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Cbap七erl  

Introduction  

1・1 Background ofS七udies ofNelユralNe七works  

Althougl－mOdernl－i裏トSpeedcorllplユterSOper孔teWitllprOCeSSlIlgunit欝thatrtlI・1仁一  

tin【10IltheorderofteIISOrhurldredsofna．‡10SeCOnds，t主Iebrain，1Vhichc飢ISistsor  

PrOCeSSlng11Ⅰ－itst‡latOperateOnt‡leOrderofInilliseconds，isfarquickerandbeもー  

●◆ terat声perCelVlr唱Objecもsinnatur乱Iscenesand鮎dingtheirrel乱tion＄，ataC亡母SSlng  

Whateverinbrm乱tionweneedむommemory弧dundersもandi喝l弧g弧酢，atmak－  

ingplansandca・rringoutappropriateactions，an〔latwidera一一geOfot・llCrIl；Ltlllral  

COgnitivetasks・Wehumanbeingarealsofarbetteratlearningtodothcsethi－1gS  

‡－－Ore触entlyande鮎ctivelythrougbprac七ice．   

Thebasisbr血sedi鮎rencesbetweentoday，scomputersand七hebrainnl呼  

Parミiali）・COIne fromここsoftware’、，thetraditioTlalonewemightexpect frolnartifi－  

CialintelligenccIHo、、・e、・er，inourview，PeOplearesma・terthancomputcrsmainl）・  

he⊂∂几1ゴethatthcl）raiI－emPloysaverydi打ercntcomp11ta・tionalarchitectllrethatis  

m〔｝reSuitedtodealwiththenat11ralinfbrlnationprocessiI－gtaSksthatpeor・lcare  

SOgOOdaも．  

4   
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Inorderto11ndersta・ndtIleCO叩）lexinf血r‡1atio‡1prOCeSSl‡唱Sさ・stenlSStlCllaぶt‡・le  

braしin，lVe mluSt understand七bem a・t tllreelevels（Marr，1982）．The t明）levelis  

theabs七ractcoInputationaユもheoryofもbedevices，inwhich七‡leper払rIlla、nCeOrthe  

（1c、・iceisclliulaCtCriTC（1asarn叩Ⅰ）ingfroII一＝lCki－1（l（一finhtIⅢltiontoa…・1llr・l・，tlL（、  

abstr乱Cもpropertiesoftbism叩pl‡相即ede餌edpreci＄ely，乱ndiもs叩pr叩rialtefleSS ●   

andadoqlla．Cyforthetaskathan（1are（leIll（）nStratぐd．ThcぐCTltrilllL、＼・（†1iバ†0＝1（l  

Statldho、V thisぐOr叩l山Itionalthcorycanl一（一iIlll－1c111Cnt・Crl！iTll．）art・iculr・r、h…、▼tlll－  

representationfortheinpuもandoutpuもandthealgorithmもobeusedtotransform  

Oneinto七beoもher arechosen．ThelastlevelisthedeもぬIsof‡10Wttleaまgori沌m  

andrepresentationareimplementedinhardware．   

AccordingtoMarr’stheory（まescribedabove，bru‡l（まだrst乱rldingも‡lebaぶicco‡m－  

putatioIl乱1arcllitecもureofthebrain andthe‡nySteryOfhtlm弧COgni最veabili如s  

itseems vcrycゝSeIlt・ialtostu（l）・nlaSSivclyl｝arallclanr．1higl11yiIIIcrco【lIl（！ぐ†（・（lneL－  

、VOrksofneuronqlikeclelnentS，Which areinspire（lbythcot｝Viouskatllreゴ、nlぐhaさ  

Para11elismand distribution，Ofthe braiIl（AIlderson＆fIinton，19Sl）．Thc net－  

WOrksa．reヽ・aria．blyreferredtoa5neuralnetworks，COnne⊂tionistneいrorks．p礼ra！1el  

distributedprocessingsystems，andllCuralcomputers．Thesestudicsattcrnpt to  

uIlderstarl（ltllemeChanismofthet）rainbymodelingitspartsaIl（ltheirconncctionさ  

、Thichcanperform、・eriouskindsofcogIliti、・etaSksorcancxplainTariousrne；lning－  

fulphenomenaobservedinhumarlCOgniti、・eprOCeSSeS，and吋ingtocharactcrize  

matllematicallythekiIldsofusefulcomputationthatsuchassembliesperform・   

The histor）・Ofstudies ofneuralnetworks can be traced back to perご中roT；  

proposedbyRosenblatt（1962）andtheIleuralnet、VOrkshaヽ・eSuCCeSSfuliybecneIn－   
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ployedも0〔1ealwith avarieもyorproblerllSin visioTl，WOrd percepもion，aSSOCiative  

memory，WOrdsensedisambiguation，SPeeCh production，learnlngandsoon．Es－  

peciallyinrecentyears，aVerypOWer餌Ilearnl‡唱algorithmcalledあαCふpァ・岬矧痛抑  

haぷbeenproposed（Rumel王l乱蛛HirltOn，＆Willi孔m，1986）andh誠beenstlCモ溺fは勒  

aI）Plic（lin tllぐ、Tidcril哨e（｝f（：t）即1it・i、・CtaSkゴ．Morcoヽて汀，it h；lJl｝PHl（lⅢl－m封ril†（、くI  

thal・Lhecalcl11ationssllCtlaSthc（lcci貢0IISi11ぐぐ・mt）illatlioTl；llopt・il11imt・ioIll汀りl｝l・．ml＞．  

、Vhichtakctre111en（louslyloI18trilIleforcllrl・eI止colllPutCrS．CilIll）＝（：COll】l）liさ11t†（lh）・  

neuralnetworksveryrapidlyande飽ctively（Hop鮎Id＆Tank，19S5）．‡∋ec乱u5e沌e  

powerofneuralnetworksIlaぶbeendevelopedsuccessfullyandrecogn柑ed酢嵐dぬ触  

theexpectationandinteresもinthestudiesofneuralnetworksisrapidlygrowlng．  

1・2 Memoryand Cognitive Processes  

Withoutmcmory，thcTeCanbenor）CrCePtionaswecxpcricnccit．noIcnrrling．Il（｝  

motivatedactiorl－Almostal1ofthecogniti、・CaCtiviticsdcpeIldonthecot血xtllall）・  

a・nde抒etively retrievalofthenecessaryinfbrmation from memorr．Thereforc，tO  

tlnderstandthearchitectureofhumanmemorya，ndhowthememor）・hastodoll・ith  

thcvariouskindsofcognitivcfunctionsareveryimportantgoalsofthesいIdicsofthe  

l）rain・＾tthesa＝一etime，itcanprovideaveryimportantcluebrthcunderstandiI唱  

ofthelrhole mecharlisl110fthe brain．  

Inpsycholog）・．humanmemoryisdiヽidedintothreeprocesses、lVhicharerecord－  

ing，StOrageandretrieval，andisclassi鮎dintotwokinds，theshortterlnmemOry  

andlongtermmemory（Waugh＆Norman，1975：Xorm叫1969）．Moreover，aC－  

COrding torruiving†s theory（1983）、thelongtermmemoryisclassi鮎dintolhe   
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proceduralmen10ry aれd the propositioflaまr11en10ry，thelatterofⅥ張c壬Iis rurt王Ier  

Cla＄Sifiedintotheepisodicmemoryandthesemanticmemory．Theepisodicmem－  

oryisde重nedaぶtbememoryfdrspeci恥personぬIyexperiencedevents，、Vbile七he  

sem弧ticmemoryisthememroy払r酢neralprinciples，舶SOCiatio‡1S，r11les，andthe  

lik（）．rl、IleprOCC（lllral111（：111（｝ry，Whiぐhisalsocallc（・lopcrat・ioIlal＝1（、＝lr－ry，ぐ刷ふtドOf  

tllCSkiusofpercept11alIl10tiol10rCOgnit・ion．Tnothcrwords，itistllぐ＝一州1nr）▼Or  

proceduralstepsforpcrfbrmingcogtlitivetaskssuchastllCOpeTatiol10f】tln（：hi－1PS ●   

Orthedrivingofcars・   

Sofar，mainlytwokindsofmodelsfor thesemantic memoryhavebeenpro－  

posed．OneisAImodelsもha．ttypi鮎dbythesemanticnetwork（qtduian，1969）－  

InthesemodcIs，thesemanticknowledgeisrepresentedbythenodesもhatexpress  

conceptsandtbelinksもhatexpresstherelaもionsbeもweentheconcept凱Theotber  

isa蕎SOCiativenetworkslVkicharemodeledbyconsideringthef拡もthatもhebrainis  

COnStruCte（lbyhardlVareCa11ednellralnetlVOrkaIldhumanmemor）riscllara⊂tCrizc〔l  

byassociativeprocessing（Kohonen，1978）・AsthemodcIsofthel）rO⊂e（luralmcn一－  

Ory，theproceduralnetwork（Brown＆Burton，1978）andtheproductions）・Stem  

（（ireeno、1978；Anderson，1983）arelVellkn01Vn．Recentl）・，theassociati、・enetWOrk  

modelhasbeendevelopedtorepresenttheproceduralmemroy（Hirai1986；斑irai  

＆Ma予1988）．   

Theidea．that a．prominent featureofhuman memoryis the associaiioncan  

be tracedbackasfaras Aristotle（Anderson且：Bower，1973）・However，Onl）Pin  

thelast twenty）・earShastheassociativenlemOr）・ideabeenapdoptedinthemod－  

elingofhumanmemorya．ndvariol】Skindsofmodelsofassocia・ti、・emelnOryha、re   
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beenproposed．Amongthem，themostnoticeableandwidelyemployedoneisthe  

COrrelationmatrixmemoriesproposedbyKohonen（1972）．Hiscorrelationmatrix  

formalismisdescribedinthenextsection，becauseitisalsothemathematicalbasis   

Ofourmodelstobeproposedinthisdissertation．  

1．3 Correla七ion Matrix Memories and Neural  

Ne七works  

Letusconsiderlpairsofkeyvectorsandassociatedvectorsandletthekthpair  

た） ofthembeX（k）＝（xik），耕，．‥，X禁））andY（k）＝（yi，y㌢），．．．，y㌘）），re＄PeCtively．  

ThecorrelationmatriⅩMthatmemorizesthelpairsofassociativerelationshipsis  

defined by 
J  

〟＝∑牒（畔・y（た） 

た＝1  

（1．1）  

WhereTdesignatestranspositionofavector．Theprocessofassociativerecollection  

is describedfollows：  
J  

y＝∬・Åす＝∬・∑∬仰・y（た） 

た＝1  

whereXisakeylnpu七andYisareco11ectedvector・IfX＝X（k），Wehave  

y＝ズ（長）・ズ抑・y（た）＋∑牒（た）・∬（りr・y（り 

i≠良  

（1．2）  

（1．3）  

Ifthekeyvectorsaremutual1yorthogonal｝theinnerproductsX（た）・X（i）Tdisa・P－  

pearaJndtheassociatedvectorY（k）appearsinproportiontotheinnerproduct  

X（k）・X（k）T・Ifthekeyvectorsarenotorthogonal，CrOSStalknoiseY（i）appersin  

proportiontoX（た）・X（；）T  

Ingeneral）aneuralnetworkconsistsofalargenumberofneuron－1ikesimple  

COmP11七ingelemen七s⊂OnneC七edvia，SynapSe叫1ikeweightedlinks．TheelementsaJe   
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COmPutationalentitiesde重nedbyareal－Valuepotential．Aelementcommunicates  

Withtherestofthenetworkbytransmittingaslngleoutputvaluetoal1elements  

itis conIleCted to・The elements receiveinputs viaweightedlinks．Each hnk  

COntributesanlnPutWhosemagnitudeequalstheoutputoftheeachelementatthe  

SOurCeOfthelinktime＄theweightonthelink．   

The correlation matriⅩmemOry described above can be modeled by a basic  

neuralnetwork，inwhichthetransmitinge用．ciency（weightedlinks）fromkeyin－  

Putelements七00utPutelementscorrespondstothemagnitudeofelementsofthe  

COrrelationmatrix（e・g・Fukushima，1979，1989）．Infact，byintroducinginhibitory  

element七othebasicneuralnetworkorsetingupthresholdontheelements，the  

CrOSStalknoisedescribedabovecanbetakenawayorcanberedlユCed．   

However，CrOSStalknoisewi11necessari1yoccllrWhenone andthesamekeyis  

associatedwithmorethanoneitem・Inthiscase，（1．3）becomes  

y＝∬（た）・∬（畔・（y（叫＋y（瑚＋…＋y（叫），  （1．4）  

PrOVidedthat thekeyvectors are mutual1yorthogonal．In ordertoresoIvethe  

multiple－matdlprOblem，amOdelofassociativenetwork，ⅡASP，hasbeenproposed  

byHiT扇（1983）．  

1.4 Purposes and Outline ofthe Dissertation 

Thepurposesofthisdissertationaretorepresentthreekindsofcognitiveprocesses，  

includingproblem－SOlving，knowledgerepresentation，andlearnlng，withne11ralnet－  

WOrksand七odemonstratethatal1theseneuralnetworkscanbeconstructedwithing  

theframeworkofanassociativenetwork，ⅡASP．Theresearchisbasedonthebelief   
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tllaもtl－eme‡－noryistheI－10StfundanleIltalandesse‡lぬIfurlCtioIlinIltl汀l芸1rlCO脚ト  

tiveprocesses・InCha・pter2，WemOdeltheprocessofproblemsoIvingandshow  

thattheperformanceofthemodelcanbeimprovedbytheprimlngCfrectandthc  

汀Ierglngl）eも、VeerlprOCedurds呵）S．Toourkno、Vledge，SO払ー，nOStlこl川etlralneもー  

WOrkn－OdelshavebeenpTOpOSed．Chapter3describesanewscheIlle払rk王IC八Vleくまge  

rcpresellt・ation．SoTllCOfdehctsexistiILgin thcI〉rCl・iollSmO（lclボ（、illlt｝（！illlI〉r＝Vt：・1  

a・ndLllCrCSultsorcomJ）uterSimulationsho、Vthato11r1110（lelcaIlhatl（】lckll（州・1（、（lg（、  

Veryquicklyande鮎ctively．InCha．pter4，WePrOpOSeaneuralnetworkwhichcan  

mimicsomeaspectsoflearnlngOfsequenceandprovideanexplanation払rthepsy－  

Chologicalphenomenaobservcdinchildren）slearnlngPrOCeSS・Finauy，inChapter  

5，、VeInake abrierconclusionfbrour worksarldpresentfuture（lirectiorlSOrもlユe  

resea．rd・l．   



C主1apter2  

Modelingthe Processof  

Problem－SoIving  

Imthisc‡はpterWeprOpOSeam10delofnenralnetworkundeflyi喝aritilnほtic   

problem－SOIving・A1lofthemodelsfbrproceduralmemo工y7Sema・nticmemory，  

and workingmelt10ry，Whiclla・rCIICCCSSarytOSOIYCPrOblcmsaIl（larchasiぐ   

⊂OnStitlle）ltSCOmpOSingthemodcl，areCOnSt【uCtedwitllillthefram帥・urk〔｝f   

a．n associa．tivcIletWOrk，lIASP．Perfbrmanccof the modelis simu】ated oェt   

a．digita．1computer．BymemorizingprimitiveknowIcdgeoradditionoftvL’o   

digitssuchas6＋8＝14intIleSemanticmemorya・ndbymemorizingI）rO－   

Cedura．1krtowledgeforthecontrolofthepIOCeSSOIa，ddingintheprocedural   

memory，themodelca．npeIbIma．dditionofmultiplenumberswithm111tiple   

digits．ThepeIformanceoftllemOdelcan beimprovcd bymakirLgeXPlicit   

Seriilassocia．tiverelationshipsbetweerLCOnSeCutiveproceduralslepS，be⊂a・uSe   

acurrellt prOCeduralstep primes tlleneXtOne．In a，ddition．ifaprecedins   

procedtlraLIstepisthesubsetofthenextone，mergingbetweeIlthetwosteps   

OCCtlrS．The peTforma．ncecan beilnprOVed a．bout20％by the pfiming cf－  

1l   
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fect andthemerglng・BymemorlZlrtglnCOrreCtPrOCedures，themodelcan   

alsogeneratehurkindsofbugstha・tWereObse‡Vedinchildren，spracticeof   

addition．  

2．1 Mo七iva七ion  

Ourcognitiveactivities，SuCha5PrOblemsoIving，aJeCarriedoutbyuslngVarious ●   

kindsofknowledgestoredinvariousmemorysystems．Whenwesolveanarithmetic  

PrOblemsuch as addingtwonurhberswith multipledigits，forexample，WeuSe  

Primitiveknowledgeofadditionoftwodigitssuchas6＋8＝14storedinasemantic  

memory，PrOCeduralknowledgestoredinaproceduralmemorywhichcontroIsthe  

digiトby－digitandcolumn－by－COlumnsolutionprocessoftheadding，andworking  

memorythattemporarilystoresintermedia七eresults七obeusedlaterondemand．  

Therefore，tOunderstandhowsuchproblemsolvingtasksarecasriedoutinour  

braまns，翫stwemus七understandindividualmemorysystemswhichcanstoreand  

retrieverelevantknowledge，andthenwemustunderstandhowtocombinethem  

tosolveproblemsincooperation．   

Sincetheneuralnetworksunderlyingindividualmemoriesarecomposedofa  

largenumberoflow－SPeedcomponents，neurOnS，thehigh－SPeedretrievaltimeof  

Our memOries m一ユStCOme fromtheirparalleland distributedstructlユreSandthe  

Suitablecomputationstheyperた汀m・Therefbre，tOtlnderstandcogniもivesysterru  

itisessentialtofigureouttheircomputationalarchitecturesunderlyingindividual  

rnemories a．nd their combinations．   

Psychol（感calstudiesonproblemsoIvingwerecasriedouもearlierbyGesもaltpsy－   
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cI10logists・MaflypSyC‡10loglCalII－0（ielsoIISnlll抽‡li）rOCeSSeSOrf）rOt｝lelmS，ritnglr鳩  

frompuzzlessuchastoweroffIanoitoariもhmetican（l酢OmCtricproblems，have  

beenproposedbyusingproductionsystems（Newell＆Simon，ユ972；Greeno，ユ978；  

AndeTSOn，1980；Anderson，1983；Ⅸintsch鮎Greeno，198胡・   

T‡lisc‡1apterpTeSentS乱mOdelofme旧誼‡ほtW即k射通即Iyinga・ritb－11eticprol）l紺1  

SOlving・Since ourInemOrie＄乱re Char蹴teri諾ed毎誠慧8ぬもive processl一喝蕎all粛  

t‡1e memOry mOdels cons七ituting tbe p柁Senもn－0舶Iarecon由ucted wi紬ill血  

framework ofHASP，amOdeloEfhuman associa琉ve processor proposed by Hirai  

（1983）・Oneofthemostprominentfbaturesoff王ASPisitscapabilityofmemorizing  

One－tO－many aSSOCiativerelationships．By this function，SeVeralitemsa＄SOCiated  

lVit壬10‡1eparticularkeycaIll）eretrievedorlebyone，andset－tIleOretica11y（まだ翫Ied  

multiplekeysearchopefaもionssuch誠intersecも血l，join，di鮎ren∈e弧dneg乱加工l芳弘  

Weu誠partialkeysearchoper詠も血ICarlbeper払rmed、E＄pe£ia靭欝eもi‡lterSeEもion  

Operationcanbecarried out byprovidingaiir監ievanもkeysin parallela・ndonly  

itemsassocia，tedwithal1thoseke）・SSiml11atencuo叫・Canheretrieve（l．   

Thestructureofthischapterisasfbllows．InSccl主onコユ、l・P（1escrit）e t王ASP  

withpositiveftedback，Whichisusedtoconsも川CtPrOCeduralmemory．Seetion2．3  

PreSentSOVerallstructure ofもhe‡110de‡．In Sec鮎n乱▲皇，COnもrol由披Cも肌eOfもhe  

PrOCeSSOfaddingisdescribed、王nSection2・5弧d2・6予thernodel＄Ofworkin島mem－  

OryandsemanもicmemoryaJedescribEedrespective毎．S℡Cもion2，ア＄h脚SreSu鮎of  

COmpuもersimulationandpresen七島discussionsaboほもinlpr郡emenもin血e路ciency  

OfperbImanCe・‡tisalsosもowntll昆もtbemodelcangem鋸aもe払ur最nd＄Ofb聯  

Observedinchildren？spra⊂tice．   
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2．2 HASP with Positive Feedback  

In this section we describe HASP with posiもive feedback，Which can store and  

retrieve proceduralknowledge・Retrievaloftheproceduralknowledgefromthe  

associativenetworkcanbevieweda．sthereもrievalofanactioIlbyasetofconditions  

in aproductioIlrule．StruCturCOfthenct・WOrkisst10Wnin Fig・2・1・ItlCOnSists  

ofhv（）COmPOnC工ItS：heteroassociativenetwork、VithanorthogoIlali笈e（liIlput，a－1（l  

inhibitoryrecurrentnetwork．ThereadoutconもrolunitofHASP（Hirai，1983）is  

notinvolved．  

2．2．1 Heteroassociative network with an orthogonali2；ed  

input   

IntllisIletWOrk，aSSOCiativerelatimshipbetweenanexternalkeylnp叫Whichis ●   

presenもedthroughH（x），andaproceduralstep，WhichispresentedthroughT（yl），  

isstoredintbeexcitatorymodi£濾IeconIleCもionsⅣg打（訂1，エ）・Tbeseconnections  

ares七rengthenedfrominitialstrength｝Whichisassumedtobezero，tOSOmePOSitive  

value，aCCOrdingtothefollowingleamingalgorithm（L－2・1）：  

1．irl｛（：ど）・T（yl）＞0，l′l㌧人・（3／1，ヱ）isincreaさedt・OSOmePOSiti、・eValuelVi，and   

2・ifム′（ェ）・T（yl）＝0，仲1打（yl，3：）isnotchangedl  

Theexternalkeさ・inputprovidescontextorstatusinformationofthernodel・Be－  

sides，theserialassociativerelationshipfromaproceduralsteptothenextoneis  

establishedasfbllowsILetusassurnethatthe鮎stproceduralstepisheldinHASP  

b）lPOSit・i、・e feedbackloopsdeIIOtedby：1（yl）inFig・2・1・B）・PrO、・iding thenext   
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Fig．2・1・Structure ofHASP with positive feedback・ドetworknotaptions are  

fouows・Openelements‥eXCitatory・Hatchelements：inhibitor）・・ウ‥紋edex－  

dtatoryconnection．－ニmO血触込1eexciね紬ryconne⊂もionwhose離renがbisin－  

CreaSedbylea・ming．・－0：eX⊂ita．toryconnectionwhi⊂！lCarriestea⊂hersignal・一→‥  

fiⅩedinhibitoryconnection．－J：mOdi負ableinhibitoryconnectionwhosestrength  

iswe濾enedbyle拡nlng．   
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proceduralstepthroughT（yl），theserialassociativerelationshipisstoredinthe  

excitatorymodi払bleconnectioms呼ぶA（訂1，封3）bystrel唱tbeni哨ttleirconnect血IS  

frominitidstTe喝もhtoⅥ㌔，∝COrdi噂tOttlefollowingalgoritbnl（エー2・2）‥  

1．ifA（的）・r（机）＞0，勒A払パね）isincreaぶedも0勒，弧d   

2．if′1（y3）・T（yl）＝0，thcnWsA（yl，y：）isnotchangedl  

Bythislearnlngalgorithm，eaChproceduralstepi＄alsoassociatedwithits姉so  

tha．tapositivef6edbackpathcanbeestablished．   

An orthogonalizing networki＄introduced to avoid a partialkey problem・  

Letus considerthe followlngPrOduction rulesstoredin an associativenetwork：  

（“1”，“2”，“3”）＝＝＝＝＞“A”，弧d（“1”，“2’，）＝＝＞“月”，Whereもhele托hand＄ideofthe  

arrowrepresentsasetofcondiもionsandもheri庭hもbandsideTepreSentS弧乱こ七ion  

that should be executed whenalloft．hcconditions arcsatisned．1n thisca＄e．th（！   

conditions of the second ruleisincludedin the conditions of thc範rst one．This   

CauSeSPaTtialkeyproblemasdcscribedbelow．Eachpro（luctionrulecan bcrcp－  

resented byapairofassociativerela七ionshipbetweenaset ofcondiもions and an  

alCtion・Conditionsofeach ruleisconsidered a＄SPatialkeypa机erns，Which乱re  

prescTltCd†10the heteroassociative net“・Ork thro11ghl；（ご）and．1（yl）inI〕arallel．  

and an actionofeachruleisconsideredasa・SPatialpattern，Whchispresented  

throughT（yl）・Therefore，theabovetwoproductionrulescanberepresente（lbさ・  

anassociativeInappingfunction叫火］ashllo、、・s：  

叫‘；ド，くL2、，，ミミ3’ミ〕＝（こ甘、），   
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and  

掴［く11”，く（2”】＝‡“β”‡・   

AccordingtoもhecharacteristicofHASP（Hirai，1983），theabovetworelationships  

Canberewriもteninthefo1lowlngform：  

叫“1”〕＝‡“A”，“β”‡，  

叫“2，，］＝（“A”，“眉”‡，  

and  

叫“3”】＝i“A”‡・   

Since‡iASPretrieves asetofa－CtionsbytheirlterSeCtiol10rthesetsspeci鮎d by  

もherelevantcon揖tions，itbecomes  

叫“1”，“2”】＝叫（‘l”】∩叫“2”】  

＝（“A”，“月”‡∩（“ノ1－∵甘コ†＝（“▲4”，“β”）・   

ⅠIence：“B”can notalways be retrieved by叫“1｝：，“2：’］・A simple sollltion to  

Circumventsuchpartialkeyproblemistoadduniquecondiもionsmadefrornthe  

originaiconditionsbysomefunc七ionf（＊），andtheもwoproducもionrulesaremodi鮎d  

as b1lolVS：  

（ミこ1”．ミニ2”，“3”，J「こ1”，ザ，ここ3”））＝＝＞轟  

（“1”，“2”，∫（“ユ”，“2｝り）＝＝＞鼠   

、、・heref（：lr，ここ2、：，ミ；3”）ismadetonotbeequa．1tof（”1，丁，”2”）・Since叫F（”1”，こ‘2、’）】  

＝ここβ－：，itbeco甘neS叫・こ1丁：．“27丁，J「こ1”，“2”）］＝叫；：1，、］∩叫こ甘jn叫∫ぐこ1フさ、ここ2”）］＝   
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“B”・Hence，Bcanalwqys be retrievedby（“1”，“2”，f（”1”，“2”））．Thisfunction  

f（＊）isimplementedbyanorthogonalizingnetworkwhichcantransformanyinput  

PatternStOmutuallyorthogonalones．Inourmodel，theorthogonalizingnetwork  

proposedbyHirai（1984）isemployedandi七isdescribedinAppendixof（Hirai＆  

Ma，1988）．Theassocia・tiverelationshipbetweentheoutputoftheorthogonalizing  

networkandaproceduralstep，WhichispresentedthroughT（yl），isstoredinthe  

exci七a七orymodifiableconnections W云F（yl，Z）bystrengtheningtheirconnections  

frominitials七rengthtoW盲，aCCOrdingtothefollowingleamingalgorithm（L－2．3）：  

1・ifF（z）・T（yl）＞0，WsF（yl，Z）isincreasedtoWs，and   

2・ifF（z）・T（yl）＝0，WiF（yl，Z）isnotchanged・   

TheinhibitoryelementIkwiththresholdOgathersthe activityofkeylnPut，  

POSitivefeedbackinputandoutputoftheorthogondizingnetworkthroughexcita－  

toryconnections勒andsuppTeSSeSOutPutelementsS（yl）oftheheteroassociative  

networkthroughinhibitoryconnectionsⅥrT・Theresponseoftheinhibitoryelement  

lkwiththreshold8attimeiisde£nedby   

ん（り＝甲【∑w五・頃訂，り＋∑叩打凋（y2，ま）＋∑l叛・即g，り－β］，（2・1）  
エ yユ ヱ   

Where甲［＊］is anonlinear transfercharacteristicofan analog thresholdelement  

de負nedby  

舶＝（ ．   

（2・2）  

BythesuppressionfromtheelementIk，theoutputofthenetworkislimitedto  

themagnitudebetweenzeroandthethresholdinspiteoftheexistenceofpositive   
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鎚edbackloops・Tllefunct血10fsetintersectior10perationis乱Isoi‡Tlple汀Ientedby  

thissuppTeSSion（Hirai198叶   

TheelementS（yl）isassumedtobeananalogthresholdeleT▲nerltWiもhtimelag  

Ofthe鮎sもOrder．Theresponseisde茄nedby  

dぶ蝉（yl，り  十㌻（机，り＝∑町諭1，可・ムでごバ  
∬  

〃1  

＋∑仲立A（yl，y2）・A（y2，り＋∑勒ダ（訂i，gト坤，ま卜勒・項ま）， 
y3  

（2．3）  
ヱ  

and  

ぶ（机，ま）＝甲【ぶ＊（訂1，ま汁   

2．2．2 Inhibitoryrecurrent network  

（2．4）  

ÅtいIeOtltp－ユtOrtheheteroassociativeneh柑rk，nOも0‡llyacurrenもp柑Cedur乱Istep，  

butalsoto－be－retrievedstepsw王1icha柁誠SOCiaもedwitIlboも王Ithectlrrenもone弧d  

thecurrentexterndkeypa机ernappearaぷaS叩e血IpOSedpatもer‡l－TIleinllibiもory  

recurrent net、VOrkisuse（1tomake thecurrcnt stcpsupprcss the ncxt ones、and  

OnlythecurrentoneappearsattheoutputofIIASP・   

Structureofthenetworkissimi1artothat ofautoassociati、・ememOrさ・mOdels．  

buttheconnc⊂tioIISdenotedll㌔Jl（yl，y2）areinhil）itor）・．an（1thestren昌thisretluced  

fromsomeinitia）valuclt㌔tozeroaccordingtoihehilo、TinglearningalgorithIll  

（エー2．弔：  

ユ・汀r（机ト丁（y2）＞0，l隼M（yl，y2）isred11Ce（ltozero－and  

2・ifT（yl）・T（y2）＝0，then町1J（yl湖）主snむtChanged．   
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Withthisalgorithmtheautocorrelationofaspatialpatternrepresent－ingeachpro－  

Ceduralstepisstoredasaspatialdistributionpatternofreducedinhibitions．Hence，  

ifeachproceduralstepisabinarypatterncornposedofOandlelements，andat  

leastonelMelementofthepatternis notincludedintheothers，then theinhibト  

tionsbetweensuchユーelenlentSWま1lreInぬn，Bya弧1ml咽theini鵬11－alltletObe  

greaterttlanl・0，themtlltir｝1eproce（l11ralsteps，、、心challr）earatt・heot】t・l－11tOfheト  

eroassociativenetwork＄imulもaneously，COmPetethroughtheremaユnlnginhibitory  

COnneCtions，and氏nal1yonlythecurrentproceduralstepappearsa－ttheoutpuもof  

HASP．   

TheelementA（yl）isassumedtobeananalogthresholdelementwithtimelag  

Ofthe翫storder・TheresponseofA（yl）attimetisdefinedby  

A（yl，ま）＝甲【A＊（訂1，用，  （2・5）  

where  

dA＊毎1，ま）  
＋Aて机，り＝Ⅳ（凱卜鞠1，り－∑呼止払瀾）イ（封2，ま）3 （2・6）  

タ乏  

〟2   

dま  

and  

J（払f）＝・上1（訂コ、汀  （2・7）  

WhereW（yl）isaconnectingcoe鮎ientfromS（yl）toA（yl）．  

Itshouldbenlentionedtha・ttheretrie、・alofthenextproceduralstepiscarried  

Outby⊂hangingtheexternalkeyinputinsteadofusingthereadoutcontrolunit  

usedin（Hirai，1983）．   
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2．3 0verallStructure of the Model  

Overal1structureofthemodelthatcanrepresenttheprocessofadditionisshown  

in Fig・2・2・The box denoted by∝input systemH）tOgether withthat denoted  

by“representation ofnumericalconcepts and operators”，COnStitutes theinput  

encodingsubsystem．Thissubsystemreadsandreco＄nlZeSeaChdigitortheoperator ●   

Writtenonpaperasourvisiondoes，andaspeci丘cneuralelementoranumerical  

COnCeptenCOdingthedigitortheoperatorinthelat七erboxisactivated・Inour  

model，however，thissubsystemisassumedtoexist anditsmodelingisleftas a  

fu七urework、Theboxdenotedby“outputsystem”，tOgetherwiththatdenoもedby  

“ representationofmotorimaJgeS”constitutestheoutputsubsystem・Itwritesout  

answeronpaper．It alsowritesoutintermediaもeresultssuchas acarryforlater  

use・Inourmodel，however，thissubsystemisassumedtoexistandthemodeling  

isleftas afuturework，tOO．   

Aworkingmemory，Whichisrequisitefortheconstructionofthemodel，isnot  

Showna5aSeParatebox，butisembeddedintheboxdenotedby“representation  

Ofnemericalconceptsandoperators”．Itisusedtotemporar辻ys七oredigitsandthe  

OPeratOrreadfrompaperorintermediateresultsthatwiubeusedlaterondenland  

inthe processofadding．Inourwork，iもismodeledas anassociativenetwork  

temporari1ystoringassociativerelationshipsbetweenaprocedureandanumerical  

COnCeptOranOPeratOra・Ctivatedbythatprocedure．   

Thesemanticmemoryofadditionstoresandretrievestheprimitiveknowledge  

Ofadditionof七wodigitsfromO＋0＝Oto9＋9＝ユ8．fIASPwithinpuもbu翫sbr  

augend〉 addendandoperatorisused七omodelthismemory・Sincethean＄Weris   
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Externql  
World  Cognitive System  

Fig・2．2．Overallstructureofthemodel．   
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alsoanemericalconcept，itisfedbacktoもheboxdenoted by”representationof  

numericalconceptsandoperators”，andactivatesacorrespondingnetworkelement，  

SOthat theintermediateresultstobeusedlatercanbetemporalilystoredinthe  

WOrkiIlgmemOry■   

TheprocessofaddinglSCOntrOlledbytheproceduralkno、Vledgestoredinthe  

PrOCeduralmemorysy＄tem．Intheconstructionofthismemory，HASPwithposト  

tivef占edbackdescribedinSection2．2isemployed．Accordingtotheoverallstatus  

Ofthemodel，aSetOfa・pPrOpria・teCOntrOIsignalsconstitutingamicro－PrOCedureis  

retrievedfromthememoryandcontroIsthebehaviorofeachpartofthemodel．  

2・4 ControIStructureoftheProcessofAdding  

Mostofthemodelsofproblem－SOIvingprocesseshithertoproposedhavebeenco臣  

S七ruCtedbyusingproductionsysterns（Greeno，1978）．Fortheprocessofaddiもion，  

for example，Anderson used seven production rules to representthe procedural  

knowledge（Anderson，1980）．Eachproductionruleconsistsofasetofcondi七ions  

andas一ユbgoaユwhich＄houldbeexecutedwhenthesetofconditionsissa七isAed．The  

retrievalofanexecutablesubgoaliscarriedoutbypatternmatchingbetweenthe  

Set Ofconditionsandasetofinternaユand externalstatllSOfthemodel．   

Inourmodel，aPrOductionruleisviewedasanassociativerelaもionshipbetween  

asetofconditionsandasubgoalasdescribedinsection2・2・Storingproduction  

rulesandretrieⅥngaSubgoalisrepresen七edwithinthef士ameworkofHASP，Which ◆   

CanPerformsetintersec七ionretrievlngOfa・Subgoaユbyprovidingrelevan七conditions  

Silnultaneously，WithoutmakingaseTialseaTCh（fIirai，1983）・   
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Asubgoal，however，isonlyahigherlcvellanguage，SOthateachsubgoalmust  

be brokendowninto asequenceofmicro－PrOCedures・Table2・1showssubgoals  

andmicro－PrOCedurespostulatedinthiswork Eachmicrc＞PrOCedtlreSendsaseti  

OfcontroIsignals th孔t COntrOlthe be‡laVior ofe孔Ch p乱Tt Oftlle mO（lel．ControI  

Slgnalsconsti七utingmicro－pTOCed11reS乱re＄bow・ninTable2．2．AmicrかprOCedure  

COlnPOSedofcontroIsignals CS－1aIldCS－2，MP－1，Lbrexil‖1Ⅰ一Ip．（：（一11tr（一Is  

もhemodeltoreadtheopera七or”＋”丘omtheexternalworldandtostoreitinthe  

WOrkngmemo叩．  

Inordertore鮎ctthesehierarchicalrelationshipsbetweensubgoalsandmicro－  

PrOCedures，theprocedurdmemoryis devidedintotwosubsystems asshownin  

Fig・2・3－a・AsshowninFig・2・3Mb，aSubgoalもransitionnet（SGi，CtC）iss七oredin  

t・hesuperurしIiIlatePrOCe（1tlralmcmory，atl（1scq11eIICeSOfmi⊂rO－PrOCedures（NP－i、  

etc・），Whichconstitutesubgoals，areStOredinthesubordinateproceduralmemory．  

Accordingtothestatusofthemodel，aSubgoalisrctrievedfromthesuperordinate  

Subsystem・Thesubgoalspeci丘es、、▼hichsequenceofmicro－PrOCCduresthesul）Ordi－  

natesystemshouldretrieve・ThetransitionbeLweenmicrc＞PrOCeduresissponta－  

ncouslyinitiatcdbythechangeinstatussignalsresultingfroIl－theexeclltionofthe  

PreViousmicro－PrOCedure・Whenallmicro－PrOCedurescons七itutingasubgoalaxe  

execu七ed，thesubordinatesubsystemsend＄那Returnmin払rmationconcernlngthe  

COmpletionofthissubgoaltothesuperordinateproceduralmenlOrJ・・Accordingto  

：こReturnHinformationandtheothernewst・atuS，thenextsubgoalthatshouldbe  

executedlVillbe retrieved．   
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Table2・1．SubgoalsandmicrひPrOCed11reS  

SロBGO属エー1： Start  
Read operator £rom paper and 七emporar土1y assoc土a亡e  
CO三三W土th土t土nヒhevork土n9memOry・  

三   

Read f土rs七 d土如七 from paper and temporar土1y assoc土ate  
CO 

：   

Read next digit from paper and temporarily associate  
l COntrOIsユgnalp2W土tb土七まn抽e work土ng memory・   

；  

MP－1ミ  

mGO弘一2   
MP－2：   

SロBGOAL－3   

HP－3；  

SロBGOAL－4  

MP－4・l＝ Resetinput and output buffers of the model．   

Hp－4・2；A⊂t土va七e contr01s19naユpo and retrエeve an opera七Or ●  
from the work土ng memory・   

MP－4・3：Put the operatorinto the operatorinput buffer．   

Hp－4・4：Act土vate controIsユgnalpland retrleve an augend  
form the work土n9 memOry・   

MP－4・5：Put the augendinto the augenainput buffer・   
HP－4・6：Act土vate contr01s19nalP2and retrieve an addend  

from the working memory・   
MP－4・7：Put the addendinto the addenainput buffer．  

Hp‾4●8：e 
s． ”P‾4●9：pned  

SロBGOAレ5三 Wr土te－Carry   
Hp－5…  Wr土te a carry on paper forlater use・  

SUBGOAムー6； Add－Carries   
HP－6・1；Rese七 土nput and outpu七buffers of 亡be model．   

HP－6・2；Åct土vate con七r01slgnalPo and re七rleve an operator  
from the vork土ng memory．   

Hp－6・3；put七be opera七Orinto tもe operator 土npu七buffer・   
HP－6・4＝Ac七土vate con七roIs19nalpcland retr土eve a curren七  

Carry from七be workin9memOry・   
HP－6・5；put 七be carryin七O tbe au9end土nput buffer・   
MP－6・6‡Reaa the carry most re？entlY Written on paper and  

assoc土ate■⊂On七r01s19nalpc2Wi七五」i上・in亡heVOrk土ng  
memOry・   

MP－6・7；Put the addend 土nto七he addend 土npu七buffer・   
HP－6・8：Wr土七e tbe ansver obta⊥ned from tもe semantlc memory on  

paper as an acく：umulated carry．  

mGOÅL－7； End－Of－COlum   
HP－7・1＝Åc七土va七e con七r01sl甘nalPltO re七rieve a dま如七from  

the vork土n冒memOry and put tbe d土如上エnto鮪e outpu七  
buffer．   

MP－7．2：  

HP－7．3：  

HP－7．4：  

mGOÅムー8こ   

MP－8．1：  

Mp－8．2：  

mGOÅもー9＝   

HP－9：  

Write the aigitin the answer part of the ⊂：urrent  
COlumn．  

Read七be carry most recently wTiセセen and asso⊂土a七e  
COntrOIs19nalpェW土七hit土n tbe vork土叩memOry・  
Shift attention 已o the next ⊂0lurnn．   

End－W土tモ1－Carry  

Move a carry frortlthe previous ⊂0lumn t〔〕the ansver  
Part Of the current ⊂0lumn．  

End．   

End－W土七houトCarry  
End．  
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Table2．2．ControIsign扇sconstituもingmicrc＞PrOCedures  

Cぶ一1： Readad噛toran叩eratOrたompaperandputit  
intotbeworkingmemory・  

CS－2： Directattentiontoanoperatoronpaper・  
CS・3： Directattentiontothe点rstdigitonpaper．  
Cふヰ： Directattentiontotbenextdま由tonpaper．  
CS－5： Directattentiontoacarryonpaper・  
CS－6： WTite a d痩tin the answer part o［the current  

COlumn．  
CS－7： Writeadigitinthecarrypa．rtofthecurrentcolumn・  
CS－8： Movethecarryofthepreviouscolumntotheanswer  

partortbecu汀entCO血nn・  

CS＿9： WritetheanSWerObtainedた・Omthesemanticmem－  
Ory On paper・  

CS－10：WritethecarTyObtainedfromthesemanticmemory  
OI】paper・  

CS－11：Writethedigitretdevedfromtheworkingmemory  
On paper・  

CS－12：Enable fbllowlng COntrOIslgnals to the working  
memOry・  

Cぶ－13：Contro15i卯a＝㌔to也eworbngmemory・  
CS，14：ControIsignalPltOtheworkingmemory・  
Cざ－15：ControIsi卯alアユtOtbeworkingmemo叩・  
CS－16：Coz）trOIsignalPcltOtheworkingme皿Ory・  
Cざ－17：ControIsi卯山戸cユtOtbeworkingmemory・  
CS－18：Puttheanswerobtainedfromthesemanticmemory  

hto也ewo血ngmemory・  
CS－19：Putthecarryoblaizledffomthesemandcmemory  

into也ewo止ingmemory・  
CS－20：Putthedigitoroperatorretrievedffomtheworking  

memo汀1ntO One Or也einput bu鮎柑Or tbe  
Semanticmemory．  

CS－21：Reset皿Putandoutputbu鮎rofthemodelT  
CS－22： Shiftattentiontothenextcolumn．  

Cぶ一23：Endtbeproce5Slng．  

CS－24：Directattentiontoad噛tofth己rightcolumn．  
CS－25：MovethecarTγOfthecurTentCOlumntotheanswer  

pa正・  

CS－26：SUBGOÅL－1hasbeencompleted・  
CS－27：SUBGOAL－2basbeencompleted．  

CS－28：SUBGOAL－3hasbeencompleted．  

CS－29：SUBGOAL4hasbeencompleted．  

CS－30：SUBGOAL－5hasbeencompleted・  
CS－31：SUBGOAL－6hasbeencompleted．  

CS－32：SUBGOAL－7hasbeencompleted．  

CS－33：SUBGOAL－8hasbeencompleted．  

CS－3ヰ：SUBGOAし9hasbeencompleted．  
CS－35：SUBGOAL－10hasbeencompleted・  
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StcltuSj  StロtUSk  

MP－k   

Returni   

Co両roISignql   

（0）  （b）  

Fig．2，3．StruCtureOftheproceduralmemory・（a）Theproceduralmemoryis  

dividedintotwohierarchicalsubsystem：aSuPerOrdinateproceduralmemoryanda  

subordinateproceduralmemory・（b）Relationbetweensubgoaltransi七ionnet，de－  

notedbySGietc・inthesuperordinateproceduralmemory，andmic＝C＞PrOCedures，  

denotedbyMP－ietc．inthesubordinateproceduralmemory・   
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2・4．1 Superordinate proceduralmemory   

StructureofthesuperordinateproceduralmemoryisshowninFig．2．4．Itconsists  

OfHASP withpositivefeedbaJCkshowninFig・2．1and acontextual餌er tobe  

described below・Thesubgoaltransitionnets七oredin thesuperordinatesubsys－  

temis showninFig・2・5．In this軋gure，thenotations SGi／s expresssubgoals，  

andqsexpressthe＄tatuSSlgnalsthatcontroIsubgoaltransitions・Forexample，  

WhenSUBGOAL岬2iscompleted，ifstatus Cもexists，SUBGOALM9willbe  

executednext・Tゝble2・3showsthesestatusslgnals．Tbdescribehowthistran－  

Sition netis storedin the superordinate proceduralmemory and how the next  

Subgoalisretrieved，let usconsider thecaseof（SG2，Cb，SG9）．Thistransition  

means‥SUBGOAL－2ismaintaineduntilitisachieved；WhenSUBGOAL－2is  

achieved，Whichisinformedbythesubordinateproceduralmemory，andifstatus  

C3eXists，SUBGOAL－9isretrieved．Tbstorethistransitionnet，atRrstもhe  

PatternfbrSUBGOAL－2ispresentedthroughT（yl）andA（y3）showninFig．2．1  

a七thesametime，andtheassociativerela七ionshiptoitselfisestablishedinconnec－  

tionsⅣiA（yl，y2）showninFig・2．1bystrengtheningもheirstrengthaccordingto  

theleamingalgorithm（L－2．2）・Next，thea5SOCiativerela，tionshipbetweenase七  

Ofconditions，WhichconsistsofthestatusCbandthe“Return”slgnalinformlng  

thecompletionofSUBGOAL－2，andSUBGOAL－9，andtheserialassociative  

relationshipfromSUBGOAL－2toSUBGOjlL－9arestoredinl晦K（yl，X）and  

W云A（yl，y2）respectively，bypresentingthepa．tternfbrthesetofconditionsthrough  

K（ェ），PreSentingthepatternforSUBGOAL－2throughA（y2），andpresenting  

thepatternfbrSUBGO＾L－9throughT（yl）simulta・neOuSly．Itshouldbenoted   
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Fig・2．4．Structure ofthesuperordinateproceduralmemo工y・Itconsists ofa・  

COnteXtual別teTandHASPwithpositiveIeedba止   
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Cl  
→S Gl－－－－－ナ S  つ

】
 
 

G
 
 

7   ゝs。6  ＼ノク  
S G7  

Fig・2・5・Subgoaltransitionne七storedinthesuperordina七eproceduralmemory・  

SGl，SG2，・・．，andSG9indicatethesubgoalsandCl，C2，…，andC7indicatethe  

S七atusslgnalscontrollingthesubgoaltransi七ions，   
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Table2．3．Statusslgnalscontrollingthesubgoaltransition  

Start ofaddition．  

End ofa column．  

Åildigitshavebeenprocessed．  

Thereisacarryofthecurrentcolumnonpaper．  

ThereisacarryofthepreviouscolumnorlPaPer．  
Thereis a carryln the output of the semantic ●  

memOry・  

Blank貢gureisread   
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thatinordertoretrieveSUBGOALM9）theaboveserialassociativerelationship  

isalso necessary，because SUBGOAL～2wi11not disappear andisfedtothe  

network through the positive feedbackloops untilSUBGOAL－9is retrieved．  

Therefore，the stored associative relationshipsfor the transitiondescribed above   

Canbeexpressedasfollows：  

叫ぶG－2，J（ぶG－2）］＝†ぶG－2），  （2・8）  

and   

叫G，ReturnofぶG－2，ぶG－2，   

J（C3，RetuJnOf5’G－2，gG－2）】＝‡ざG－9）・  
（2・9）  

The SUBGOAL－2can be maintained by（2・8）untilits completion．When  

SUBGOAL－2iscompleted，areturnSlgnalthatinformsthecompletionofthe  

Subgoalisprovidedfromthesubordinateprocedllralmemory．Atthispoint，ifthe  

StatuSC3eXis七s，SUBGOAL－9willberetrievedby（2．9）・   

Subgoaltransitioniscontrolledbythestat一ユSSlgndsasshowninFig・2・5・How－  

ever，thereisaJCaSeWhereunnecessaxystatusslgnalsexisttogetherwithnecessaTy  

Oneforatransition・Forexample，WhenSUBGOAL－3iscompleted，thestatus  

Slgnals C4，C5and C6，Which mayexist，aJeirrelevant tOthe transition．These  

unnecessarystatusslgnalswi11dist11rbcorrec七transition．Tbavoidthisproblem】  

acontextualfi1terisintroduced．Itisusedtofi1teroutstatusslgnalsirrelevantto  

the七ransitionsofthesubgoals．   

StruCtureOfthecontextual五1terisshowninFig・2・6・Asshowninthe五gure｝  

thestatussignalsaresuppliedthrough Siaius（y），andthecontextsignalswhich   
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Fig・2・6・StruCtureOfthecontextual丘1ter・Thenetworknotationsaェethesame  

誠tboseinFig．2・1．   
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arethe returnslgnalsin払rmlng the compIctionofsubgoalaresupplied through  

Rei・um（x）．TheoutputoftheBlterisdefinedby  

CgrAT打∫（y，り＝甲【ぶねま㍊ぶ（訂，り－∑勒ぶ（弘可㌧翫加m中り）＋Gr一瑚，（2・10）  
霊   

and  

Gr＝∑Ⅵち∬・属如㍊㍗m（諾）・  

∬  

（2．11）  

TheinhibitoryconnectionsdenotedbyWbs（y，X）aremodifiableandtheirstrength  

isreducedfrominitialpositivevalueW占stozeroaccordingtothefollowlnglearnlng  

algoritbm（エー2・5）：   

1・If5紬㍊ざ（y）・属eまurn（憲）＞βェ，Wb∫（y，憲）isreducedもozero，  

2・Otherwise，W占∫（y，霊）isnotch孔nged．   

Inordertoavoidundesirablcmod捕catioI10fu㌔s（y，3：）．tllCmagnihl（lesofSft7Ius（y）  

andReまurn（ェ）inaleamingphaseareassumedtobelargerthanth00einnormal  

Opera七ion・IfastatussignalSLaius（y）isirrelevanttothetransitioninitialedby  

Reiurn（x），theinhibitoryconnection勒s（y，X）isnoもーeducedtomo．frence，this  

StatauSignalis別teredoutby（2・10），prOVidedthatl晦s≧Staius（y，i）＋GT－8c．  

Oppositely，ifastatusisrelevanttotheもransitionさthecorrespondinginhibitory  

COnneCtionisreducedtozero・Hence，thestatuscanbepassedthroughthene摘ork  

by（2・10）・Inordertomaintainasubgoalbyitselfthroughもhepositive鎚edback  

loopsuntilitscompletion，StatuSSignalstosuperordinatememor）rmuStbeblocked  

Outinthemeantime・Thisiscarricdoutbythethresholdecin（2．10）．Hen⊂e！9c  

n一し1StbetlOtlessthanSiatus（y，り．TheelementGTisintroducedtopassrele、′ant   
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statusslgnalsonlywhensomereturnslgnalisactivated・Hence－GTmuStbenot  

lessthan8c．Thatis，WcKmuStbenotlessthan8cby（2．10），prOVidedthatthe  

magnitudeofReわげn（ェ）isl・0・Therek）re，thenetworkpaT乱打IeterSn－uSth肌ethe  

followingrelationships：Sはus（y，i）≦Oc≦Ⅵ危K＜Wc：S・   

2A．2 Subordinateproceduralmemory   

Thesubordina七eproceduralmemorylSCOnStruCtedbyHASPwithpositivefeed－  

baJCk．Itcans七oreandretrievesequence＄OfmicrかprOCeduresconstituもingsubgoals・  

ThestaJtuSSlgnalscontrollingthetransitionfromonemicrかprOCeduretonextone  

are showninTable2．4．To describe how thesequencesofmicrc＞PrOCedures are  

StOredandretrievedinもhememorysystern，leもusconsiderthe＄equenCeOfmicro－  

PrOCedureconsもitutingSUBGOALM4asanexample（seeTable2．1）．InorderもO  

retrie、・etlle丘rstmicro－PrOCedurcofSUBGOノ1L－‘1，atfirstthcfnllりWing紀∬（一Cin．－  

tiverelationshipmustbeestabhshed：  

叫5G－4，／（5G－4）】＝（〃クー▲1・1）・  （2．12）   

InordertomaintainthemicrchPrOCedureuntiliもscompleもion，theassociativerela－  

tionshiptoitselfmusもalsobestoredもhroughpositivefeedbackasfollows：  

叫ぶG－4，財ダー4・1，∫（gG－4，財ダー4・1）】＝‡叔ず－4・1‡・  （2・13）   

Inordertoretrievethenextmicro，prOCedureMP－4・2afterthecompl撼onof  

MP－4・l，theassocia．tiverelationshipbet、VeenthestahlS▲lIC－い、rhichresults  

fiomtheexecutionofthepreviousmicrcLPrOCedure］IP－ヰ・1，andNP－4．2must  

beestablished asfo1lows：  

叫SG－4，〃C－2，AJP－‘1．1，∫（5G－4，八丁C－2，八丁P－▲l．1）】   
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Table2．4．Statusslgnalscontrollingthemicro－PrOCeduretransition  

MC－1：Operation of the working memory has been  
COmpleted．  

MC－2：Inputandoutputbunもrshavebeencleared・  
MC－3： Attentionhas beenshined to thenextcolumn．  
MC－4：Operation of the output subsystem has been  

COmpleted．  

MC－5：Åcarryhasbeenmovedtotheanswerpartorthe  
current coluhln．  

MC－6：Adigitoranoperatorhasbeensetinoneoftheinput  
buLTbrsorthesemanticmemory  
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＝‡〟クー4・2‡．  （2．14）  

Inordertosendreturnslgnalinformlngthecompletion ofSUBGOALM4after  

thecompletiono壬thelastmicro－PrOCedureMP～4．9，theassociativerelationship  

〟［ぶG－4，〟C－1漣膵」4・9，J（gG－4，〟C－1，〟グー4・9）］  

＝（ReturnofぶG－4，‡  （2・15）   

mustbestored．MC－1intheaboveequationisastatusslgnalresllltingfromthe   

execution of MP－4．9．  

2．5 ModelofⅥわrkingMemory  

Workingmemoryisde丘nedasamemorysystemthattemporarilystoresin払rmation  

necessarytocarryoutaspecificproblem－SOlving七ask（Squire＆Cohen，1984）・In  

Our mOdel，WOrkingmemoryis11Sed totemporarilystore aresult and acarryof  

additionoftwodigits，aSWellas anaguend，anOPeratOr，and anaddendwhich  

arereadfromvisual£eld．Allofthemodelsofworkingmemorysofarproposed  

assumedthatitisanindependentmemorysystemwithaseparatebox．Inthiswork，  

however｝itisshownthattheworkingmemorydoesnotnecessarilyhaveaseparate  

box，andit can be modeled within the framework ofHASP・Workingmemory  

is assumedtobeatemporaryassociativerelationshipbetweenaspeci鮎controI  

Slgnalinamicro－PrOCedureandanumericalconceptoranopera七oractiva七edby  

thatprocedure■Forexample，Whenthemicro－PrOCedureMP－2（seeTable2．1）  

isexecuted，thecontroIsignalCS－14showninTable2．2，Whichisembedded  

inMP－2，isusedtoassocia七ewithadigitread血ompaper誠COrdingtot地  

micro－pTOCedl丑e．   
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StrtlCture Orthe modelofttle WOrkit唱IllelT10rylS Sho、ⅢiIlf’ig・2・7・Tをlモモ  

follolVlIlgtWOPOintsaredifferentfromHASP：   

1．TheelementsS（y）andA（y）infIASPaxeintegrate（lintoasingleelelnent  

denotedbyAco〟（y）．  

2．TheexcitatoryconnectiondenotedbyWⅣ0及H（y，憲）isahighspcedl一一Od浦able  

one．ItissもrengもbenedtoⅣbythecon如nctive誠七ivationofⅣか㌃（可，、Vモーi仁一I   

isa，COnもroIsignal，andAcoN（y），Whichrepresentsanumericalconceptoran  

OPeratOr，butitisweikenedastimegoes．   

TheelementAcoN（y）receivcsnumericalconceptoroperatorinputfromtheinput  

encodingsystemorthesemanticmemorythrough7壱oN（y）・Theinputtoelement  

Aco〟（封）through了も0〟（封）iscontrouedbycoIltrOl軸Ilalsco血ngrroTntheproce－  

（ltlralnlelTlOry（Cぶ－1，Cぶ－18，andCぶ－19s‡10WniIITable2・2）a‡ldcanbe  

expressedas払1low＄：  

：指0〃（y，ま）＝A凱ば（1，まトA描即ア（訂，ま）＋心弱（18，り・Ag財月（訂，ま）  

＋A棚（19，り・Ag財C（釣り，  （2・呵   

、Vhere，ApM（i，i）representstheresponseofiihoutputelementofthesubordinaもe  

PrOCeduralmemory，fromwhichcontroIsignalCS－ishowninTable2・2m叩be  

Sent，attimei・AINPUT（y，i）representstheresponseofanouもputelemenもofin－  

putencodingsysもemrepTeSenti叫ganeme‡icdconceptoranopeTatO‡attimeま・  

jlsJIR（y，i）represent・StheresponseofanoutputelementofthesefIlanticmeInOry．  

fromw‡licbanintermediateres最tofaddiもioncomes，aもtimeま．鶴肌南湖repre－  

SentS theresI）0IISeOfanoutputelementof tlleSelnanticmemor）P，froll川・hicha   
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Fig・2．7．StruCture Oftheworkingmemory．Networknotation 十：eXCi七a－  

toryhigh－SPeedmodiBaJbleconnectionwithdecaylngfactor・Theothernetwork  

notationsaJethesameasthoseinFig．2．1．   
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Ca・rryOfadditioncomes，attimet・ThekeyinformaとionsuppliedthroughHDC（£）  

consistsofasetofcontroIsignals（CS－12～CS－17）thatcomes丘omprocedural  

memoryasfollows：  

鮎ロ（∬，り＝AÅ財（12，り・A棚（諾＋12，り，  （2．17）  

Where x takes a，nintegerfromlto5・Thisequationmeans七hat thekeyinput  

ApM（x＋12，i）（a：＝＝1，…，5）isgatedbyApM（12，i）aJttimeま・   

TheelementAooN（y）isassumedtobe an・analogthresholdelementwithla・g  

Ofthe鮎storder．theresponseisde£nedby  

d．鳩。〃（y，り  
＋A昌。〃（肌り＝∑WわoR∬（y，町中∬元（£，ま）  

エ  

〃3   

鵡  

ー勒β・J∬βC（り－∑Ⅵ㌔〃（y，ヱ，り・ん〟（g，電）＋Wオ・花0〃（封，り，  （2・18）  

ヱ  

存かC＝∑勒βC・∬ムc（∬ト♂，  
：r  

（2．19）  

（2．20）  Aco〃（y，り＝甲【A昌。〟（訂湖〕，  

and  

（2・21）  ん〝（g，ま）＝Aco〃（行け  

Theinjtialstrength ofthe connectionlγwoRK（y，エ）is zero andis tempoTa＝ily  

modiRedbythefbllowingleaJningalgorithm（L－2．6）：  

町野o農∬（y，諾，ま＋刺＝桝津・W料0点∬（訂，諾，ま）＋c・Aco〃（y，まト耳かど（ご，電≠（2・22）   
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Whereb（0＜b＜1）isadecayingcoe代cientandcisastrengtheningcoefRcient・  

Thefunctionpw［＊］isde触edby  

ほ  

ifα≧Ⅵ／  

ifO＜α＜W  

ifα＜0．  
抑［α］＝  （2．23）  

Theinhibitoryrecurren七networkcomposedofl竹N（z，y）behaNeSaSaCOmPetitive  

networkinthesamewayasthehomolog11eOfHASP．Sincetheexcita・tOryCOnneC－  

tiondenotedbyWⅣORK（y，3；）isweakenedastimegoes，theinhibitoryrecurrent  

networksuppressesolderassociatiatedconceptsa・ndthemostrecentlyassociated  

OneCanberetrieved．Besides，eaChtimeatemporaJilystoredconceptisretrieved，  

WwoRK（y，X，i＋di）isincreasedsinceAcoN（y，i）・HDC（ェ，i）＞0，andthememory  

forthisconceptisrestrengthened．Therefore，Whenthemodelperfbrmsaddition，  

OnCe the operator“＋”isregisteredin the workingmemory，it can beretrieved  

Whennecessary，withoutseeingitagain．  

2．6 ModelofSemanticMemory  

TheprimitiveknowledgeofaJddition，fromO＋0＝Oto9＋9＝18，isstoredin  

thesemanticmemory．Ifthepatternsfor“6”，“＋”，and“8”aresuppliedtothe  

SemanticmemorylnPaJal1el，brexample，thepaiternsfbranswer“4”andcarry  

“1”canberetrievedsimultaneo11Sly．Suchasemanticmemorycanbemodeledby  

usinganorthogonalizingnetworkproposedby‡Iirai（see五irai＆Ma”1988）anda  

heteroassociativenetworkofHASP．  

Asmentionabove，EASPretrievesassc＞Ciativeitemsbysetintersectionoperar  

tion・Bystoringal1associativerelationshipsofaddition丘omO＋0＝Oto9＋9＝18，   
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allofthe augcnd andaddendcome tobeassociatedwitlh nlし11tiplenuml）erS，and  

the right answercan not be retrievedby theintersection ofsets specified by a．Il  

augendandanaddend・TbsoIvethisproblem，theorthogonalizingnetworkisel廿  

ployed，andtheal1keylnP11tPatternS，fromO＋Oto9＋9，are tranSformedinto  

non－0VerlapplngOneS．   

StruCtureOfthemodelisshowninFig・2・8，Thekeyinputisdividedintothree  

PartS HAUG，Ho，and KADD，throughwhich the patterns for augend，OPeratOr，  

andaddendareinputtedrespectively．TheoutputisdividedintotwopartsAsMR  

and AsMC，fromwhich the patterns forintermediate result and carry come out  

Simultaneously．Inorder tostore6＋8＝14，for example，the patterns fbr”6”，  

“＋”，and“8”arepresentedthroughl（AUG，Ho，andHADDaSkeyinputs，andthe  

PatternSfor“1”and“4”arepresentedasassociativeinputstotheheteroassociative  

network・Hence，theassociationM［f（”6”，“＋”，“8”）〕＝“14”canbeestablishcd．  

Duringtheprocessofadding，byprovidingthepatternsfbr“6”，“＋”，and“8”in  

parallel，theresult“4”andthecarry“1”canberetrievedfromAsMRand  

Sim山taneoⅥSly．   

Itisassumedthatthesemanticmemoryhasinputbu蝕rscomposedofneuron－  

1ikeelementswithpositivefeedbacktomaintainakeylnPuもuntilallkeysofaugend，  

OPeraもor，and addend areprepared．Theinputbu仔ers are controlled bycontroI  

Slgnalsfromproceduralmemoryasfo1lows：  

∬月びG（臥ま＋蛮）＝【（A棚（20，り・（如〟（1頃）＋劫Ⅶ（16周卜舶錯（訂，り  

＋∬AぴG（野川］・河1一郎劇（21，用，  （2．24）   
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A5日C Asト伯  

Fig・2・8．Structureofthesemanticmemory・  
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∬0（y，ま＋虎）＝［A川（13，り・Aco〟（訂，ま）＋∬0（祈用・河1－A棚（21，榔（2・25）  

耳封Ⅷ（机ト＋虎）＝［A棚（20，ま）・（A川（15，り＋A翔（17，ま））・ノ毎0〃（訂，り  

（2．26）  ＋軋ββ（机けト河1－A川（2り≠   

WhereApM（21，i）isacon七roIsignalthatresetstheinputbuffers・  

2．7 Results ofSimulation   

The perfbrmance ofthe modelwa・S Simulated on adigitalcomputer・The paト  

terns representing（encoding）digitsfrom“0”to“9”aJnd operator“＋”are as－  

sumedtobea，rraySCOmpOSedofllelementsasfollows：“0”＝（1，0，W，0），“1”  

（0，1，0，…，0），…，“9”＝（0，…，0，1，0），“＋”＝（0，．・・，0，1）・Thenetworkparam－  

etersllSed are as follows．  

（1）Proceduralmemory（Fig．2．1）：ThetimeconstantsofS－andA－elements，  

机and〃2，Ofthesuperordinate proceduralmemoryaresettol．Otimeunitsof  

numericalcalculation．Thetimeconstantsinthesubordinateproceduralmemory  

aresetto2．Otimeunitsofn11mericalsimulations．Theothernetworkparametersin  

boththesuperordinateandsubordina七eproceduralmemorya．rethesameandset  

asfbllows・Wk，勒，and8aresetto2・0，1・Oandl．Orespectively・Thestrengthof  

themodi£ableexci七atoryconnectionsWiK（yl，X），WiA（yl，y2）and勒F（yl，Z）are  

increasedfromOto2・Obylearnlng・Inordertoavoidastateofmutualdepression  

amongcompe七ingitems，theconnec七ingcoe罵cientW（yl）企omS（yl）toA（yl）i＄   
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Setra・ndomlytoavaluebetweenl・Oandl・2・Theinitialstrengthoftherecurrent  

inhibitionⅥ′㌔A（yl，y2）issettol・5andreducedtoObylearning．   

（2）ContextualⅢter（Fig・2．6）：TheexcitatoryconnectionW占Kissettol．0．  

Theinitialstrengthofthemodi鮎bleinhibitoryconnection勒s（y，X）issetto20．O  

andreducedtoObylearnlng・Theelementthreshold♂issettol・0・Thelearnlng ●   

threshold8L（seeleamingalgorithm（し2．5））issetto4．0．  

（3）SemanticMemory：InthisnetworkS．el甲entSarea＄Sumedtohavenotime  

lag・Alltheothernetvorkparametersarethesameasthoseofthesuperordinate  

PrOCeduralmemory．   

（4）Orthogonalizingnetwork：InitialⅤalueofthemodi鮎bleconnections  

P彷㌔J；（y，3：）issetrandomlytoavaluebetweenO．0001andO．0005，andisincreased  

to20・Obylearrung．Thecoe餓cientl′uSedtofixthethresholdP8issettoO．99．  

（seeHir扇＆Ma，1988indetail）．   

（5）Wbrkingmemory（Fig．2．7）：Thetime constantp30fAooN－elementsis  

SettO2・Otimeunitsofnumericalsimulations・Networkpa．rameters勒DC，WID  

andeareallsettol・0・Wiissetto4・0・DecaylngCO侃cientbandstrengthening  

COe托cientcinequation（2・22）aJeSettOO・99andO・2respectively・Themagnittlde  

Ofsaturationof1年五oRK（y，ご）isset to2・0・Theinitialstrengthoftherecurrent  

inhibition勒N（y，E）issettol．5andreducedtoObyleaming．   

Bystoringthetwokindsofproceduralknowledge，Subgoaltransitionnetshown  

inFig・2・5andmicro－PrOCeduresinTable2．1，intheproceduralmemoryandby  

StOringtheprimitiveknowledgeofadditionoftwodigitsf上omO＋0＝Oto9＋9＝18in  

もhesemanticmemory，addi七ionofmultiplenumberswithmultipledi由tscanbeper－   
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formedbythemodel・Thesimulationresultoftheprocessofadding537＋618＋429，  

forexample｝isshowninFig・2・9－a・LongbaJSinthe負gtlreeXPreSSthetransitionof  

SubgoalsaIndshortbarsexpressthetransitionsofmicro－PrOCedures．Theintervals  

betweenshortbarsre鮎ctthetimelengthtocompletemicro－PrOCedures，andthe  

intervalsbetweenlongbarsreflcctthetimelengthtocompletesubgoals．Theresult  

Showsthatittook1247＄tePSOfnumericalsimulationtocompletethisaddiもion・   

2・7・1Improvementintheefnciencyofthe perfbrmance   

When welearn drivlng aCar，fbr example，at翫st we drive deliberatcly under  

COnSCiouscontrol・Throughpractice，WeCangettOdrivesmoothlyandefFiciently，  

asifone driving action a．utomatica▼lly primes the next one，and we sornetimes  

integretesoITledrivingproceduralstepsintoonechunk．   

Thissectionshowsthatbymakingexplici七seriaユassociativerelaもionship＄beN  

tweensuccessivemicro－PrOCedures，OurmOdelcanmergetheprecedingprocedure  

intothesuccedingoneautomatically，iftheprecedingoneisasubsetofもhesuccedq  

lngOne・Besides，theprlrrunge鮎ctthatfacilitatesthemicroqproceduraltransitions  

Canbeobtainedatalmosteverytransition・Hencetheperfbrmanceofthemodel  

CanbesponもaneouslylmPrOVed．   

LetusconsiderthecaseofMP－4．2andMPN4．3intheSUBGOALq4shown  

inTable2・1・Itshouldbenotedtha七theactivecontroIsignalintheMP－4・2is  

Onlyfb・Itmustalsobeactiva・tedintheMP－4．3，becauseif為isnotactive，the  

OPeratOrretrievedbyfbwilldisa・PPearfromthetheworkingmemorybeforeitis  

SupPhedtothesemanticmemory．HencetheMPp4．2isasubsetoftheMP－4．3．   

Themicro－prOCedurec11rrentlyexecutingismaintaLinedinthesubordinatぐPrO－   
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SG－1 SG－2  SG－3  SG－4  sG－5  

SG－6  SG－3SG－7  

SG－3   SG－4  8G－3  日G－4  

SG－3  SG－4  sG－3  

SG－7  

．．」 ⊥し 

SG‾3 戸G‾8  
‥  

（q）  

SG－3  5G－7  

SG－6  sG－3 SG－7  SG－3 SG－4  

SG－3   SG－4  

SG－5  SG－3 SG－4  sG－3   SG－7  SG－3  

（b）  

Fig・2・9・Theprocessofadding537＋618＋429・（a）inthedeliberatemode，and  

（b）inもheskinedmode．Longbarsindicatetransi七ionsbe七weensubgoals，a．ndshort  

barsindicatetransitionsbetweenmi⊂rO－PrOCedures．Ittook1247steps（a．）a．ndlO23  

StePS（b）tocompletetheaddition．   
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Ceduralmemory by thepositive feedback．Let thecurrent micro－PrOCedure a、nd  

thesubgoalbeMP－4．2andSUBGOAL－4respectively．Thisself－maintenance  

associativerela・tionshipscanbeexpressedasfollows：  

叫ぶG－4，財ダー4．2，∫（ぶG－4，財ダー4．2）］＝‡財ダー4・2）．  （2．27）  

The transitiontothene又もmicro－PrOCedure MPM4．3isinitiated bythesもatus  

SlgnaユMC－1，WhichresultsfromtheexecutionofthecurrentmicroNPrOCedure  

MP－4・2・The associativerelationship between thestatusslgnaland thenext  

micro－PrOCedurecanbeexpressedasfollows：  

財［ぶG－4，〃C－1，〟クー4・2，J（ぶG－4，財C－1，財ダー4．2）】  

＝（朗アー4・3）．  （2．28）   

Sinceeverytransitionofmicro－prOCeduresisexecutedonebyoneundertheexplicit  

COntrOlofsもatusslgnals，もhismodeofoperationcanbecal1edadeliberatemode．  

Theprocessofadding537＋618＋429showninFig．2．9－aiscarriedoutinthismode．  

Ifwemakeexplici七seriaユassociativerelationshipbetweencurrenもandsuceeding  

micro－PrOCedure，thisserialassociationtogetherwith七heselトmaintenanceassoci－  

ationby（2・27）canbeexpressedas払1lows：  

叫5G－も財ダー4・2，∫（gG－4，ガター4．2）】  

＝‡ガター4・2，財ダー4．3‡・  （2，2呵   

By（2・29），thenextmicro－PrOCedurebeginstoappearattheou七putof七heheteroas－  

SOCiativenetworkofthesubordinateproceduralmernoryduringtheexecutionofa   



CガAPT月見2．朗■0上）且エ〃VGT∬ガタROC且550ダPROβエ茸凡才ー50エ1〃ⅣG  49  

Currentmicro－PrOCedure，andtheprimlnge鮎ctcaJlbeobtainedatalmostevery  

t・ranSitionofmicro－PrOCedures．In addition，When acurrentmicro－PrOCedureisa  

Subsetofthesucceedingone，thecurrentmicro－PrOCedureisspontaneouslymerged  

into the succeedingone．Forinstance，in the case ofMP～4．2and MP－4．3，  

Since MP－4．2is a subset ofMP－4．3，MP－4．3can be retrieved directly  

by SUBGOALM4and MP－4．2by（2．29）without waiting the completion of  

MP－4．2．It should be noted thatin the deliberatemode，MP－4．2can be  
ヽ  

maintained by SUBGOAL－4andthe currentmicro－PrOCedure MP－4．2，beq  

CauSef（SG－4，MP－4・2）uniquelyspeciRestheMP－4．2by（2．27）．Thiskind  

OfmerglngOCCurSbetweenMP－4．2and4．3，MP－4．4and4．5，MP－4．6and  

4・7，MP－6・2and6・3，and MP－6・4and6，5・In Fig・2．9－b，the process of  

adding537＋618＋429inthisskilledmodeisshown．Ⅰ七tooklO23stepstoobtain  

theanswer，andtheperformancecouldbeimprovedabout20％comparedwiththe  

deliberatemode・Aboutfiftypercentoftheimprovementcomesfrom七hepnmng  

e鮎ct，andtheanother鋸typercentcomes血ommerglngOfmicro－PrOCedures・In  

addition，itcanbeshownthatmorethantwoproce血rescanalsobemergedif  

PreCeedingproceduresaresubsetsofsuccedingones．   

2・7・2 GenerationofBugs   

ByfbllowlnglnCOrreCもprocedures，Childrenoftenmakesystematicerrorsinaddi－  

もion・Thiskindoferrorisca11ed（fbug乃・Tbanalyヱebugsprovidesaveryimporhnt  

CluefbrunderstaJldingthemechapnismofhumancogni七iveproces＄eS・Severalmod－  

elsonthegenerationaLnddiagnosisofbugshavebeenproposed（Ybung＆0，Shea，  

1981；Brown＆Ⅴ弧もebn，19叫．   
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Bymemorizingincorrectprocedures｝themodelcangeneratefourkindsofbugs  

Observedinchildren’sper払rmanceofa・ddition（Cox，1975）．LettlSCOnSiderone  

kindofbugsindetail・Thebugisthatchildrenalwaysbarelyadda11digitswith－  

OutCOnSideringcolumェ1S・Inadding476＋17，forexample，alldigitsaread〔ledas  

（4＋7＋6＋1＋7）・Ⅵ屯cangen即a七ethisbugl）yStOri喝tbesubgod transitionnet  

ShowninFig・2・10・ThemodiRcationsofthesubgoaltran＄itionnetareasfo1lows．  

Afterthecomple七ionofSUBGOAL－3，itisexecutedagalnWithout executing  

SUBGOAL－7，Whichwritesouttheanswerofacolumn・Besides，ifal1digits  

havebeenadded，SUBGOAL－7isexecutedat翫st，andthenSUBGOAL－80r  

SUBGOAL－9willbe executed．  

Wecangenerate theotherthreekindsofbugsinthesameway（Ma，1987）．  

BycompairingthemodiAcations made tothe correctprocedure togeneraもethe  

fourkindsofbugs，Wefoundthatmostofもhemarerelatedtothesubgoalsthat  

Should beretrievedaftertheadditionofacolumnis餌ishedorafter alldigits  

areprocessed・Inotherwords，thebugsoccurduringinter－COlurnnarprocesslng  

（SUBGOAL－7）orafteral1digitsareprocessed（SUBGOAL－8）anddonot  

OCCurduringintra－COlumnarprocessing（SUBGOAL－4，5，6）．Thismaybeavery  

naturalfinding，Sincecolumnandcarryarecomplicatedconceptsfbrchildren・  

2・8 SⅦmmary  

Inthischapteraneuralnetworkmodelthatcanrepresentproblemsolvingprocesses  

SuChasadditionofmultiplenumberswiもhmultipledigit＄hasbeendescribed・In  

COnStruCtingthemodel）neuralnetworkmodelsofsemanticmemory，prOCedural   
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Fig・2・10・ThemodiAedsubgoaltransitionnetforgeneratingonekindofbugs・  

Theshadedsta・tuSSlgnalsanddottedtransitionhnesaremodi鮎dpar七s・                                                           ●   
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memoryandworkingmemory）Whicharenecessarycomponentstorepresentthe  

processofadding】havebeenconstructedwithinthefra｝mWOrkofHASP・Bycom－  

biningthesememorymodels，it haLSbeenshownthatthemodelcanperformad－  

ditionofmultiplenumberswithmulti再edigits．Ithasalsobeenshownthatthe  

Performanceofthemodelcanspontaneouslybeimprovedbyintroducingexphci七  

Serialassociativerelationshipsbetweenconsecutiveprocedures．BymemorlZlngln－  

COrreCtPrOCedures，fourkindsofbugsobservedinchildren）sperformancecanbe  

represented．SincetheproposedschemehasageneralstruCture，itcaneasilybe  

appliedtovariouskindsofproblem－SOIvingtasksbyintroducingdomainspeci五c  

PrOCeduralandsemanticknowledge．   



C王iapter3  

ⅨnowledgeRepresenta七ion  

Im this clla．Pter We PrOPOSe a TLeuralnetwoIkmodelofsemantic netwoTk，   

Whichca．nmemorizeinheritancehieraIChieswithexceptiollS，Withintheframe－   

work of HASP．The modelcorLSists of two networks：One ca．n answer the   

“what”type and”yes－nO”typeofqueries，a．ndtheotherca・nanSWerreCO針   

nitioIlprOblems．Beca，uSethe propeItyinheritanceisestabhshedbythea，S－   

SOCiativerelationships缶om thesubordirLateCOnCePt＄tO thesuperordinate   

OエはS，itis rLOt neCeSSa．ry tO aBSOCiateal1the properties the superordinate   

COnCeptS ha．vewith the＄ubo工dina．te concepts．Thiswillbe very parsimo－   

niousirtimplementingthemodelirLtmehardwa・re．‡tisalsonotnecessary   

tointroducethepropertyinheritarLCeintotheencodingschemeofconcep七島   

PerSe，aSI‡intort，smodeladopted（Hinton，1981）．Inhismodel，thecodeofa．   

StlbordinateconceptmtlStirLCl11dethecodesofallit’sstLPe工Ordinateones．Bev   

Sides，themodelcanselectabestansweriIltherecognitiontasks，eVenWhen   

a．q11eryla．cksoIeXCeSSeSSOmel乱Ptlt prOPerties．TllereSult＄Ofsimula・tion   

＄tndies£howtha．t ourmodelcanpeIfo工mquery anSWenngandrecognition  

53   
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ta・Sks veryquickly and efFectively，iIISpite oftheexistenceo‡exceptions to   

thepropertyinheritance．  

3．1 Mo七iva七ion   

Ⅰ七seemsverydi瑞cultfbrtheserial，COmPuter－1ikemodels七odealwithlargebodies  

ofknowledge・ApossiblereasonofthedifBcultyisthatsomeoperationsandal－  

gorithmsnecessaryfortheseproblemstaketooIongtime・However，manyOfsuch  

operationsoralgorithmscanbehandledvaryeaLSilybysomeparal1elmachines・One  

exampleistheintersectionoperationofla∫geSetS：Onaserialmachine，ittakes  

timein propertionaltothe product ofthe numbers ofthe membersin allsets；  

Onsomeparal1elmachinessuchasourmodelstobedescribedlaterorFahlman’s  

model（Fahlman，1979），ittakesoulyafewcycles，regardlessofthesetsize・   

Fahlman｝smodel，Cal1edNETL，WaSthefirstattempもatuslngama5Sivelypaト  

al1elnetworkofsimpleprocesslngelementstorepresentingsemanticne七．‡‡owever，  

Since each nodeinthe＄emanticnet exactlycorrespond＄tOaPar七icularelement  

（node）ofNETLandtheelementscommunicatedwithone弧Otherbypropagating  

discretemessagescalledmarkers，NETLisincapableofsupporting‘‘bes七match”  

Op即誠ioninrecognition（駄批hma町1985；Fablman，19呵．でhatis，intbecase  

thatthereisnoconceptthatpossessed alloftheobservedfeature＄（proper七ies）】  

NETL ca・nnO七retrieve aconcept that most closely exhibi七s alloftheobeserved  

features・Moreover，themodelcannot represenもtlle eXCePtion＄tO沌eproperty  

inherita・nCeWhichisa・basiccharacteristicoflmmanknowledgerepresentation．Fi－  

nal1y，NETLdidnotfu11y11tuizethepotentialfbrpara11elismbecausetheinternode   
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COmmunicationdependedoninstructionsissuedbyacentral（serial）contro11er．In  

themodelproposedbyHinton（1981），eaChnodeinthesemanticnetwasencoded  

by aparticular patternofactivityonalarge assemblyof11nits・rrhepatternof  

asuperordina七econceptisinheritedtothesubordinateonesastheirpartialpat－  

terns，SOthat七hepropertyinheritancecanbeensured．However，theinterferences  

CauSedbytheexception＄makethesystemtakelongertime七osettle，andsome－  

timesthere七rievedpatternsaredegradedinthe£nalstate・1ntherecentwork＄，  

theretrievingcapablityofsemanticnethavebeenconsidered（Fahlmanetal・，1981；  

Brachman，1982）．EtheringtonandReiter（1987）establishedacorrespondencebe－  

tweentheinheritancehierarchieswithexceptionsandthetheoriesofdefaultloglC  

（Reiter，1980）．Sofar，however，thereisno approach to concretelyrealize such  

COrreSPOndencewithneuralnetworkmodels．   

Inthischa，Pter，WePrOpOSeaneWmOdel，Whichcanrepresenttheinheritance  

hierarchieswith exceptions andimproveseveraldef6cts existinglntheprevious  

model＄．Such amodelis constructedwithin the frameworkofHASP．  

Thestrucもureofthischapterisa5fbllows．InSection3．2，Wedescribetheprop－  

ertyinheritance，abasic characteristic oflmmanknowledge representation，and  

theinheritancehierarchieswithexceptions．Section3．3showsthestructureofthe  

modelanddescribeshowitmemorizetheinheritancehierarchieswithexcep七ions  

and how theysearch thememorizedconceptstoanswerq11eriesandrecognition  

PrOblems、Inaddition，thefunctionsofselectingasuitableanswerfrommul七iple  

Candida．tes，the“bestmatch”operation，andthemeもhodofensurlngもheproperty  

inherita．nceofourmodeliscompaTedtothepreviousones，andtheprobleI－ueエー   
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istingln thepreviousonesa・repOintedout・Section3▲4presentstheresultsofa  

computersimulationandshowsthatourmodelcanhandletheinheritancelderaト  

chieswithexcep七ionsveryquicklyande鮎ctively・  

3．2 KnowledgeRepresen七a七ionandProper七yInp  

heri七ance  

Wehumanbeingcanmemorizeatremendousquantityandvarietyofknowledge  

andcanaccesswhateverknowledgeweneedveryquicklyandAexibly・However，  

muchoftheinformationweuseineverydayliftisnotstoredexplicitlybutmustbe  

deducedfromotherinformation（Fahlman，1979）・Whenwearetoldthefactthat  

Clydeis anelephant，払rexample，Weimmediatelyknow“Whatcolorheorshe  

is”，“Whetherheorshehaslongnose”，andsoon．Obviously，WeCannOtimaglne  

thattheseknowledgeaboutClydearestoredintheexplicitform・Ouralternative  

is tobelievethatwehavesuchknowledgeabo11telephant andweknow七haももhe  

propertiesthesuperordinateconcepts（e．g．elephan七）haveareinheritedtotheir  

Subordinate ones（e・g．Clyde）ingeneral・So，ifweknowin addition thefacts  

“Everyelephantisamammal”and“Everymammalneedsair”，aCCOrdingtothe  

propertyinheritancewecandeduce“Elepha．ntneedsair”，andcanfhrtherdeduce  

“Clydeneedsair”．   

Areal－WOrldexampleofconcepthierarchynetwithproperties（orcailedIS－A  

hierarchywithproperties，Or Canedinherita，nCehierarchy）isshowninFig．3．1．  

Fromthisnet，WelmowthatAfricanelephantsa．reelephant，m孔mmal，andanimal  

and theyhavebigears a，nd theircolorarerelativelyblack．Wecanalsodeduce   
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Fig・3・1・ATeaトworldexampleofinheritancel云erar⊂hywithexceptions・   
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thatAfricanelephantshavelongnosesand七hattheybreathewithlungsfromthe  

propertyinheritance，Sincethesuperordina．teconceptofAfricanelephant，elephant，  

haslongnoseandthesuperordinateconceptofelephant，mammal，brea・theswith  

alung．On theotherhand，eXCeptionstothe propertyinheritance existin the  

reaトworldknowledge．Fromthishierarchy，forexample，WeCanSeethatpenguln  

CannOtny，alもhoughthesuperordinateconcept，bird，Can且yingeneral・   

Fromtheabovedescriptionswecanseethatthepropertyinheritanceisabasic  

characteristicofhumanconceptualrepresentation，andhowtoens一ユreitisamaJOr  

issueintheworksofrepresentingsemanticnets（Hinton，1982）・Onemethodisto  

copyal1thepropertiesofsuperordinateconceptsforeverysubordinateone・How－  

ever，thisstraightforwardapproachistoospace－COnSumlng・Abetteralternativeto  

makingafu11copyof七hesuperordinaもeconceptistoglVeeaChsubordinateconcept  

apointerbacktoitssuperordinateone，SOthatwheneveraquestionarisesabout  

thesubordina七econcept，thepropertiesconnectingwithasuperordinateonecan  

beinspected．  

3．3 The Mode1   

3．3．1A networkfbrqueryanswering   

Apartoftheinheritancehierarchywithexcep七ionsshowninFig・3・1isshownin  

Fig・3・2・Inthefigure，WerefertonodessuchasuBillnand∝person泊asconcepts）  

1abelssuchasHcdornand批occupationけaspropertiesoftheconcepts，theterminal  

descriptionsassociatedwithproperties，SuChas化pink乃and㍍doctor乃asvaluesof  

theproperもies，andtheterminaldescrip七ionsdirec七IyassJOCiatedwiもhtheconcepts）   
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Fig・3．2・Apa工tOftheinheritancehierarchywithexceptionsshowninFig・3・1・   
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SuChas∝clever乃and㍑standingerec七日，aSfacもsassociatedwiththeconcepts・The  

informationsuchas（Bill，COlor，Pink）showninFig・3・2canbeusedtoanswerthe  

“whattype”query，“Wha，tCOlorisBi11？”，andtheinformationsucha・S（person，  

Standingerect）canbeusedtoanswerthe“yes－nO”typequery，“Doespersonstand  

erect？”．Inaddition，aSShowninthe軸ure，thefacttha七thecoIorofBi11ispinkis  

anexceptiontothepropertyinheri七ance，Sincethecolorofperson，aSuPerOrdinate  

conceptofBill，iswhite，yellow，Orbalckincommon，nOtPink・   

StruCt11reOfthenetwork，Whichcanmemorizeinheritancehierarchieswithex－  

CePtions andcansearch the stored concepts toanswerthe twotypesofqueries  

describedabove，isshowninFig．3．3．Itconsistsoftwoa5SOCiativenetworks：One，  

cal1edIS－A network，is aheteroassociative network withpositivefeedbackloops  

andstoretheassociativerelationshipsfromthesubordinateconceptstothesuper－  

ordinateones；Theother，Cal1edProperty－Ⅴaluenetwork，COnSistsofI‡ASPwithout  

readoutcontrolunitsandstoretheassocia七iverela七ionshipsfromthepropertiesof   

COnCePtStOtheirvalues．   

Nex七，We describe how the modelmemorizes theinheritance hierarchy with  

exceptionshowninFig．3．2andhowitanswersqueries・   

InIS－Anetwork，bypresentingeachpatternhrconceptthroughHN（x）and  

TN（yl）atthesametime，themodiRableexcitatoryconnectionsl梅K（yl．X）are  

strengthenedaccordingtothefo1lowingleamingalgorithm（Hirai，1983）：  

1・ifHN（r）・TN（yl）＞0，WiK（yl，エ）isincreasedtosomepositvevalueⅥ㌔，  

and  

2．ifKN（＝）・TN（yl）＝0，t4h（yl，3＝）isnotchanged・   
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Fig・3・3・StruC七ureofthenetworkforquery－anSWerlng．Networknotationsare  

tbesameas血00einFig・2・1・   
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Hence，theassociativerelatFionshipsofal1conceptswiththemselvesareestablished．  

By using an associative mapping function M［＊］，these associative relationships  

Canbeexpressed asfollows：M［“Biu”］＝“Bill”，・・・，M［“mammal”］＝“mam－  

mal”・Moreover，bypresentingeachpairofpatternsforthesubordinateconcept  

andit’＄SuperOrdinate onethroughthepo＄itivef6edbackloopsandTN（yl）re－  

SPeCtively，al1associativerelation＄hipsfromthesubordinateconceptstothesu－  

perordinate ones aJre Sもoredin勒A（y2，yl）．These associ七ive rela七ion＄hips are  

M［“John”］＝“PerSOn”，M［“person”］＝“mammal”，M［“elephant”］＝“marnmal”，and  

M［“Bill”］＝“PerSOn”（seeFig．3．2）．InProperty－Valuenetwork，bypresentingeach  

patternft）rCOnCePtthroughAN（yl），thepatternforthepropertyoftheconcept  

through KP（m），and the patternfor the value ofthe propertyorthefact as－  

SOCiatedwiththeconceptthroughTP（nl），allassociaJtiverelationshipsfromthe  

COnCeptSandproper七iestotheirvaluesorfromtheconceptstotheassociatedfacts  

explici七IyshowninFig．3・2ares七oredinWiN（n2，yl）andW云p（n2，m）．Theseasso－  

CiativerelationshipsareM［亡‘Jolm”，“OCCuPation”】＝“doc七or”，M［“John”］＝“Clever”，  

andsoon・Atthesametime）thestrengthofthemodifiaJbleinhibitoryconnections  

WiA（n2，nl）arereducedfrominitialvaluetozeroaccordingtotheleamingalgo－  

rithmL－2・4describedinSection2．2．2tostoretheautocorrelationofpatternsfor  

the values．  

Tbanswera“whattype”query，“WhatisthecolorofBill？”，fbrexample，  

the explicitinformation（Bill，COlor，Pink），aneXCeptiontothepTOPetyinheri－  

tanceasdescribedabove〉ShowninFig・3・2canbeusedandtheanswer，∝pink乃，  

forthequerycanbeobtainedeasilybythemodelasfollows‥Bypresentingthe   
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Patternfortheconcept“Bill”toIS－AnetworkthroughHN（x）andthepattern  

fortheproperty“color”toProperty－ⅤaluenetworkthroughKP（m），thepattern  

for”Bi11”itselfcanberetrievedfromIS－AnetworkbyM［“Bill”］＝“Bill”stored  

inWsK（y2，エ）航rst・Concept“Bi11”willactivateit）ssuperordinateone“person”  

and∝person乃willactiva七ei七）ssuperordinateone‖mammalけfurtherthroughthe  

positive feedbackloops since theal1associative relationships正om the subordi－  

nate concepts tothesuperordinateones arestoredin Wム（y2，yl）ofIS－A net－  

WOrk・Finally asuperimposed patternof㍑Bi11日，Hperson乃，∝mammal乃wi11ap－  

Pearattheoutput ofIS－AnetworkandwillbesuppliedtoProperty－Valuenet－  

WOrkthroughAN（yl）・Sincetheproperty5‘color”isbeingpresentedtoProperty－  

ValuenetworkthroughKP（m）atthesametime，thevalues“pink”，“White”，“yeト  

low”，and“black”wi11appear a，t the outputoftheheteroassociativenetworkof  

Property－ValuenetworkasasuperimposedpatternbyM［“Bi11”，“COlor”］＝“Pink”  

andM［“per＄On”，“COlor”】＝（“white”，“yellow”，“black”）・Thevaluesnotassociated  

withtheproperty“cdor”wulnot appearattheoutputoftheheteroassociative  

network，Sincetheinhibitoryelement在pisintroducedandi七）sparameters aJe  

Chosen so thatit can completelysuppress the activation ofthem．Fina11y，七he  

patternfor“pink”，theanswerforthisquery，Wi11winthecometitionthroughthe  

recurrentnetworkandappearattheou七putofProperty－Valuenetwork，Sincethe  

retrievalof“Bill”whichisassociatedwith“pink”fromIS－Anetworkprecedesthat  

Of“person”whichis associated with the other three va，1ues as described above．   

Moreover，foraq11ery“Whaもisthenutritiveso11rCeforJohn？”，forexample，al－  

thoughnoexplicitinfbrmaもiontha．tca．nbeusedtodirectlyanswerthequeryis   
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storedinthemodel（seeFig．3．2），theanswercandsobeobtainedeasilybythe  

modelinthesamemethod：Whilethepatternbrconcept“Jolm”beingpresented  

toISqAnetworkandthepatternfoTPrOperty“nutritivesource”beingpresented  

to Property－Value network，the superimposedpatternOf“Jolm”，“PerSOn”，and  

∝mammalnwi11appearattheoutputofIS－Anetworkasdescribedaboveandwi11  

befedtoPropertypValuenetwork，andthepat七ernfor七hevalue代organicmattern，  

whichistheanswerforthequery，CanberetrievedfromProperty－Valuene七work  

byM［“mammal”，“nutritivesource”］＝“Organicma七ter”（seeFig・3・2）・Itshould  

benotedthatnopatternwillberetrievedfromthenetworkuntilthepatternfor  

concept㍑mammal乃appearsattheoutputofIS－Anetworkbecauseoftheinhibitory  

elementIKP・Moreover）forthequeriessuchasHWhatistheoccupationofBi11？乃】  

sincenoknowledgetha七canbeusedtoanswersuchqueriesisstoredinthemodel）  

nogroundlesspatternwillberetrieved・   

Toanswera〃yespno乃typequeryaDoesJolmbrea・七hewithlung？乃）forexampleI  

thepatternfbr“John”ispresentedtoIS－AnetworkthroughKN（x）andthepattern  

for“breathingwithlung”ispresented七oProperty－ValuenetworkthroughTP（nl），  

andthesuperimposedpatternof砧Jolm乃）∝person乃）and㍑mammalVwi11beretrieved  

fromIS－Anetworkin七hesamewayasdescribedabove．Althoughmultiplefacts  

are associatedwiththeseconcepts，Onlythepatternfor代breathingwithlung刀】  

whichis beingpresen七edthroughTP（m）showninFig・3・3，wiuberetrieved  

fromProperty－ⅤaluenetworkbyM［“mammal”〕＝“breathingwithlung”，Sincethe  

ac七iva，tionoftheotherfacts are comple七elysupressedbytheinhibitoryelement  

IKV・ThefactthatapatterncanbeIetrievedfromProperty－Valuenetworkmeans   
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thattheanswer・forthisqueryis∝yesH・Oppositely，inthecasethataqueryisnot  

trueornoknowledgethatcanbeusedtoansweraqueryisstoredinthemodel，nO  

PatternCanberetrievedfromProperty－Valuenetwork．Itmeansthattheanswer  

lS㍑no‖．  

However，WhenapTOPertyOfaconcepthasmultiplevallユeS，themodelcannot  

knowhowmanyvalues thepropertyoftheconcepthas andcannotdistinguish  

Whethertheretrievedvalueisa．tureanswer．Forexample，fromtheinheritance  

hierarchyshowninFig・3・2，Weknowthatthecolorofpersonhasthreevalues：  

White，yellow，andblack・Ifweintroducereadoutcontrolunits（RCUs）inProperty－  

Value network（Hirai，1983），for thequery，“Whatisthe color ofperson”，the  

PreSent mOdelcanretrievethethreevaluesonebyone・However，forthequery  

aboutthecolorofBill，Sincethepatternfor“person”willalsoappearattheoutput  

OfIS－A networkbyM［“Bill”］＝“perSOn”andbefedtoProperty－Valuenetwork，  

aftervalue“pink”isretrievedbyM［“Bill”，“COlor”】＝“Pink”，theotherthreevalues：  

㍑white乃，Hyellowカ，and比black乃，wi11alsoberetrievedbyactivatingRCU・Evidently，  

thesevalues arenot thecorrect answer asthecolorofBill．  

In order to soIve this problem，analternative to the present modelcanbe  

COnSidered・StruCtureOfthealternativeschemeisshownFig．3．4．Tbanswersome  

PrOPertyOfa・COnCept，theconceptcanberetrievedfromIS－Anetworkandbe王ed  

to Property－Valuenetwork．Iftheftdconceptisnottheonedirectlyassociated  

withtheproperty，nOPatternWillberetrieved丘omtheProper七y－Valuenetwork，  

andit’ssuperordinateconceptwillbefurtherretrievedたomIS－Anetworkandbe  

fedto Property－Ⅴaluenetwork，Suchprocesswiu．berepea七ed untiltheconcept   
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Vfllue 
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netvrork 

Value  

Output  

Fig・3・4・Structureof鋸1alternativemodelforquery－anSWermg・Networknota一  

七ionsaretbesamea5tboseinFig．2．1．   
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thatisdirectlyassociatedwiththepropertyisretrieved・Hence，bythefinal1y  

retrievedconceptandtheproperty，thevaluesdirectlya．ssociatedwiththemwi11  

beretrievedonebyonecorrectly・However）thisschemetakesverylongtimeto  

accesstheconceptthatisdirectlyassocia・tedwiththepropertyandtheadvantages  

OfpardlelstruCtureCannOtbetakensufRciently・   

3・3・2 Anetworkfbrrecognition   

Recognitionproblemistolocatetheconceptthatcompletelyormostcloselyex－  

hibitsalloftheobservedfeaturesin thestoredknowledgebase・Suppose，fbr  

example）thatwehavetheknowledgeshowninFig・3・1andthatweareseelng  

SOmethinghavlngfourlegs）longnose，bigearsandsoon，WeCanreCOgnlZeitasan  

Africanelephantimmediately・Thissectiondescribesa・netWOrkthatcanperform  

SuChrecognitiontasks．   

Str11Cture Ofthe networkis shownin Fig．3．5．It consists offour associa一  

七ivenetworks：Property－Conceptnetwork，ReverseIS－Anetwork）WOrkingmem－  

Ory，andIS－Anetwork．Property－ConceptnetworkandReverseIS－Anetworkare  

COnStruCtedbyaheteroassociativenetworkofHASPwithpositivefeedback．The  

WOrkingmemoryandIS－Anetworkareconstruc七edbyaⅡASP，Whichhaspositive  

feedbackloopsbuthasnotreadoutcontrolunits．Next，Wedescribehowthemodel  

memorizestheinherita・nCehierarchywithexcep七ionsshowninFig．3．2andhowit  

SearChestheconceptsinthehierarchytoanswerrecogni七ionproblems．InProperty－  

Conceptnetwork）al1explicitassociativerelationships丘ompropertytoconceptor  

thea＄SOCiativerelationshipsfromfacttoconceptshowninFig・3・2arestoredin  

WsK（y2，X）： M［“nutritivesource，Organicmatter”ユ＝“mammal”，M［”sta，nding   
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Concept ロUtPUt  

Fig・3・5・S七ructureofthenetworkforrecogni七ion・Networknotationsaxethe  

SameaSthoseinFig・2・1・   
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erect”］＝“PerSOn”，andsoon・InReverseIS－Anetwork，allassociativerelationships  

fromthesuperordinateconceptstothesubordinateonesarestoredinW云＾（y2，yl）：  

M［“mammal”］＝“PerSOn”，M［“person”〕＝“John”，andsoon．InIS－Anetwork，all  

associativerelationshipsfromthesubordinateconceptstothesuperordinateones  

arestoredinthemodiRa・bleexcitatoryconnectionsofthenetwork：M［“John”］＝  

“person”，M［“person”】＝“maJrmal”，and soon andthe autocorrelations ofpat－  

ternsfbrtheal1conceptsaJeeStablishedinthemodi鮎bleinhibitoryconnectionsof  

・－i． thenetwork・Arecqgnitiontask：RecognlZeaCOnCePtthathasfb1lowlngfeatures：  

以It）snutritivesourceisorganicmatter乃andHItstandserrect門fromthehierarchy  

ShowninFig・3・2，forexample，Canbeperformed asfollows・Bypresentingthe  

firstfeature“It’snutritivesourceisorganicmatter”，tOProperty－Conceptnetwork  

throughH（E），COnCePt“mammal”canberetrievedbyM［“nutritivesource，Orgardc  

matter”］＝“mammal”Rrst．Concept“mammal”wi11hlrtheraLtivateit，ssubordi－  

nateones，“PerSOn”and“elephant”，andthe“per＄On”wi11activateit，ssubordinate  

OneS，”Jolm”and“Bill”，throughthepositivef6edba，Ckloops，Sincethea11assoc～  

itive relationshipsfromthe superordinate conceptsto thesubordinateones a∫e  

StOredinWiA（y2，yl）ofReverseIS－Anetwork．Fin濾y，aSuPerimposedpattern  

Ofal1concepts，“mammal”，…，“Bill”，willa．ppea，ra．ttheoutpu七ofReverseIS－  

A network．The elements ofReverseIS－A network are connectedwith those of   

the workingmemory by丘Ⅹed excitatory connections adld these connec七ions are  

Chosenso that the active elementsofReverseIS－A networkcanaLtivatethe cor－  

respondingelementsoftheworkingmemory・Therefore7thesuperimposedpatte  

appearingattheoutputofReverseIS－Anetworkcamactivatethecorre＄POnding   
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elements oftheworkingmemoryandcan bememorizedintheworkingmemory  

by uslng the Arst feature as akey pattern according to thelearnlngalgorithm  

L－2．60fworkingmemoryasdescribedinSection2．5．Afterthat，al1elementsof  

thenetworksarereset．Next，bypresentingthesecondfeaJture，“Itsta・ndserect”，  

toProperty－ConceptnetworkthroughK（Ⅹ），aSuperimposedpatternof“person”，  

“Jolm”，and“Bul”willappeara七theoutputofReverseIS－Anetworkinthesame  

WayaSdescribedaboveandwillbestoredintheworkingmemorybyu＄1ngthesec－  

Ondfeatureasakeypa・ttern・Andthen，bypresentingthesuperimposedpattern  

Ofthe twofeatures to the working memory，the superimposed pattern of“per－  

SOn”，“Jolm”，and“Bill”willappearattheoutputoftheworkingmemorybythe  

intersectionoperationofthetwo setsofconcepts：M［“nutritivesource，Organic  

matter”，“Standingerect”］＝M［“nutritivesource，Organic matter”］nM［“standing  

erect”〕＝（“mammal”，“PerSOn”，“elephant”，“Jolm”，“Bill”‡∩（“person”，“Jolm”，  

“Bi11”）＝（”person”，“John”，“Bill”）（Hirai，1983）・Sincetheassociativerelation－  

Shipsfromthesubordinateconceptstothesuperordinateones：M［“Bill”】＝“PerSOn”  

andM［“Jolm”］＝“perSOn”arestoredinIS－Anetwork，theconcept“person”，Which  

istheuppermostoneamongthethreeconceptsintheIS－Ahierarchy，Willwinthe  

COmPetitionthroughtheinhibitoryrecurrentnetworkandappearattheo11tPutOf  

IS－Anetwork丘nal1y．Therefore，theconcepthaNingfeatures，”It｝snutritivesource  

isorganicmatter”and“Itstandserect’’，Canberecognizedas“person”．   

SincerecognitionsaJePerformedby七heintersec七ionopera・七ionforthemultiple  

SetS Ofconcepts a＄described above，in the case that no conceptin the stored  

knowledgebasecanbe matchedtocompletelyexhibit the aZIobservedfeatllreS，   
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noconceptcanberetrievedbythepresentmodelasana・nSWer．Infact，however，  

Sincetheintersectionoperaもionisimplementedby七heinhibitoryelementofHASP  

（Hirai，1983），byprovidingadequateinhibition totheinhibitoryelement ofthe  

WOrkingmemory，theoutputoftheinhibitoryelementisreduced，and七heconcept  

thatmos七closelymatchtheobservedf6aturescanberetrieved．Thatis，themodel  

Ca・nperfbrmthe“be＄tmatCh”opera七ion．   

It shouldbenoted that the modelis assumed tobe controlled by acontrol  

network，fromwhichthecorrmlandssuchas“PresenttheBrstfeaturetothemodel”，  

“Presen七the superimposedkey patterntotheworkingmemory”，Or”Reset the  

elementsofthenetworks‖aresentout．Suchacontrolnetworkcanbeconstructed   

byaproceduralmemoryasdescribedinSection2．4andisassumedtoexistinthe  

model．  

3・3・3 Comparisons be七ween our modeland the previous  
OneS   

InfIinton，smodel（1982），bychoosingdistributedrepresen七ationsappropriately，  

propertyinheritancecanbespomianeouslyestablishedwithoutanyspeci丘cconnec－  

tions・Thatis）byrepresentingasuperordinateconceptwithapatternofmicrofea－  

tures（individualactiveunits）thatissirnplythese七ofmicrofeaturescommonto  

thepatternsthatrepresentitフssubordinateones，anyeffectscausedbythepattern  

fbrthesuperordinateconceptwi11automatical1ytransfertothepatternsfbrit）s  

Subordinateones・Therefbre，byencodingelephantasa，Pattern（111000000000）  

andClydeas（111000111000），fbrexample，thehiera．rchicalrelationbetweenthem  

isestaも1ishedimplicitlyandthepropertiesthatelephanもhaveca．nbeinheritedto   
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Clydena・turally．Evidently，SuChanencodingworkisarti鮎ialandtroublesome．In  

OurmOdel，thepropertyinheritanceisensuredbyestablishingassociativerelation－  

Shipsfromthes11bordinateconceptstothes11PerOrdinateoneswithoutnecessityto  

distinguishbetweenthesuperordinateconceptsandthesuboTdinateonestoencode  

thema＄Hinton，smodeladopted．   

Moreover，inrecogni七ionproblem，ifmoretha／nOneCOnCePtthaもpossesedthe  

allobserved features arefound，Fahlman，s NETL assumes that the one thatis  

uppermostintheIS－Ahierarchyisaccepted．However，NETLitselfdoesnothave  

afunc七iontodistinguishwhichconceptistheuppermostoneintheIS－Ahierarchy  

a．nd toselectit as ananswer．Inourmodel，aS describedinSection3．3．2，When  

multiplecandidates（e・g．“PerSOn”，“John”，and“Bill”）forarecognitionproblem  

a・PPearattheoutputoftheworkingmemoryItheuppermostone）㍑personH，inthe  

IS－AhierarchycanbereもrievedfromtheIS－Anetwork．   

Finally，NETLisincapa・bleofsupportingthe∝bestmatch打operation，because  

themarkerpassingsystemwasadopted（Brachman，1985；Fahlman，1982）・How－  

ever，thepresentmodelfbrrecogni七ioncanperfbrmsuchanopera七ionbylowering  

selection criterionofthemodelasdescribedinSection3．3．2．  

3．4 ResⅦ1ts ofSimulation  

TheinheritancehierarchywithexceptionshowninFig・3・2wastaIkenasanexample  

andthequery－anSWerlngandTeCOgnitionbythemodelweresimulatedonadigital  

comp一ユtertOSeeWeatherthemodelcanperformthemcorrectlyande鮎ctively・The  

patternsrepresentingconcep七s｝代Bill乃，…，ポmammaln，WereaSSumed七obearrays   
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composedof5elementsask｝1lows：“Bill”＝（1，0，0，0，0），．．．，“mammal”＝（0，0，0，  

0，1）．Thepatternsrepresentingproperties，“COlor”，“OCCuPation”，and“nutritive  

source”wereassumedtobearrayscomposedof3elementsasfollows：“COlor”＝（1，0，  

0），くくoccupation”＝（0，1，0），“nutritivesource”＝（0，0，1）．Thepatternsrepresenting  

values ofproperties orfact＄，“doctor”，…，く‘pink”，Were aSSumed tobe arrays  

composedof8elementsasfbllows：“docotor”＝（1，0，．．．，0），…，“Pink”＝（0，…，  

0，1）・   

3．4．1 Parameters ofthe model   

ParametersofthemodelusedinthecorrTPuterSimulationareasfdlows・The  

timecons七ant ofthe excitatoryelementsinal1theheteroassociative networksis  

settol．Otime11nitsofn11mericalcalcula七ion．Thetimeconstantoftheexcitatory  

elementsintheinhibitoryrecurrentnetworksofthene七workforqueryanswerlng  

a，nd the networkfbr recognition areset to2．O and5．O time units ofn一ユmerical  

Calculationrespectively．Asa七urationcharacteristicisintroducedtotheexcitatory  

elementsintheheteroassocia，tivenetworksthathaNePOSitivefbedbackloops．The  

Saturationvalueissettol．0．Thestrengthofthemodifiableexcitatoryconnec七ions  

inallnetworksexcep七theworkingmemoryareincresedfromOtol・ObyleaTnlng・  

Theirdtialstrengthofthemodifiableinhibitoryconnectionsinal1theinhibitory  

rec11rrentnetWOrksissettol．5andreducedtoObylearrung．Thestrengthofthe  

丘Ⅹedexcitatoryconnectionsfrominputhnestoinhibitoryelements（e．g．勒shown  

inFig．3．3）isse七tol．0．Thestrengthofthe点Ⅹedinhibitoryconnections駐om  

inhibitoryelemen七stoexci七atoryones（e．g．勒showninFig・3・3）issettol・0・The  

threshold，C，OftheinhibitoryelementinⅡASPwithoutRCtIshowninFig・3．5   
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issettol．0．Thestrengthofthe免ⅩedexcitaItOryCOnneCtionsfromtheexcitatory  

elementsoftheheteroassociative networkstotherecurrentinhibitorynetworksis  

Setrandomlytoavaluebetweenl．Oandl，1．Fortheworkingmemory，decaylng  

coe魚cientbandstrengthingcoe用．cientcoftheexcitatoryconnectionsin（2・22）aTe  

SettOO．999andl．Orespectively．Thesaturationstrengthoftheconnections，W，  

in（2．23）issettol．0．   

3．4．2 Results ofsimulationfbrqueryanswering   

Supposethemodel払rqueryanswerlngmemOrizedtheinheritancehierarchywith  

exceptionshowninFig・3・2asdescribedinSection3・3・1・Aresultofsimulation  

foranswerlnga“Wha，t”typequery，“WhatisthenutritivesourceforJohn？”，is  

showninFig・3．6．Fromthis重gureweknowthatnoconceptandvalueareac七ive  

in theinitialstate．Thatis，nOPatternforconcepts andvalues appearsat the  

outputsofIS－AnetworkandProperty－Ⅴaluenetworkofthemodel・Bypresenting  

thepatternfbrconcept“Jolm”andthepatternforproperty“nutritivesource”to  

themodelasdescribedinSection3．3．1，afteronestepofnumericalcalculation，七he  

patternfor“John”isactivatedandisre七rievedfromIS－Anetworkwithmagnitude  

O・6・Aftertwostepsofnumericalcalculation，COnCePt∝person乃isactivatedwith  

magnitude O・4・After threesteps ofnumericalcalculation）COnCePt∝mammal乃  

is activatedwithmaJgnitude O・3andthepatternforthevalueぴorganicmattern  

beginstobeactiva，tedandtoa・PPearattheoutputofProperty－Ⅴaluenetworkwith  

magnitudeO・1・AfterlOstepsofmmericalcalculation）theactivemagnitudeofthe  

valueKorganicmatter乃isincreasedtoamaJgnitude，nearbyl・0・Hence，αorganic  

matter乃istheanswerforthequery・Besides，fbrqueryく（WhatiscolorofBi11？乃7   
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Que「y：Vhatisthenut「jtivesou「ceforJohn？  

b「eathjng  

両川1urlg  
lnitial  

State  
′ ／  

．．′′⊥L＼nutrltj・ノe  

or9anほmatter   
（ご＝リSOurてe  5t即1dj咽e「eCt  

’  

／  
bほCk「  

、  

Cleve「  

doct〔〉「  

Afterりne SteP  

b「e飢hjn9  

Withlung   

0「g己nicm8tter  
St即djn9e「eCt  

docto「  

（continⅦed）  
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Åfte「two steps  

b「紺帥堅  

州thlしm・ヨ  

dDCtO「  

Afte「three steps  

b「e飢hjng  

Wjthlu噂   

／ 
／  

0「ganjc m8tter  

（0＿1）   

ロCCuP8t＝コn  

dl：ll：t亡l「  

（continⅦed）  
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After ten steps  

b「拍t廿咽  

Wうthlung  

0「ganH：汀柑tter  

（】．0）  

docto「  

Fig・3・6・Aresul七ofsirrmlationforanswennga打what”typequery・  
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althoughtheexplicitinformaもion“ThecolorofBi11ispiIlk”，WhichisusedtoaIISWer  

thequeTy，ShowninFig・3・2isanexceptiontothepropertyinheritanceasdescribed  

inSection3．3．1，fromtheresultofthesimula七ionweknowthatanswer“pink”can  

beol）tainedthrougheightstepsofnemericalcaユculation・Ontheotherhand，for  

thequeries aboutthecolor ofpersonor thecolorofJohn70neOfthe answers‥  

white，yeuOW，andblackcanbeobtainedverye抒ectivelywithoutanyinterferences  

CauSedbytheexception．   

An example ofsimulationfbr answerlnga以yes－nO門typequery）〃DoesJohn  

breathewithlung？H，1SShowninFig・3・7・Asshowninthe重gure！bypresenting  

the patternforconcept郎John乃and thepatternfbrfact㍑breathingwithlung乃  

to the model，after three steps ofnumericalcalculation，the concepts，“John”，  

“person”，and“mammal”，areaCtiva．tedinorder，andfact“breathingwithlung”  

beginstobeactivatedandtoappea・rattheoutputofProperty一Ⅴaluenetworkwith  

magnitudeO・1・AfterlOstepsofnumericalcalculation，theactivemagnitudeof  

value∝breathingwithlung乃isincreasedtoamagnitude）nearbyl・0・Hence‡the  

answerfbrthequeryis‘ウes”．Anotherexampleofsimula七ionforanswerlnga“yeS－  

no乃typequeIyisshowninFig・3・8・Thequeryis∝IsBillclever？”・Asshownin  

the£gure，nOmatterhowmanystepsofnumericalcalculationareperfbrmed，nO  

patternforanyvaluecanbeactiva七ed・Hence，theanswerforthequeryis∝no刀・   

3．4．3 Resultsofsimulationfbrrecognition   

AresultofsimulationforperfbrmngarecognitiontaskisshowninFig・3・9・The  

recognitiontaskistorecognほeaCOnCePtthatpossesfbllowlngtWO良a・tureS：“It’s  

nutritivesourceisorganicmatter乃 and uItstandserec七乃fromtheinheritance   
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Oue「y二DoesJohnbre離helYithlung？  

b「eath＝1弓  

Y・＝thlung   
Initi8l  

State   
′／・ノ  

ノー′一→－ ＼  
nut「1tjve  

ロ聯nlCm8tt即  

White′臼ellow′  

bほCk  

ノ丁＼、；   
‥－－  ′  巳聖Lp，。k  Cleve「－1  

ノ  
、    ）    一   

OCCu叩tjon  

docto「  

After one step 

b「e8thjng  

両t「＝un9  
／  

′  
′                      ′   

Ve 

。「輌tter  
St8ndjn9e「eCt  

ゝ「、、  Whj”叫 、 

去ぎers。。：）  relephant ヽ  ◆ 
＼   

＼－～＿一－ノ  
ノ   

dロCtロ「  

（continued）  
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A†ter two steps   

b！－e已thlng  

ノ  
′ 

√－－－－－、  nut「jtl＼Je  
〆′  ＼  

d亡忙10「  

After three steps  

t 

（0・り  

nut「うtjve  

SOu「Ce  
（0＿3）  mamrnal 0「ganほm己tte「  

Whiteノリel10、〝′  

b18Ck  

′
．
■
r
■
■
’
 
 

豊
 
 
 

－、＼、＼、、、  
…）＼ 

「ト虹押  

＼－、  J   ′  
John  

ロCCUP飢ion  

do亡t即‾  

（continued）  
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Afte「ten st印S  

doctn「  

Fig・3・71Aresultofsimula・tionfbransweringa代yes－nO刀typequery・  
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Que「y：lsB‖1clever？  

br‾eらt「＝「■g  

両thlし1「唱  
lnitial  

State  ／   

′・一一－－」、、、nし舟什廿沌  

5tandjn9e「eCt  

＼  
Whjte．臼elloヤY′ COlor  

／  、Pe「50n．J 二：「－－－て＿ノ  
bほCl亡  

／  

＝≡壬・…一一 

′ ／′ 三l■‾′ニ＼－：‥           ＼  

＼  
＼  

＼、 （′′′㌫、己聖L帥 、 
、 J   J  

1  
OC亡uP8t一口n  

do⊂tO「  

Åfte「ten steps  

b「e8thiIlg  

冊jt111ung  

／  

0「g8nicm飢te「  

dロ⊂tロr  

Fig・3．8．Aresultofsirmla七ionforanunknownquery．  
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Recognjze8COnCept th8t POSSeS tWO featu「es  

［－「e己thj「唱  

●軒ithl‡」ng  

lnitial  

S七日te  

′ 

一n18mm∈ヨ】   

－  

ト禦u「［e  
0「g8n祀「∩酎te「  

St8ndinger‾eCt  

／  
／’   

w＝te′臼e－－ow．CO10r  
b18Ck  

′ ／－  

、＼  
「計理L 
＼  

。j。k  

ノ  ヽ－    J  

The first fe8tUre   
js p「esented  

rSfter one step 

b「e飢hjng  

Wjthlung  

／  
nut「jtive  

SOu「Ce   rnammal （0．6）  Or9anic m8tte「  
Standjnge「ect  

＼＼  

こ‥二⊥ニ；   W侶te一日el10W－  

b18Ck  
‥・l 

．′ ′   

＼＼  

■＼  

一 

／  
． √‾、、＼  

＼  
、
■
′
 

ヽ
J
 
 

clever＿＿＿」’しIc血1                             ヽ  

、’、＼  J  ノ■  

DCCuP8tjon  

do仁tO「  

（continⅦed）  
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U After  fou「StePS  

［げe紬…■唱  

両＝■一1しmg  

d〔lCt亡I「  

After seven st;eps 

b「e飢hjn9  

Wjt「－1ung  

（con七inⅦed）  
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Slis memo「一之edin  
the Y川「kjng memo「  b「拍＝1川lヨ  

竹■jt「llu「l量ヨ  

／                        ノ  

／  

′－一－ぺ－－＼、．nut「jtjve  

し、IS－コu「Ce  
ロ「抑舶  

／＼ 

／ ＼＼  

Standjnge「ect  

＼・、  ＼＼ 

∵‾‾三‥二‾ユ  
‥  

ニ 
二‥二≡：二二  

・  
．／ ＼、  

／  
■r－－■■■■■■■■－・  

′′‾～、＼  
′   B川  

ヽ、、＼＿ J 一／■  

．′一一  

ト望虹plnk  clever－－イJohn  

OC⊂uロ8tiロn  

docto「  

rThe苧…ndfe8 －   1＄ D「eSent． j＄P「eSente Afte「One SteP  
d  

b「eathjng  

Withlung  
／  

／′  

ノ′ e 
or卵njcm8tter  

‘0 

St8nding erect  

●6’ 

（   、 

、、＼、⊥＿＿ノ●－  

Whjte′臼e＝owノ  

black  
Pe「SOn  

、－－、  ■′′   ′′■  

ヽ 二：‾、、≡－‥．．1：二＝り・  、－小一  Cl帥e「 「  John 〕  
ノ←′  

ロCClJP8t柏n  

d亡l亡tO「  

（continued）  
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U After  th「ee steps  

br‾eat山ng  

W‖川】u叩  

ノ ′√一‾‾‾‾‾‾－・、、 nUt「jtl用  

manlnlal、）与Ou「Ce  
叩押雨mattel－  

≡二 
＝ 

三  

二＿ 

l  

dlコCt亡l「  

S2js memo「jzed  
jn thel〝0「kjng  

memO「臼  

b「e8thin9  

Wjthlung   

nut「うt竜Ve  

卜SOu「⊂e  
0「98nicm8tte「  

S拍ndinge「ect  

Whjte一日ellow′ COlor  ＼  

elep「椅nt  Pe「SOn  black  

′
 
 
／
1
1
’
、
 
 

B川   

、    ＼ ＿＿＿．一一■■  
＿ノノ  

、＿＿ DCCuP缶t一口n  
ヽ  

1  
d〔忙tO「  

（con七inued）  



CガAPT且毘3．∬Ⅳ0Ⅵ二L旦かG且兄且アR且5月ⅣmTJO〃  87  

0「98njc m8tte「   

lコロCt〔り‾  

Afte「Sixteen steps  

b「e8thjn9  

W了thlung  

nut「jt盲Ye  

SOUrCe  
0「g8nic m8tte「  

St8ndjng erect  

（－一0） 

、 ′  

＼＼、 J ／  

Whjte，Uell押㌧ COlロ「  
Pe「SOn   

b18Ck  

／／   

＼、  

／ 

C－e叫 （正伸＝  
。  

doct〔lI‾  

Fig・3・9・AresultofsimulationforanswerlngareCOgnitionproblem・   
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hierarchywithexceptionshowninFig■3・2・AsshownintheRgure】bypresenト  

1ngthe patternfor七hefirst fea七ure，“It’s nutritive so11rCeisorganicmatter”，tO  

Property－Conceptnetwork，afteronestepofnumericalcalculation，COnCePt“mam－  

mal”isactivatedattheoutp11tOfProperty－Conceptnetworkandismemorizedin  

theworkingmemo工ybyuslngthefirstfeatureasakeypattern・Aftersevensteps  

Ofnlユmericalcalculation，allconcepts，“Bill”，…，“mammal”，a，reaCtivatedatthe  

OutPut OfProperty－Concept network Hence，もhe set ofthe£ve concepts，Sl，is  

memorizedintheworkingmemorybyuslngthe丘rstfeatureasa・keypattern・Af－  

terthat，theal1elementsofthenetworksarereset．Andthen，thesecond董bature，  

“Itstandserect”ispresentedtoProperty－Conceptnetwork．Fromthefigurewe  

knowthatconcept“person”isreactivatedafteronestepofnumericalcalculation・  

Afterthreesteps，theothertwoconcepts，“John”and“Bill”，arereaCtivated，tOO．  

Hence，theset ofthe three concepts，S2，is memorizedinthe workingmemory  

byuslngthesecondfbatureasakeypa・ttern・Afterthat，theal1elementsof七he  

networksareresetagaln．Next，aSuPerimposedpatternofthe七wof6aturesispre－  

Sentedtotheworkingmemorythroughthekeyinp11tline・Asshowninthe£gure，  

theintersectionoperationfbrthetwoset，SlandS2，S七oredintheworkingmemory  

isperformedandonlythecommon pa，rtOfthetwosets，“PerSOn”，“John”，aJld  

“Bill”，isactivatedattheoutputoftheIS－AnetworkwithmagnitudeO・3afterone  

stepofnumericalcalcula七ion・After16steps，Onlyoneconcept7∝person乃）remain＄  

attheoutputofthenetworkwithmagnitudenearbyl・0・Hence）㍑person乃is七he  

answerfbrtherecognitionproblem・Inaddition†inthecasethatnoconceptin  

thestoredknowLedgebasecanbematchedtoexhibittheallobse‡Vedfeature＄）nO   
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COCePtWillbeactivated・Forexample）forarecognitiontask：RecognlZeaCOnCePt  

thathas飴atures：㍑standingerec七日，∝clever”，and（くThecolorispink”，nOCOnCePt  

Canberecognizedbythemodel．  

3・5 Summary  

Inthischapterwehaveproposedanewschemefortheknowledgerepresentation・  

Byproperlyconnectingassociativenetworks，HASPs，theparal1elmodelthatcan  

memorizeinherita／nCehierarchieswithexceptionsandcanbeusedtoanswerthe  

twotypesofqueriesandrecogmitionproblemsisconstruCted．Inourmodels，be－  

CauSethepropertyinheritanceisensuredbyestablishingassociativerelationships  

fromthesubordinateconceptstothesuperordinateones，thereisneithernecessary  

todirectlyestablishassociativerelationshipsffomthepropertiesofthesuperoト  

dinateconceptstoal1thesubordinateones，Whichwillbeveryparsimoniousin  

implementingthemodelintruehardware，nOrneCeSSarytOPurPOSelyencodethe  

SuPerOrdina七econceptswi七hthepat七ernsofmicrofeaturesthataresimplytheset＄  

Ofmicrofeaturescommontothepatternsthatrepresenttheirsubordinateconcepts  

asHinton’smodeladopted．Inthecasethatmorethanoneconcepttha，tPOSSeSed  

theallobservedfeaturesarebundintherecognitiontasks，themodelcanselect  

the11pPermOStOneintheIS－Ahierarchies（Inheritancehierarchies）asananswer．  

Ifnoconcepttha・tCOmpletelypossesesthealIobservedfeaturesexists）bylowerlng  

Selectioncriterionofthemodel，themodelcanperbrmthe∝bestma七chnopera－  

tion，andtheconceptthatmostcloselyexhibi七salloftheobservedfea，tureSCanbe  

re七rieveda5ananSWer．Thecomputersimulationfortheく‘bestmatch”operationis   
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leftasafuturework・Theresultsofsimulationshowthatourmodelcanperform  

queryansweringandrecognitionveryquicklyande辞ectivelyandtheirper払rmance  

isnotinnuencedbyexceptionstothepropertyinheritance．   



Chap七甜4  

ModelingtheAcquisitionof  

Counting  

Inthea・Cquisitiomofcountingbychildren，theIearetheeinterestirLgphenom－  

ena（Fusonetal・，1982）：（1）thertumberwordseqtLertCePrOducedbychildTert  

Ca・nbedividedirttothTeedistinct poItions，Ca．1ledthecorLVentiorLd，Stable   

nonconverttional，a・ndⅦrtStableportions；（2）irIegula・rnumberwordssuchas  

‘鴇fteen”a．reomittedmoIeOftentha・nregularorLeSSuCha．s”血urteen”，（‘six－   

teen”，and”seventeen”；a・rLd（3）initial1ythenumberwordseqtlenCeisin a   

工eCitationform，ra．the工thaIlimtheformofanassocia・tivechainofseparable   

SerialelemeIltS．This chapter at翫st a．nalyzesthese p‡lenOmena．from the   

Viewpoint ofassociativememoryby assumlngthemmberwordseqtlenCeS   

aJemadeupofmanyassociative工elatiorLShipsbetweenthentlmbeT WOTds．   

This assumptionis not contradictory to the thiId phenomerLOn described   

above，becausethe associative relationships arerLOt COIl触edonly totl10Se   

betweentheserialnTlmberwords．Onthebasisoftheseartalyses，thelearnlng   

algorithmsofthe aBSOdativenetwo止model，ⅡASP，isextendedsotha．tit  

91   
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CanmimicsomeaspectsofthelearnlngO‡sequencewllichinvoIvesthea．bove   

th工eePhenomena・ThelearrLlngandp工OdtlCtionofseqllenCebythenetwork   

aJe Simulated orL adigitalcompute工，and the results show tha七the three   

PherLOmenaCarLbeobservedintheperh工manCeOfthenetwork．  

4．1 Motiva七ion   

Mostoftheneuralnetworkmodelsproposedsofarmimicvariouslmmanperceptual  

andcognitivefunction＄SuChaspatternrecognition（eg・Rosenblatt，1962），aSSO－  

Ciativememory（eg・Hirai，1983）andeventheprocessofproblemsolving（Hirai  

＆Ma，1988）・However，itisalsoneces＄aXy・tOdirectourattentiontotheleaming  

PrOCeSS，throughwhichthesefunctionsareacquired．Someworkofthistypehas  

beencarriedout・Forexample，thelearnlngOfEnglishpastten＄e，inwhichthree  

StageSCantypicallybeobserved，hasbeensimulatedbyaPDPmodel（Rumelhar七  

＆McClelland，1986）．IntheBrststage，Childrenleamonly asmallnumberof  

Verbsandmostofthemareirregular・Attl止＄Stage，Childrentend七01earnthepast  

七ensecorrectly・Inthesecondstage，Childrenlearnamuchlargernumberofverbs．  

Theseverbsincludeafewmoreirregularones，andthemostofthemareregulaL  

A七thisstage，Childrenobtainahnguisticruleoトedform，butoftenapplythisrule  

toirregularverbs・Inthethirdstage，theregula・randirregularverbscoexis七and  

dlildrenregainthecorrect11SeOトedrule．   

Thischapterdescribesaneuralnetworkmodelwhichcanmimicsomeaspects  

OfthelearnlngOfsequencesuchasalphabetsequence，muSicmelodysequence，and  

七hemmberwordsequence・Indevelopmentalpsychology，alargenumberofstudies   
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Onthe development ofmathematicalthinkinghave been carriedout（Ginsburg，  

1983）．Amongthem，SeVeralratherinterestingtypesoferrorsintheacquisitionof  

COuntingwereobservedbyFusonetal・（1982）・Ourmodelprovidesanexplanation  

forthesepsychologicalphenomena．Inordertoconstructsuchamodel，HASPwas  

modifiedtosimulategenerallea．rnlng．OneofthemostprominentfeaturesofHASP，  

itsabilitytorepresentone－tO－manyaSSOCiativerelationships，isindispensablefor  

modelingthelearnlngOfsequence andfbrexplainingtheobservedpsychologlCal  

Phenomena．  

The structureofthischa，pteris asfo1lows．In Section4．2，thepsychological  

PhenomenaoccurrlnginthelearnlngOfcountingaredescribed・InSection4・3，these  

Phenomenaareanalyzedfromtheviewpointofassociativememorybyassumlng  

thenumberwordsequencesaremadeupofmanyassocia，tiverela・tionshipsbetween  

the number words．Section4．4describs the HASP withgeneral1earnlngWhich  

Canmimicthelearn1ngOfsequence・Section4■5presentstheresultsofacomputer  

Simulationverifyingthatthemodelprovidesanexplanationofthepsychological  

data．  

4．2 The Phenomena  

Fuson，mChards＆Briars（1982）reportedseveralinterestingphenomenaaccompar  

nylngtheacquisitionofcountingbychildren・Theseareasfo1lows：  

［1］Thenumberwordsequencesuptoiboutthirtyproducedbychildrenwhen  

they areleamingtocounthaveatypicalstruct11rethatisstableacrossdi鮎rent  

countingtasksandacrossseveraldays．Themostcommonformincludesa・nini－   
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tialportionthatissomebeginningpartoftheconventionalsequence（e．g．，“One，  

two，three，four，玉ve”），amiddleportionthatdeviatesfromtheconventionalseq  

quencebutthatisproducedwithsomeconsistencybyagivenchild（e．g．，“SeVen，  

nine，ten，tWelve”），anda点nalportionthathaslittleconsistencyoverrepeated  

PrOductions・Table4・1showsanexampleofatypicalchild〉srepeatedcounting  

trials・Inthisexample，thesta，bleconventionalsequenceportionis“onetwothree  

four”andthestablenonconventionalportionis’％ursixeightnine”．Theunstable  

nonconventionalportionsvaryfromtrialtotrialandconsistofthewordsfollowlng  

H山neけ．   

［2］Almost a1lofthestablenonconventionalportionshave thewordsin the  

COnVentionalorders，buttheycontainomissionsandmostofthegaps areofone  

WOrd・Aratherinterestingpointisthat“fifteen”wasomittedmoreoftenthanall  

OtherwordsasshowninFig・4・1・   

［3】Afterastableconventionalnuniberwordsequenceisfirstacquirediもfunc－  

tionsasaunidirectionalwholestruCture．Thenumberwordscanbeproducedonly  

byrecitingthewholesequence．Theelabora七ionofthesequenceis aprocessof  

di＃占rentiationofthewords andcons七ruCtionofrela・tions amongthem．Inwhat  

theycalledarecitationcontextstudy，Fusonetal・gaVe3and4yearoldseither  

One，tWO，Orthreesuccessivenumberwordsaspromptsbrtheproductionofthe  

nextn11mberword．Ch辻drenwho鮎stacquiredastableconventionalnumberword  

Seq11enCeWeremuChmoresuccessfu1withthetwowordpromptthantheoneword  

PrOmPtaSShowninTable4．2，PrOvidingevidencethattheyhadno七yetelaborated  

七hesequence．   
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Table4・1・Exampleofrepeatedcountingtrialsofatypicalchild  

（afterFusonetal．，1982）   

tこ1「ほtWO thr、ee four5i）こe軸1t njrほ fourteen5jさ・こt亡引1th汗t・モモn 什vle  

One t．1・〃O three f一コur・5ix eiqht nine twel＼噌 fifteen 5i）：：t曽en thi「t已en  

One tWO three fou「sj〉くejqht nine fou「t曽en  

O「ぽい仙コ t卜Ir、ee four≡；ix 5e・＼．′e「lejqhtnirle  ele一＼／en  

One tWO three four・5j〉く eic］ht njrぽ f汁t．eerl thjrt曽en 巳1event已en －  

0値tWO three four sjx e拍ht njne 5jxteerlejqht fou「  twelve  

One t潮O tllr‾・ee f－コu「・Sj〉ミ 巳廟1t r‾Ij「le t卜Ii「t．e巳n tY沌   5x  

O「ぽt・WC＝・three fT：・u「Sj＞：已jqht nine ten  thう「teen5転t・一）：   
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Fig■4・1・Percentageofconventionalands七ableportionscontainingwordsbetween  

tenandtwentyproduced・This五gureincludeswordsfromtheconventionalportion  

precedingas七aもIepoTtion（e・g・，forl，2，…，10，11，12，13，16，18，19，丘omlto  

13isconventiond弧d13，16，18，19isstable）（正terFusonetd．，1982）   
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Table4・2・Percentageofcorrectresponsesofchndrenonarecitationcontexstudy  

（afterFusonetal・，1982）  

亡IneJr．・yCLrd5tjmulしほ   Two－WOrdsいmulu5  Three－WOrd stimulu5  

・A・qe  Djqjt Teen5 rlean  D廟t TeensIvlean D廟t Teen5 卜1ean  

ユーyea「S ヨ草  15   2了  〔ほ ‘ほ 55  ∈汚   ココ  4e・   

ヰーy朗「5 錮   6三   色5  82   85 82  85   引  呂2   
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4．3 Analyses of七he Phenomena  

Tha七therearethreedifferentportionsinthenumberwordsequenceproducedby  

Childrencanbeassumedtore鮎ctthefactthatanumberwordsequenceisusual1y  

dividedintoseveralportionstobelearnedandexposuretoinitialportionsismore  

frequentthanexposuretolaterportions，intheearlystagesoflearnlng・   

In thissection，We analyze the phenomenadescribedin Section4．2fromthe  

Viewpointofassociativememory．   

Thelearnlng Ofanumもer word sequence such as“1，2，3”can be seen as  

theformationofassociativerelation＄hipsbetween“1”and“2”andbetween“2”  

and“3”．HereweintroduceanassociativemappingfunctionM［＊］suchthatthe  

abovetwoassocia，tiverelationshipscanbeexpressedasfollows：M［“1”］＝“2”and  

M［“2”】＝“3”．However，aSdescribedinSection4．2，intheproductionofsequence，  

thecasethat“3”isproducednextto“1”canbeobserved．Thismeanstha・tbesides  

thea・bovetwoassociativerela，tionships，M［“1”］＝“3”mustalsoexist・Fromthis  

factwemadethefbllowlngaSSumPtion：  

Intheearlystagesoflearn1ng）theremoteassociativerelaT ●  

tionshipM［“1”］＝くく3”exis七Sanditsstrengthisalmostass七rong  

as七hatofthecloseoneM［“1”］＝“2”・Hence，七hereisacase  

that M［“1”］＝“3”succeedsoverM［“1”】＝“2”inthecompe七i－  

tion，and㍑3門isproducedimmediatelyafter㍑1乃．Aslearning  

PrOCeeds，thestrengthofM［“1”】＝“2”become8muChstronger  

七han that ofM［“1”］＝“3”・Hence，“2”isalways produced  

immedia七elyafter砧1門   
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Thatthenumberword‘くfifteen”wasomittedmoreoftenthanallotherw。rds  

mayresultfromitsirregularconstruction（i・e・，“肋een”ratherthanくく且veteen”）．  

ThedifRcultyofmemorlZlng代fifteen乃canbeanalyzedasfollows．Fromtheas－  

Sumption ofremote associative relationship described aboveit fo1lowsthat，in  

theearlystagesoflearnlngthesequence代fourteen）fifteen】SixteenH）thestrength  

Ofthe associativerelationshipM［“four七een”］＝“fifteen”isasstrongasthatof  

M［“fourteen”］＝“Sixteen”・However，atthispoint，ifthesequence“four，丘ve，  

Six”hasbeenlearned，theresidualassociativeIelationshipM［“four”】＝“Six”will  

StrengthenM［“fourteen”］＝“Sixteen”，because‘‰ur”and“fourteen”，and“six”  

and“six七een”haNeCOmmOnPartS“払ur”and“six”respectively，butM［“four”］＝  

くく丘ve”willnotafEbctM［“fourteen”］＝‘く丘fteen”，because“five”and“Afteen”haveno  

COmmOnpart・Therefore，thestrengthoftheassociativerelationshipM［“払urteen”］＝  

“sixteen”is stronger than that ofM［“fburteen”］＝“fifteen”，and“fifteen”is  

Omittedin production ofthe sequence．AslearnlngPrOCeeds，the strength of  

M［“fourteen”］＝く笥fteen”becomesmuchstrongertha・nthatofM［“fourteen”］＝  

“sixteen”，and“fifteen”canbeprodllCednormally．   

Thattheproductionofanumberwordismucheasierwhenpromptedbythe  

I  

PreCedingtwoword＄thanwhenpromptedbyonlytheslnglepIeCedingwordcan  

beconsideredasfo1lows・Intheearlystagesoflearnlngthesequence∝1，2，3乃】fdr  

example，becauseboththeass、OCia．tiverelationshipsM［“1”］＝“3”andM［“2”］＝  

（〔3乃existandthestrengthofthetworelationshipsisalmostthesameaCCOrdingto  

theassumptionofremoteassociativerelationship，tOretrieve“3”byatwc＞WOrd  

stimulus∝1乃＋〈（2抑，maybemucheasierthanbyonlyaone－WOrdstimulus代2〃・   
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However，afterleaming thesequence Hl，2，3けmanytimes｝thestrengthofthe  

a・SSOCiative relationshipM［“1”］＝“3”becomessoweak，COmParedwiththatof  

M［“2”］＝“3”，tha，titcanbeignored，andtheretrievalof“3”byonly“2”may  

becomea5eaSyaSby“1”＋“2”．  

4.4 HASP Capable of General Learning 

Inthissection，theHASPwhichcanmimicthelearnlngandproductionofsequences  

is described．Thelearnlngalgorithms ofHASP aremodified．StruCture Ofthe  

networkisshowninFig．4．2．Itconsistsofthreecomponents：aheteroassociative  

network，aninhibitoryrecurrentnetworkandareadoutcontrolunit．Eachnumber  

WOrdisexpressedbyaspatialpatternwhichisprovidedthroughinputhnesdenoted  

byT（yl）・Numberwordsequenceisstoredintheheteroassociativenetworkand  

theretrievednumberwordappearsa，ttheoutputelementsdenotedbyA（yl）．The  

COmPOnmentSaredescribedbelow．   

4．4．1 Heteroassociative network   

WhilethepatternforanumberwordisbeingpresentedthroughT（yl），thenetwork  

elementsS（yl）andA（yl）respondaccordingtothedynamicequationstobede－  

SCribedlater・TheresponseofelementsA（yl），Whichisfbrmingthepresentnurhber  

WOrdatthistime，isfedtothenetworkthroughthepositivefeedba・Ckloops，and  

themodi丘ableexcitatoryconnections W云A（yl，y2）arestrengthenedaccording七o  

thelearnlngalgorithmtobedescribedlater七ostoretheassociaJtiverelationshipof  

thisnu血berwordwithitself．Andthen，ifthepa．tternfb工thes11bsequentnuniber  

WOrdispresentedthrough T（yl），theserialassociativerela・七ionship from七he   
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Fig・4・2・StruCtureOfthemodifiedHASP・Networknotation5aXefo1lows・⊥D：  

modifiableinhibitoryconnectionwhosestrengthisincreasedbylearnlng・RCU：  

readoutcontrolunit．rcs：readoutcontroIsignal．Theothernetworknotationsare  

thesameasthoseinFig．2．1．   
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PreCedingnumberword，Whichisbeingmaintainedbytheassociativerelationship  

Withitself，tOthesubsequentonearestoredintheseconnections．Theseconnec－  

tionsaregradual1ystrengthenedfrominitialstrength，Whichisassumedtobezero，  

accordingtothefollowingleamingalgorithm（L－4・1）：  

W云A（yl，y2，電＋△り＝W云A（yl，y2，り＋△lγ盲A（紬y2，り   

Where△WiA（yl，y2，i）isthestrengthening－rateOfconnection呵gA（yl，y2）aJttime  

まandis determined asfollows：   

1．ifA（y2，t）・T（yl，i）＞Oand町gA（yl，y2，i）＜WSl，then  

△WiA（yl，y2，i）＝‰sl．WhereWSland佑ysla・retWOdifFerentpositive  

values．  

2・ifA（y2，i）・T（yl，i）＞Oa・ndWSl＜Wi．4（yl，y2，t）＜WS2，then△Ws＾（yl，y2，t）  

＝Vh，S，．WhereVh，S，1SSOmePOSitivevaluelessthan鴨′SlandWS2isthe  

SatⅥrationvdueof†晦A（yl，y2）・  

3・Otherwise，△WsJl（yl，y2，i）＝0・   

Inaddition，W云A（yl，y2）decayswithtimeuntilitreacbesitssaturationvalueWSi・   

Inthislearnlngalgorithm，itisnoticeablethatthemodiGableconnectionsare  

notstrengthenedtothesaturationvalueimmediatelythroughoneshotlearnlng，  

but areiIIStead s七rengthened gradually and the strengthening－rate depends on  

theircurrentstrength as shownin Fig・4・3（a）・ThereasonwhytwodiHerent  

strengthening－rateSWereintroducedwillbedescribedinsection4・4・2・Theabove  

learnlngalgorithmcanalsobeseenasasimpli鮎dfbrmofthefollowlngequation：  

dW云A（紬y2）  
＋l侮A（仇，y2）＝Ⅳ哉・車い（訂2）・r（yl）］，  （4・1）   乃   

戯  
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V wsl 

Vws2  

WSI  WS2  WAl  

（a）  （b）   

Fig・4暮3・Rela七ionshipsbetweenthestrengthenirLg－rateSOfthemodi五ableconnec一  

七ionsandtheircurrentst工engthinthelearnlngPrOCeSS・   
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where  

榊＝（ ．   

（4・2）   

TheelementS（yl）isassumedtobeananalogthresholdelementwithtimelag  

Ofthe鮎storder．Therespon＄eOftheelementS（yl）isde鮎edby  

故㌢（yl，り  
＋g＊（yl，り＝r（yl，り＋∑ⅥちA（yl，y）・A（訂，り，  

訂  

（4・3）  〃1   

d竜  

and  

ぶ（yl，f）＝鞘［ぶ＊（封1，拙  （4．4）  

where  
ぶ，ifα＞ぶ  

α，ifO＜α＜ぶ  

0，ifα≦0．   
勒［α〕＝  （4．5）  

4．4．2 Inhibitoryrecurrent network   

A七theoutputoftheheteroassociativenetwork，boththec11rrentnumberwordand  

thenextwordsassociatedwithitappearasasuperimposedpattern．Theinhibitory  

recurrentnetworkis11Sedtomakethec11rrentnuniberwordsuppressestheothers  

SOthatthecurrentworda．ppearsattheo11tP11七ofHASP・   

StruCtureOfthenetworkissimilartothatoftheautoassociativememorymod－  

els，butthemodi五ableconnectionsdenotedby吼A（yl，y2）areinhibitory，andthe  

s七rengthisgraduanyincreasedfromaninitialvalue）Whichisa5Sumedtobezero）  

accordingtothefollowingleamingalgorithm（L－4．2）‥  

勒A（yいy2，ま＋△り＝吼A（yl，封2，り＋△Ⅵ㌔A（yl，y2，り，   

where△WiA（yl，y2，t）isthestrengthening－ra，teOfconnectionsl‰A（yl，y2）attime  

iwhenastimulusispresentedthroughT（yl）andisdetermineda5follows：   
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1・i汀（yl，り＞0，r（仇，り・r（封2，り＝Oand†竹拍（訂1，y3，り＜lVA，tllen  

△町4A（yl，y2，i）＝‰A．Where，WAisasaturationvalueofWiA（yl，y2）and  

‰Aissomepositivevalue．  

2・Otherwise，△†㌔A（yl，y2，り＝0．   

Therelationshipbetween七hestrengthening－rateOfthemodiAableconnectionsand  

theircurrentstrengthisshowninFig・4．3（b）．Withthisalgorithmtheautocor－  

relationofaspatialpatternrepresentingeachnumberwordisstoredasaspa・tial  

distribution pattern ofconnections that have never beenstrengthened．Ifeach  

numberwordisabinarypatterncomposedofO andlelementsandatleastone  

l－elementofthepatternisnotincludedintheothers，thentheinhibitionsbetween  

suchl－elementswillfbrm．Therefore，themulti再enumberwords，Which appe  

attheoutputofheteroassociativenetworksimultaneously，COmPetethroughthese  

inhibitions，andfinal1y onlythe current number word appears at the output of  

HASP（cf・Hirai，1983）・   

ThetimelagbetweenthefbrmationofassociativerelationshipsbyWsA（yl，y2）  

andtheformationofcompetitivefunctionbyWiA（yl，y2）canbeconsideredasthe  

orlglnCauSlngthethreephenomenadescribeinSection4・2・Inordertomakethe  

modelyieldthislaginlearn1ng7Weintroducedtwodifftrentstrengthing－raJteSinthe  

leamingalgorithm（L－4．1）andmadethesaturationvahesandthestrengthening－  

ratesofthemodifiableconnectionsdescribedinthetwolearnlngalgorithmssatisfy  

thefbllowingrelations（L－4．3）：  

Ⅳぶ1＜Ⅳ哉＜ⅣA，   
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aIld  

拓∫2＜11vA＜1ん′∫1・   

Therefore，thestrengthofWsA（yl，y2）canbeguaranteedtobestrongerthanthat  

OfWAA（yl，y2）inthe earlys七agesofleaming，andthetimelagwillarise・The  

Changesinstrengthovertimeofthetwomodi鮎bleconnectionsareshowninFig・  

4．4．  

TheelementA（yl）isassumedtobeananalogthresholdelementwithtimelag  

Ofthefirstorder．ResponseoftheelementA（yl）attimetisde丘nedby  

（4・6）  A（yl，り＝P【A＊（紬用，  

wIlere  

こ二二二＝‡ ．   

（4．7）  

dA＊（yl，電）  
＋A＊（yいり＝r（yl，り＋Ⅳ（仇）・g（軋り－∑町4A（封1，Z）イ（g，ま），（4・8）  

Z  

〃2   

dま  

and  

J（z，ま）＝P【A（g，り一月（g，用，  （4・9）   

wheIeW（yl）isaconnectingcoe魚cientfromS（yl）toA（yl），andB（z，i）isare－  

sponseofthereadoutcontroluI山describedbelow・   

4．4．3 Readout controlunit   

TranSitionbetweenn11mberwordsisperfomedbyrea・doutcontTOlunitsdenotedby  

RCUinFig．4．2．Asmentionedabove，thenextpossiblenumberwordsassociated  

Withthecurrentonealsoappearattheoutputoftheheteroassociativene七work，  

buttheyaresuppressed bythecurrentnumberwordintheinhibitoryrecurrent   
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Fig・4・4・Timecourseofthestrengthofthemodi鮎bleconnectionsaslearn1ng  

proceed5   
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network．Oneofthenextnumberwordscanberetrievedbysuppresslngtheactivity  

Ofthecurrentone，becausethesuppresionreleasestheinhibitionofthenextnumber  

WOrdsbythecllrrentOne．Thesenextwordsbegintocompetewitheachotherin  

theinhibitoryrecurrentnetworkand£nal1yoneofthemwinsthecompe七ition．   

ThestruCtureOfareadoutcontrolunitisshowninFig・4・5．Allnitconsis七sof  

twoelementsdenotedbyGandBinthe五gure．TheGelementperfbrmsaga・ting  

function a5fo1lows：  

G（y，り＝rC坤）・仲cβ＊（り・A（封，り＋G（封，ま一成）］，   （4・10）  

Wherercs＊（i）isapositivedifferentialsignalofrcs（i），WhichisareadoutcontroI  

slgnalreferredbyrc＄below・Thercs＊becomesactiveforabriefperiodwhenrcs  

isactivated・Theargumentま－dまrepresentsatimelagofthefeedbackloopfrom  

G（y）toG（y）whichmaintainsthegatedsignaluntilrcsisinactivated・Theoutput  

ofthe Gelementisfedintothe B element，丘omwhich theoutput oftheRCU  

comes．TheresponseoftheBelementisde丘nedby  

d月（肌り  
（4・11）  ＋月（y，り＝G（y，け   〃3   

dま  

IfA（y）isactivewhenrcsisactivated，G（y）becomesactiveby（4・10）andB（y）  

beginstosupresstheresponseofJ（y）．ThissupressioncauseStheweakeningofもhe  

competivepowerofacurrentlyactivenumberwordandresultsintheac七iva・tionof  

the next one．   
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Fig・4．5．Structureofareadoutcontrolunit，Ne七worknota，もionsarethesameas  

tboseinFig．2．1．   
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4・5 Computer Simulation  

Thelearnlngandproductionofnumberwordsequencesbythemodelweresim－  

ulatedonadigitalcomputertoexaminewhetherthethreephenomenadescribed  

inSection4．2canbeobserved．Inthissection，Wefirstdescribehowthenetwork  

learnssequences，andthenpresentthesimulationresults．   

4・5・1 Learningofasequence   

When the networklearnSSequenCe代1，2，3，4乃，forexample，thepattern＄㍑1乃】  

“2”，”3”，“4”arepresentedinorderthroughT（yl）showninFig．4・2．Theorderof  

PreSentationisshowninFig・4・6・AsshowninthefigureeachpatternispresentedN  

times・Aftereachpatternfrom“1”to“4”hasbeenpresentedNtimesIeSPeCtively，  

WeSaythatthewholesequencehasbeenlearnedonetime．   

Whilepattern”1”isbeingpresentedthroughT（yl），aS describedinSection  

4・4・1，the excitaFtOry COnneCtions WiA（yl，y2）arestrengthenedaccording tothe  

lea・mingalgorithm（L－4・1）tostoretheassocia七iverelationshipM［“1”］＝“1”．At  

thesametime，theinhibi七oryconnectionsⅥ㌔A（yl，y2）arealsostrengthenedac－  

COrdingtotheleamingalgorithm（L－4．2）describedinSection4．4．2．After“1”ha5  

beenpresentedNtimes，pattern㍑2乃ispresented・Sincepattern代1乃isappearlng  

at七heoutputofthenetwork，itwillbefedtothenetworkthroughthepositive  

f6edbackloops，andtheassociativerelationshipM［く‘1”］＝“2”winbeestablished．  

Besides，Pa七tern“2”wnlalsoappearattheoutputofthenetworksoon，theasso－  

CiativerelationshipM［“2”】＝“2”wi11beestablished・Atthis七ime，ifthewhole  

SequenCehasbeenlearnedonlyasmal1numberof七imes7Sincethestrengthofthe   
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M Tjmes  

揉 ㌔‾㌔攣  
N Times 

Fig■4・6・Orderofthepresentationofthenumberwordsequence・  
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inhibitoryconnectionsWiA（yl，y2）isweakerthanthatoftheexcitatoryconnections  

W盲A（yl，y2）asshowninFig．4・4，theappearanceofpa，ttern“2”attheoutputof  

thenetworkcannotsuppresspattern“1”，WhichismaintainedbyM［“1”］＝“1”，  

throughWiA（yl，y2）．Therefore，aSuPerimposedpatternof“1”and“2”appears  

attheoutputofthenetworkwhilepatternく（2”isbeingpresented．Ontheother  

hand，ifthewholesequencehasbeenlearnedalaJrgenumもeroftimes，thestrength  

Oftheinhibitoryconnections WiA（yl，y2）hasbecomestronger七han tha七ofthe  

excitatoryconnectionsW云A（yl，y2）asshowninFig．4．4．Whenthepattern“2”is  

presented，thepattern“1”disa，PpearSgradual1ybecausethepatterm“2”supresses  

thepattern“1”throughtheinhibitoryrecurrentnetworksuchthat航nal1yonlythe  

Pattern“2”appeaJrSattheou七put．Therefore，Whenthepattern“3”ispresentedat  

anearlystageoflearnlng，aSuPerimposedpatternof“1”，“2”，“3”appearsat七he  

OutPutOfthenetwork，andnotonlytheassocia七iverela七ionshipsM［”3”】＝‘く3”and  

M［“2”］＝“3”，butalsotheassociativerela七ionshipM［”1”〕＝”3”isestablished．  

Ontheotherhand，Whenleaminghasproceeds，thepattern“1”disa．ppearswhen  

thepattern“3”ispresented，andtheassociativerelationshipM［くく1”］＝“3”isno七  

Strengthenedfurther（itwilldecaywithtimeandfinal1ydisappear）．Hence，the  

associationM［“2”】＝“3”gradual1ybecomesstrongerthanM［“1”］＝“3”as七he  

leamingproceeds・Moreover，bythepresenta・tionofthepattern“4”，M［“4”】＝  

“4”，M［“2”］＝“4”，andM［“3”］＝“4”canbeestablished．AIso，theassociation  

M［“1”］＝“4”maybeestablishedwithveryweakstrength．   

Wbcansumerizethelearnedresultsdescribedaboveasfollows・Throughthe  

learnlngOfthesequence㍍1）2，3）4乃inthewayshowninFig・4・6，theassocia－   
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tiverela・tionshipsfromtheeachpatterntoitself：M［“1”］＝“1”，M［“2”］＝“2”，  

M［“3”］＝“3”，M［“4”］＝“4”andtheassociativerelationships：M［“1”］＝“2”，  

M［“1”］＝“3”，M［“2”］＝“3”，M［“2”］＝“4”areestablishedinthemodefiablecon－  

nections町gA（yl，y2）・Besides，theassociativerelationshipM［“1”］＝“4”maybe  

establishedwithveryweakstrength．Ifthewholesequencehasbeenlearnedonlya  

Smal1numberoftimes，thestrengthofM［“1”］＝“2”（orM［“2”］＝“3”）isstronger  

thanthatofM［“1”］＝“3”（orM［“2”］＝“4”）onlyalittle・Butastheleaming  

PrOCeeds，thestrengthoftheformerassociationbecomesstrongerthanthatofthe  

latter one．  

4．5．2 Parameters ofthe model  

Theparametersofthenetworkusedinthecomputersimula七ionareasfollows．The  

timeconstantsoftheS，AandBelements，Pl，P2，FL3，areSettOl．0，2．Oand2．Otime  

unitsofnurnericalcalculation．TheresponsesaturationvalueoftheelementsS（yl），  

S，issetto5．0．Thestrengthening－rateSOfthemodifiableexcitatoryconnections  

町ぎA（yl，y2），掬slandVh，S”describedinleamingalgorithm（L－4・1）are set to  

O．028andO．005．ThepositivevalueWSlandthesaturationvalueWS2described  

inleamingalgorithm（し4．1）aresettol・2and2・5respectively・Thestrengthofal1  

theconnectionsWiA（yl，y2）arereducedbyO・0001ineachpresenta・tionofapattern  

un祀itreachesitssat11rationvalueWS2．Thestreng七hening－rateOfthemodifiable  

inhibitoryconnectionsWiA（yl，y2），VivA，describedinlearningalgorithm（L－4・2）is  

settoo．012．Thesaturationvalue，WA，issetto3．5．Theconnec七ingcoe用・Cien七  

W（yl）fromS（yl）toA（yl）issetrandomlytoa・Valuebetweenl・Oandl・2・When  

asequenceislearned】eaChelementofthesequenceispresentedtothenetwork   
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throughT（yl）20times．   

4．5．3 Results ofsimulation   

4・5・3・1 Simulationonthethreeportions  

Thelearnlngandtheproductionofthesequenceconsistingof4numberwords，“1日，  

∝2‖，H3刀，and∝4日，WereSimulated七oexaminewhetherthesequencesproducedby  

thenetworkchangefromtheunStablestruCturetOtheconventionalstructurevia  

thestablenonconventionalstruCtureaSthelearnlngPrOCeeds・Thepatternsrepre－  

Senting‘く1”，“2”，“3”and“4”wereassumedtobearrayscomposedof4elemen七s  

asfollows：“1”＝（1，0，0，0），“2”＝（0，1，0，0），“3”＝（0，0，1，0）and“4”＝（0，0，0，  

1）・Sincetheconnectingcoe侃cientW（yl）fromS（yl）toA（yl）showninFig・4．2is  

Setra｝ndomlytoavaluebetweenl．Oandl．2，tengrOuPSOfrandomnuniberswere  

PrOducedbythecomputer・Thelearnlngandprod11Ctionofthesequencebythe  

networkweresimulatedforeachgroup，Whichisset七oW（yl）andisassumedto  

COrreSPOndtoaglVenChild．Thesimulationresultsfbral1thetengroupsofrandom  

numbersareshowninTible4．3．Fromthistablewecanseethatifthesequencehas  

beenlearnedonlyasmallnurhberoftimes（1essthanabout4times），thesequence  

PrOducedisunstable；if七hen11rhberofpresentationsincresesbutremainslessthan  

about9，thesequenceproducedbecomesstablebutnonconventional；andifitis  

learnedfurthermore，thesequenceproducedbecomesst濾1eandconventional．In  

addition，itshouldbenotedthatinthestablenonconventionalportions，boththe  

CaSethat“2”isskippedandthecasethat”3”isskippedexist・Whichnumber   
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Table4．3．Simulationresultonthethreeportionsofsequence  

トエーコイ   
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WOrdisskippeddependsonthegroupofrandomnumbersthatsettheconnections  

Ⅳ（yl）．   

Whyournetworkcanproducethesequencesofthreeportionsis analyzedas  

fouows・As anexample，Table4．4showsthestrengthoftheexcitatory connec－  

tionsWふA（yl，y2）afterthesequenceislearned3，4，7，8，15，and30timeswhen  

thelstgroupoftherandfomnumber（1・161，1．001，1．025，1・065‡ini七ializesthecon－  

nectionsW（yl），Fromthistable，WeCanSeethal七thechangeofthestrengthof  

theconnectionsWiA（yl，y2）attheearlystagesofleaming（see（a・）and（b）ofTa－  

ble4・4）ismuchla・rgerthanthataJterthesequencehasbeenlearnedmanytimes  

（see（c）and（d）ofTable4．4）．Therefore，attheearlystagesoflearning，these－  

quence produced may easily vary fromtrialto trial，but become sta，ble as the  

leamingproceedsasshowninTable4．3．IfweuseafunctionS［a］toexpressthe  

strengthofana5SOCiativerelationship‘くa”，from（c）ofTable4・4wecanseethat  

β。［〟（“1”）＝“2”］＝ⅥちA（4，2）＝1．623andぶ。［〟（“1”）＝“3”〕＝W云A（4，3）＝  

1．508，WherethesubscriptcspeciBesthatthestrengthoftheabovetwoassocia，－  

tiverelationshipsisinthecaseof（c）showninTible4・4・From（e）ofTable4・4，  

wecanseethatSe［M（“1”）＝“2”］＝2・274andSe［M（“1”）＝“3”］＝1・709，and  

丘om（f）Sf［M（“1”）＝“2”］＝2・5andSf［M（“1”）＝“3”］＝1・589・Fromtheabove  

wecanseethatSc［M（“1”）＝“3”］isclosesttoSc［M（“1”）＝“2”】comparingto  

theca5eOf（e）and（f）．Incase（c），thesumofthestrengthoftheconnections  

∑yVViA（y，3），WhichisusedtoobtairLtheresponseofpattern“3”，isstrongerthan  

tha七of∑yⅥ7iA（y，2），Whichisusedtoobtaintheresponseofpattern“2”・Inaddi－  

tion，thestrengthofconnectionW（3），throughwhichthel－elementofpattern“3”   
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TAble4．4．MatricesofthestrengthofWiA（yl，y2）  

0．0  0．0  0．0   1．274  

0．245 0．554 1．282 1．224  

0．825 l．285 1．247 0．586  

l．273 1、255 0．996 0．306  

0．028  0．554  

0．629 1．106  

1．214 1．377  

1．360 1．347  

0．556 1．268  

仁374 1．316  

1．3了9 1．138  

ト247  0．298  

Afte「3timesoTlea「njng  

（a）  

Arte「4tjmesoflea「njng  

（b）  

0．028 1．026  

1．210 1．436  

1．372 1．740  

1．708 1．フ15  

1．084 1．699  

1．737 1．684  

1．707 1．505  

1．600 1．022  

0．028 1．0341．092 1．622  

1．218 仁444 1．650  l．5g2  

1．ヨ80 1．653 1．615  1．463  

1．6211．623 1．508  0．806  

ATte「8timesofleaming  

（d）  

ATte「7timesoTlea「ning  

（C）  

0．028  0．850  0．908  2．500  

1，034 1．260  2．500  2．500  

1．195  2．500  2．500 1．了79  

2．500  2．500 1．589  0．846  

0．028  0．970 1．028  2．268  

】．154 1．380  2．28】 2．038  

1．316  2．314  2．191 1．499  

2．317  2．274 1．70g O．966  

Afte「30timesoflea「∩うng  

（り  

Afte「15tうmesoTlea「nうng  

（e）  
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PaSSeS，islargerthanthatofW（2），throughwhichthel－elementofpattern“2”  

PaSSeS・Therefore，“2”isskippedand“3”isproducednextto“1”byM［“1”］＝“3”．  

Bu七astheleamingproceeds，becauseS［M（“1”）＝“2”］becomesmuchlargerthan  

S［M（“1”）＝“3”］（seethecaseof（e）and（f）），“2”isproducedalwaysnextto“1”，  

andthesequenceproducedbecomesconventional．   

Thelearnlng and production process ofasequence consistingof12number  

WOrdshomlto12wasalsosimulated．Asimula，tionexampleofrepeatedproduc－  

tionofthesequencebronegrolユpOfrandomnumbersisshowninTable4．5．Inthis  

Simulationexample，thesequencewasdividedintothreegroupstobelearned．The  

firstsequenceportionconsistingof“1，2，3，4”waslearned30times，thesecond  

POrtionconsistingof“5，6，7，8”waslearned9times，andthethirdportionconsisト  

1ngOf“9，10，11，12”waslearnedfrom2to5times・ThesequencesshowninTa・ble  

4．5are thecasesinwhichthe third＄equenCe POrtionwaslearned2，3，4，and5  

timesrespectively．ItisevidentthatthestruCtureOfthe＄equenCePrOducedbythe  

networkissimi1artotha七producedbyachild，aSShowninTable4・1．InTable4・5，  

thestableconventionalsequenceprotionis“1，2，3，4”，thestablenonconventional  

portionis“5，7，8”，andtheuns七ableportionconsistsofthewordsfollowlng“9”・  

4．5．3．2  Simulation on the omission of仏fifteen乃  

Wbmadethenetworklea．rnthenurhberwordsequence“4，5，6，7”30timesatLrst，  

andthenmadei七Ieamthesequence“14，15，16，17”toseewhether“15”wouldbe  

Omitted moreoftenthanallotherwords whentheproductionofthesequenceis   
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Table4．5．Simulationonproductionofthesequenceincludingthethreeportions  

foronegroupofIandomnumber  

1→2→3→4→5→7→8→12  

1→2→3→4→5→7→8→11→12  

1→2→3→4→5→7→8→ 9→11→12  

1→2→3→4→5→7→8→ 9→10→12  
L∵∵∵∵∵」  

Conventional  Stable  Unstable   

POrtions  nonconventional  portions  

portions   
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Stablebutnonconventional．InordertoexcludethebiasoftheconnectionsⅣ（yl）  

fromtheproductionofthenumberwords，allW（yl）weresettothesamevalue，1・0・  

Thepatternsrepresentingthenumberwordswereassumedtobetwo－dimensional  

binary（Oandl）arrayscomposedof3×3elementsasshowninFig・4・7・FromtI止s  

figurewecanseethatexceptthepalrく‘5and15”，Whichhasnocommonpart，all  

theotherpairs“4and14”，“6and16”，and“7and17”havecommonpaItS・That  

lS，Onlytheword“15”isofanirregularpattern・Therewassomeamendmentto  

theotherparametersofthenetwork，Sincetheencodingofthenumberwordsused  

hereis di仔erentfromthatin Section4．5．3．1．  

The simulation result shows that when then11niber oflearnlngtrials ofthe  

wholesequence∝14，15，16，17〃issmallerthan23，theproductionofthesequence  

isunstable；Whenthenumberoflearn1ngtrialsisbetween23and28）theproduc－  

tionisstablebut“15”isomittedalways；andwhenthelearnlngtrialsincreases，  

thesequenceproducedbecomesconventional・  

4．5．3．3 Simulationontherecitationcontextstudy  

Allparametersofthenetworkusedinthis＄imulationwerethesame as those  

presentedinSection4・5－3・1・Sequence∝112）3）4乃wasusedasanexampleand  

therepresentation ofthenumber wordswasalsothesame asthosein Section  

4・5・3・1・Theporposeofthesimulationwastoseehowmanystepsinthenumerical  

simulationarenecessarytoretrievepa七tem㍍3乃bysupplying代2日andbysupplying  

asuperimposedpattemof∝1朔and以2乃tothenetwork・ThesimulationwascaJrried   
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17   14  15  

Fig. 4.7. Patterns representing the number words 
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Outforal1tengroupsofrandomnumbersinitializingtheconnectionsW（yl），and  

theresultisshowninTable4・6・Theretrievalstepsweremeasuredatthreelearnlng  

StageS‥thestablenonconventionalportions，thefirstpartofconventionalportions，  

andthe£nalpartofconventionalportions．Thenotation“no”inthetableindi→  

CateSthatthepattern∝3日couldnotberetrieved，andthenumbers expressthe  

numberof＄tePSWhicharenecessarytoretrievethepattern“3”．Fromthis七able  

WeCanSeethat，inthestablenonconventionalportion，thenextword“3”cannot  

beretrievedbyprovidingonlyonepattern粥2乃butca，nberetrievedbyproviding  

thesuperimposedpatternof代1わ＋∝2乃；Inthe鮎stpartofconventionalportions，  

inalmostal1casesthenurnberofstepsneces占arytoretrieve“3”isgreaterfor七he  

pattern“2”thanfbrthesuperimposedpattern；andinthefinalpartofconventional  

POrtions，inalmostal1casesthenumberofstepsnecessarytoretrieve‘く3”isthe  

Same払rboththepattern“2”andthes11Perimposedpattern“1”＋“2”．Thatis，  

intheearlystagesoflearnlng，theproductionofthenextpatternisfacilitatedby  

PrOmPtingwithtwo，ratherthanone，PreCedingpat七erns・  

4．6 S11mmary  

Wehavedescribedaneuralnetworkmodelwhichcanmimicsomeaspectsofthe  

learnlngPrOCeSSOfsequence，andhaveusedthemodeltopresentanexplanation  

forthe three psychologicalphenomenaoccurnnginthelearnlngOfcountingby  

Children・InordertoconstruCt themodel，thelearnlngalgorithmsofanearlier  

modeloflmma・naSSOCiativeprocesslng，HASP）Wa5mOdifiedtoenablethelearnlng  

andproductionofsequencesbythenetworktobesimulatedonadigitalcomputer．   



CHAPTER4．MODELINGTHEACQUISIHONOFCOUNTYNG  123  

Table4・6・Simula，tionresultonarecitationcontexstudy  

Groups of 
random  

number  

Stable nonconventional First pan of Final pan of 

portions co肌entionalpo爪ions  conv已ntionalponion5  

Input Input  Di汀巳r－  Input Input  Difrtr－   lnput  Input  
－2”   “1”十“2’’   ence  “2”  －1【＋“2，，   ence  －2”  －1【＋“ヱ【  
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Thesimulationresultsshowthat，（1）thesequencesproducedbythenetworkare  

alsooft，hesametypicalstructureasthatproducedbychildren；（2）itismuchmore  

di伍cultforthenetwork，aSitisforchildren，tOlea，rnirregularnumberwords；and  

（3）aswithchildren，intheeaェ1ystagesofleamingtheproductionofsequencesby  

thenetworkdependsontherecitationcontext・   



Chapter 5 

Conclusion  

Inthisdissertation，Wehavesuccessfu11yrepresentedthreekindsofcognitivepro－  

CeSSeS，WhicharetheproblemsoIving，knowledgerepresentation，andlearn1ng，With  

neuralnetworksanddemonstratedthatallthesenetworkscanbeconstuctedwithin   

theframworkoftheassociativenetwork，ⅡASP，   

Theresearchwasbasedonthebeliefthatthememoryisthemostfundamental  

andessentialfunctioninhumancognitiveprocesses：Tb＄01veaproblem，therelated  

information and knowledge must be e鮎ctivelyand contextual1yretrievedfrom  

memories；Tblearntoperfbrmanew■COgnitivetask，theoldrelatedknowledge  

must be wellutilized and the new acquiredknowledge must be memorized；A  

keyproblemofknowledgeprocessmgishowtoef艶ctivelyandquicklya£CeSSthe  

necessaJyCOnCePtSOrinformation血omlargebodiesofknowledgeba＄e．   

This dissertation has described how七he various kinds of memories are con－   

StruCteda・ndhowtheyareproperlyco血binedtoper払rmngthecognitivetasks．  

WehⅣepreSentedamodelthathasa，generalstruCtureforproblemsoIving，aneW  

SChemeforknowledgerepresentation，andanewmethodtoexplainpsychological  
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Phenomena・Wecansaythattheresearchisverynovelandmeaningfulasanap－  

PrOaChtotheunderstandingofthe architectureofthebrainandthemysteryof  

humancognitiveabilities．   

As with anynew approach，directionsoffuture research are nearlylimitless・  

Inthemodelforproblemsolving，thevisualsystemandtheoutputsystemwere  

assumed to exist，andthese presentimmediate workto pursue．Moreover，the  

COgnitivetaskschoseninthedissertationareverysimpleandthethreecognitive  

processes，PrOblem－SOlving，knowledgerepresentation，andlearrung，areCOnSidered  

independently・Inourbrains，however，alargenumberofcognitivetasksaremore  

COmplexandthevariouskindsofcognitiveprc；cessesmustbeworkingtogether．For  

example，Whenpeopledosomething，thenecessaryinformationorconceptsmust  

usual1y beveryquickly andeffectivelyretrievedfromlarge bodiesofknowledge  

baseandlearnlngmayuS11al1yoccurtoimprovetheperformanceortoacquirenew  

knowledgeandskills．Toapplytheproposedmodelstomuchmorecomplextasks  

bycombiningthemproperlyareleftasafuturework．Fromourworks，however，  

WeCanSaythattheneuralnetworkscaJIShedamuchmorelightonthemodeling  

OfthebrainfunctionsthaJlthesymbolica・pPrOaChandisveryprormslng．   
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