetavalue．This

resultha”eShowedthatthisinplementationofagentarchitecturelevelpromise＄

tohaNethepotentialoffindinglmPrOVedcomponentsofautonomouslearn1ngand

●

PlannlngallowingeEicientparauelproce8SlngandquicktaBkswitching・Related

●

WOrkinalayered叩PrOaChi8investigated・BDIarchitectureandINTERRAP

architectureh肌enOSOCket－baBeCOmmmicationwithtextmessageandmobile

agentwhichareemployedtoconstruCtCOOPerativemulti－agentSyStem．Wbem－

PhBLSizethatour叩PrOaChofknowledgemlgrationcanovercomethelimitation

Ofad叩tabilityincontrollingoveragent，sinternalbehBWior．

Finany，thiBreSearChi皿thedissertaiionhasprovedthattheimplementaiion

OfagentarchitecturelevelpromisestohⅣethepotentialoffindinglmPrOVed

COmPOne叫Ofautonomouslearn1ngandplannlnganOWlnge鮎ientpaJal1elpro－
●　　　　　　　　　　　　　　　　　　　　　　　　●

CeSSlngandquicktaBkswitching・

5．2　FuttlreResearch

Throughoutthi8di8SertaiionwehaNeSuggeBtedanumberofpoB8ibledirectionsfor

futurere8earChintothedesignofcomputationalmodelsof喝enCylTbconchde，
WenOWbrie丑yexpandona．ntlmberoftheseideaB．
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5．2．1Adaptivetaskschedulingpo追cy

Accordingtoapri0rityoftaBkor8emanticsofknowledgeforbehavior，itis

possibletocontroltaskswitchingbythepolicyoftaBkallocation・T誠kisclas8ified

intoataskindependentffomacontextofagentIsbehaNiorandacontinualta慮

dependentonacontextofagentI8behaNior・Tbmaintainacontinualprocedure

ofta8k8witching，queuingtheory［57］i8aPPliedtode＄igna8Chedulingpolicyof

taBkal1。Cation．UnderaconditionthaiareqtleStedtran8aCtionraie a（request

persecond）isgreaterthanaque血grateβ（inptltPer8eCOnd），ar朗pOn8etine

atawer喝eTiscalculateduslngXleiArOCkIsproofaβfo1lows：
●

r＝
1

α　－ β
（1）

Whenanumberofataskwhichi8POSSibletobeallocatedisnIeaChta血ha8

queuingsystem，butitcannOtbeworkedpaJal1el，theibove－me皿tionedformula（1）

c弧prO血cear窃pOn紀t血eatave一喝ea＄払no昭：

r／几＝

1

れα－れβ
（2）

駄ecutingtineofacontinualtaskdependentonacontextof喝entIsbehaNior

inqueuingattimetiscalculatedbythefo1lowingalgoritlm：
●

n：anumberofta慮dloc如ion

t：atimetostartCalculatinganuhberoftaBkanocation

contimal＾ask：aCOntinualtaskdependentonacontextofagentIsbehavior

駄ecutingTine：aCOntinualtaBkexecutingtine（mit：8eCOnd）

Job：thetotaltimeofcontinualtaskexecuting

B皿鮎T：qlleingb扇艶r
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procedureJOB77ME；

begim

i＝0；

Whiletemiationconditionnotsatisfieddo
begin

8electcotinualjaBk＆omB脆r（i）；

addExecutingTimetoJobi－1；

i＝i＋1；

evaluateterminationinBuBr（i）；
end

end（JO朗てm躇）；

TbBkallocationisexecutedatapresenttimetbasedontheabove－mentioned

叫m叫2）舶huows：

r／犯＝㌃㌃㍍了＜J虚ト1　　　（3）

Accordingtotheabove－mentionedprocedureandformula（3），anumbe，。f

taskallocaAionisdecidedandtaskBwitchingwi11bedone．

5・2・2　Cooperativeco－eVOIvingarChitecture

Bykn0wiedgemlgration，agentSIkn0wiedgei8Shared〉reuSedandcoupled．Co－

evolutionarymodelisintroducedintoleammgofbehaviorsforautonomousmo－

bnerobotinknowledge－1evd・Itispdssibletogeneratenewknowledgeforcom－

Plexbehaviorinordertoadapttheun－descriptiveenvironment・職proposea

CO－eVOlvingmodelwithkn0wiedgesharingandutinzation・Basedontwolayered

叩PrOaChofleamlngCla点Sifiersystem，aCOOPerativeco－eVOlutionaryaqchitecture

Whichwi11realizeitsmodelisconstruCted（Figure22）．
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眉
托p托錐nt如ive

DomainModel

l．tos8a托bacoⅡ皿OngO山

2・tOeXPloreanundescriptivewodd

Figure22・CooperativeCo鴻VOhtiona3yArchitecture

Eacha＄entiscon8truCtedbasedonalayeredlcBLmngCla∬ifiersystem・It

haBit＄OWnknowledge・Wheneachagentselect8abestrule，ead＝喝entO鮎rsits

bestru1eintoBh血edspace弧deachagentgetabestru1efromsharedkn0wiedge・

Thisprocedureisasfo1low8：

FOREa血agentsTHENBEGIN

Chooserepresentative＄froma＄entS；

i←individual虹omagentsrequiringevaluation；

●　　　●

Evaluatefitne∬Ofcollよborationbyapplyingitotargetdomam；

A∬ignfitnessofcdhborationtoagents；

END

Thea．bove－mentionedarchitecturewⅢbeintroducedintoknowledgemanage－

men七Ofanagent・

hthesefutureresearch，Wewillinvestigateitse伍ciencyofmodelingand

d鰯i㌍m喝enCymOdel・
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