olbComputationuoustheandDiscretethe� ofEmergenceMacLennanJ.tDepartmenxvilleKno19935,Abstract Auguste,con-theoreticalThe dels.simulacrum mo olicosedpropu-formTheimages.deling,moandtionsandcognition,language. olic� in earStepsNetworks:dateespress).(in1 meet,imagetthoughstarlings,ofe.v| ea (gue olofrom Pr Island) the1.1 r s (\sym-cessing. thethatma-ol(digital)tlems. akinprogressys. hes,approacisthiscessing.) theoreticalaconnectionistlecalculi).forinference inthe inheren ord wgoshas turies. aess,emerge theof uring, h, , , andostontatianced.held k (strengthenedcalculusandcan tthought.though1 ofwill e accelerated analogy systems.inokthe to conceptconnectionistevidenceAshesapproacyansystem.1 the bi con-andthe estalt ists. a calleds ula ru ects tation.le," refers computes ens,tokrefers antocomputes tations).distinguish terpreteduninformer thewhereasdistinguishIulacra.sim1. r r r . . wledgeknoe connection-thatrein-isforced ation relation ta-represenuous.tindis-featureh(whiccesses).procan e,of . y all-arearetialsum fromorum etc.). aresystemsorkwunits.o-stateinformation.the analysis. ince y)aticallximateapproar for deling,moal. the ordiscreteThis o ple entar t Pr n ple a asr oe ac , press-e).inparticularyof aofontatican ectedPrevio press-a) sim lacra o y t ss,discretenesin l. to sense than thisInandoncessing.proA tati or o ess es)shapy asso-epurely ares nta t of tse ant s. \cashingermitsphenomena.wledgeknowill toegin t rie the andostulatescan e ac press-a).. . a (1)e ned y or at rulesa)t o ess ned y or at rules on(e.g., ac , pp. { ). cess. thetoe ages tationalrepresencalculi. mannerthefromconstructionimageofwill later.consideredwill .tlyto includetoimages, these ous nstantane(spreadimagesstract ote al oredrepresen-stractas a ositions. orymeminutionsthe rain. ofharacterizationimages. caticalof ideaes eseemsitreasona degrees e uant a le . moreusuallyerence measure holding ( ) ( ) ( ) ( ) ( ) ( ) : attrib anyo ts. an l s no hasattri semantics. d m st e vsemanticsoftedcesses. testion. distance etr a etr e . to the itcasesnot y)similarited. can ys. or if ( can ne metric ( ) 1 (1 that and theasimages theon,di are ounded, can ned ( ) ( ), 1 should determined to e deled .acrum\sym wledgeknodiscrete.arecan , nition imageycan an onimagediscretecan toinare uoustinuals isthisa terms, alathis spaceonne dforegoingthethe l onne d etr es. l and o plete. epara imagesofcan space. ompleteness increasinglyofa space.images 1 ::that ( ) , will image erges, ( ) . ,tiallyle program y readerhardly nproblematic. er- are certainly le ine , ( ) ( ) ( soandreason. also acLennan ( press-a).ical) ontinuaso andactaretheycomplete. se essef l. for .yer e e u alent ho orph a l e. in oth | theAlthoughd thefromspace.ertum reasons. el-irst,can ted ofectorsum can ted torsecmanipulated v le. spaceerto erception,pis ofecially(e.g., ri 1; ac a, press-c). meetsuousuare-summa le se ewuoustina start.. . maps tedfunctions. relationthe rittleness toinputaps et en e ont nuous. um tcancognition. recognized allsincemaps ," to ust aeonses putohisbasespace ( ytskii v, p. ). applieshislate base. lt space of f eds.ima edsparallelopipellwy able nite-dimensional ectors.the mem toclosenonmem ers. yaust ofgradationn age- ap st n tl d and ts o ple ent. t tlyapparenwhomdecidingthe ycategory itrarily uous . can that eenwys connectedacannot o see osition , w).functions(i.e.,and arecategoriesermitted. um theofrealistic, andhologically.example, rysohn’s sets, and ewis on on connectedacannot ust e in and theuiresclassi alues een cations. nite nite neitherarede nite nite nite other.is nonmem theofa um mem (exemplars),mem to . y e the thatIl ad the d sse the elungenl dareetc.ewetc.), alsoareeunsure.. . ted theyulations,arehardwoften ewadopt or o esses ula e ont nuous un t t o ess state. spacestateattractors, and . cessprosetaof erw�gure. lotheof ostulate theningto map tialerenstate).vided tialerene function space (an if ( ) and ( ) ( , ( thetstime state . their as t on ,(roughlytheir oundaries). cannot owI an o has ult ple as t o ess not as t on. ted evervulacra.)sim sim also sef l oses. tra space.ose ( ) is, of . awishtra e to ( of ys nd of tra . toh male, pp. ). 1. r r r can meaning) meaningsciatingation. ted system-ycesses. or ulacra,simthe and . anisto e meaning. withconnectionthat aputwithaccord(e.g., ). s ula e ont nuous. um cations. formationtheof l- or d or ulas ulas),formatomicofsym (strings ols). asulted.terpreonlynormallywill ell-\wonlimitationsclassi cation ust ariation onserespimages.andimagesimages, ut ust ynonemptoare. onterpretatito ill-formed.tual ersus dAerties.still the(withinle ust er, signalsyterpretation, it.preclude1 le function images,allulacrasimill-formedtoig. ). 11 1 vide correction. lesswithterpretable. ebt terpretable.nin11 form las terpreted. as ., , an nde ob ect ( the ottom lattice)completeterpretation.igure space ustmimages partiallythroughimages images aoiningecial ob ect terpretation. imagesterpretableset y islands terpretableinimages. totaltheys notesthere these ynitesimalltations. tationsterpredomainthehere), thefromy textconto tation).sym regularThesecomputation.are uous the wingfolloly to e addressed).not1 .1 r r s . . manifested yariet.uli1 systemtheindividualtheindividual mem . ,exampleervis Ro catthehases ned theytext, mem er. 1 the,text action is ( toparticularizedmem er will e ( particularizedonsemem ed ayrule," ( ) ( a text , action that (e.g., ac pp. { ). 1 wnoterms.et let - of system d spla s eha or e toe n onte t and t on all , ( ( )) ( ). where ofrestrictionfunction the to to uous.) , space, and toectrse mem map ulus anplacingo map ig. ). . . nition. ould ostulates,pthe the categorical is, ecause and are osition toondnonmem resp ers to ( ). noncatashis vioreharule ( ) ( descriptionincompletethe ust similartononmem generalized of . 1 Altho l aretheymore l s anism. h ymatp the stim l s co talmenima the tation.represen1 lari caseecialthe form tion.la1 o form as. mape ( e template.a11 igure vior. of of and system in toinin function er ulus functioner onse functions , and ebsystem of eryever of ulus action eddescribrule . the of ad-mislecategory vior. category viorehaof is to andariancemem thehonse ( ( category vior ( ). ,( ) ( ( )) ( ) : function( categorythe category vioreharule ( ) ( measureamem er category ( ) ( ( )) ( ) : The and can ed. ince ( ) h rule ( ) ( can thecalledt to ( ) ( ). onserespplar nes a de a to (inde categorymem measured ofy1 ed ( ) ( ( )) ( ( )) : . . consider rie of and formthecategory cases will ofecausespace category ologicallytope .category1 ande,can if ( then 1 ( the on en y 1 , action text . isithat image ( in some mem y case,theuation re ngdeterminimage.onsewhere thehis onsenot resp categoricalmem if( ) all onse mem ,ould ard y arking, action other.ycategory vior ( ) ( the ervset thefrom ed rule, ( ) ( ). igure where . regularlywhoare could category viorehaof toectof dog).sets and inapsystem aifulus can mem category text mem er category text mem ers and thisyieldingulus, ( ) ( onse ( ) ( ). system um cate-egories alternativ 1 :text action thatisuations um er categorical againconsidercategories, and ( ig. ). ust theonap. not ap-erlcategories. onserespof of are1 As s e se set nction i.e. ( ) . 1 igure asexample,category to . igure awtext.con1 dthere \space" cate-thegories. n mem closelyymem thosetomem onses other.the" ased" rule ( ) ( total viortotal vior partialathe wholethethe rules. ased total ymantotal whole.thesting orkswthe can ed rules.hasitrationals ofsetlet and let 1 :of letting , de to sets . etting ( ) and rules ( ) ( ning theonimages . the viorehais .et’s rulesoform ( the of yanimage. on um hardnotw thesethatsystem not ulaformtoleadcategory vior.. r s categorytextconrelation mem ned theymem ers. puttingimagemem an ers and categories and relation ( image ( that)determined y mem ers. yany o. h simplymostexpressed is form ( ) ( ). .et and let and of and system d spla s eha or with mem of and relation actionall and , ( ( )) ( ). ,. 1 categories. theoute categories..1 r The stru e turparts. wledgeknorelations aenparts. man-usuallyshould consideredeshould Indeed,tactic."con-no(e.g. er ofstructureimages. the will while considerto.is, formationgivingThets.fortanalysis. oin ahasuni guous.)is anthatcan y appropri-eoses. can toinforth. one-acan ts,segmenu-sinin a general,pr de o t on tations.represena im-nite-dimensionalusually axes.h-tecni analysisthe). ytlam structure. thatecan atoms, case. mostinceys mostTherefore,cannot ned atoms), ust ed a a dsmethoisthentation.represen1 . r s tsarianconsidered. and tacticsynes and ),elyrule(A ) ( A) descri an a text ( ), the the to and will’sed rule. relationstacticto indtacticsyne. e e ng the . space canedescri in . example. ose ( thetsimage . example,mortal( crates)mortal( crates): that ( ( of . 1 in could ed as ( ( )) , theteesconstructed y . wallorange can aofis ( ( )) hwhicin in . idea in are parameterized y transformation thateration. parameter t aingthen ( ould to atnot-signosition to set these constitute willng andnot-sign,of not’-pre will edwwrite negation,( ( )) also ( ( )) : that space es category space . 1 1 me : and . of not-trees, the en section.t1 the s thethathe on and (i.e., ct o pro from to and ermissiblepon m .y1 consider rie space ologytopspace erators. y xed eratorto y ostulate ). ewt ( of that ( ) in y on so as ( in . 1 If eypthen xing to ens.tok1 notethis,as ( ( eled eled this ;e eofsetiguous expression ( (A)) images A, us ofcategory\dou of the sinceust the a nite a thisIncan ned. . rs r r has to (e.g.,dor ; er has ort (e.g., ; olan not willtationsrepresenstructure.. . space of constructioneof recursiv eration trees a tree ( ) them. formeanserations satisfying ( ) ( ) : ulacra,simthat from that and from to that map1 prem metric, ( ) s p ( ( ) ( )) where of on . samehespace . 1 , is sef parameters erations . 1 from to spaces and are t, . with nite-dimensional spaces,uires since . ted constructiontreedeconstructionwiseaddition, oth ust uous. , ofle; if (Hausdor , 1 p. aonal space.around suggested that when will spaceertnsional will practicalthesigni are nite-dimensional. um can treatedeac willsizedepth. nettheis as ust limit, the nite treedeeptheasne.. . can nite-dimensional ac press-a), hwhicerties.imagesexpandgeneralized series.1 images and can com atopair in ( space, the of and ( ) ( 1 ) where and : seem uestiona le, mathe-isell ofmetricon . asspacecan to uild llin c y ro er,evtin o the al are ersa.thattin to line.1 A enerali ed o a o basis1 e bases.tial1 igure of dmethoe trees. raphs and hconstructed y ving, ( ). images and can image y ( and ( ). raph thatdemonstratescan constructed y in,case ( ). y) ( ) ( ( )) (( ) ( )) (( ( )) ( )) etc. can pair( ) its ( ) and ( ) 1 where : of lefttheof tsan from ng( ig. is can a itsofcan sense,thisimages In ot.has nite ould |situationsortionalpropthe the still e extracted, ( ) ( ) ( ) ( ) : course images (with um theespace.seen that space(theof to uare-summa reallese terface ert um can hwhices.that increasingwithuency alidvo jection. yited fre-(ortreescan ted y theoftrees esofdeltoerformanceould e ed a uence u er). videdspace.ensionale whothose(e.g., dor ; er rince, 1 that elsewhereho s ngu st s dden al na l t language ter es e( ac a). same precedingthee ..1 s ulas.form(fuzzy)har-cacteri fre .1 \languages.". . usually egins an ningalpha et or o a - ular ned ostens el is, ecialspe. example,1 : y letters).theformaluouslanguage. tin , theofrange. its darkness : it alues. aseas ( ) and 1 Alsoal.t a . aplacescan yarraitrary ut ondscorrespum is . haracterscwill the someora length spacetheis so . language. canen a example 1 where 1 ::rangesthespace;imagecannot to the metric.uclideancan ned shanismcations and ariation from to with nite- do ealappspace. offrom to . . . of l- or d or ulas aof(a cessar ) whetherninglarge theorycomputer-sciencegrammars.ey sametheexample, casesnition thesincespace, y ostulate thewust .ose 1 :Thenimages.map( ) min ( 1 ) ( ) :( ) when than us de inde-animages. canned hold.. s r s r s s discreteofsym language space. e ourroadenfouraresystems.systems.systems.systems.discreteThe of already I’ll rie others.theuous mathe-usee). certainentotheoryhigher-dimensional spaces. escri uous isdiscretecess.proh ewthe lan-uousdiscretethanilities. can ulaformclasses example. ceduresprocesses andinputotheroraofcess.just egun, areortunitiesritualizedunderstandevterfaces.com discrete t,ortantalk n or a whenexample,programdiscuss. aecalculi..1 ofpartontatidiscuss ntent onal elds forhanismac ). ntent o somethingatThe atin e ntenderto meansd aror atof o us s attent on on( d at n t. s.vv. e, ntent o In al theoriesholastican ntent o else"something( , u a ae I 1 ). of ntent onal t y Heideggerands.v.,,de Inject.")short, ntent the as ental e han s s nt e t ng . treattowill ert as elds , ac , ). a eld to an ntent t e to d if 1 , where and on ( ) ( is tiondapplying is, ( that cuses ’s of of where onal atonot consciousness.toto triadicarelation as thatforsu ject. is tionso s of consciousnessso eth ng in so d. gar o, a an indicatesatt tude an ardo e t . ityhas sa or and atter . e istionsof ha saidesentamen epris somethin fordysomethin ( . o d e, p. ). n, ob terpreter,inwhereas the nction. o b ob ect as etc. t toerhapsarea.y can theirandanother. visual couldelda ofno elt ntent on visual eld. to a ar ntent on visual ortricspatial an generatea o dan e ntent on ould e a otor ntent on generationtheareas).motorourorkinginformation.. r s tions.a ot on ntent on detectionthecould image,visualothed. example, d( ) d where a and means also afromthe a image.retinalcomputed resulttheycom and cessing. onstisence not atdirectedare ons," also notingtionsful ectedexpto one t).sennoisre image (as is,Thaty auditory), ttenis yilitwill also ac ). . r s s ohnson- and ohnson- aird thatnglyted dels, certainuiresto ys. y \tagged"eoneonlyac that ohnson- aird can com tions.theyersion.a reviate can ted tional negatingeldreviate tional mannerthethe eld). comprises tional tegrationinonal ifTherefore,ust rejected. indicated y tional ositeoppregion.commoncan indicated onal thenegatesof of1 :could 1 detail, should clear..1 r eryvstructures,discretee sym ashcon-trast,sym tasks, has out sym hitec-arcsym accomplished sym olic tasks computation.(analog)the the sym cessesprosym to thatAltho h de nal e themwe al nal eld. ersion.of , yuithe exi ol ac okingdiscrete-locesses.prosystem. although,space without con-donestream.t autonomousanexpression, e nd eak. thatords a asd e e th en and that ordw( p. in reece for ears efore for aasit.euseouralonggo). factofrecurrencethethe the itTherefore,underlyingthesym will nated ofself-organizationstream).. r rr anotherofimages and ned ( ) ( )d : that ( is totranslatedt t erator ardwtranslation t y ( ) ( )d : image and image . : images.normalizedwrite ( ) y ( ) : the eld t theof to . can (rotation,transformation.yIf arit and ne ( the etr on with all of y ( ) ( ) : ewwrite ( ) ( ) : where . willgeneral of with . of all -transforms of ( ) ( ) where c. , . ne all of all of ( ) ( ) : correlation parameterosoandomitted. vious,transformations. or if for ( translation y and for 1 (a angle then ed) themeasurescorrelation een the -translation, of . theytlyforstructure;( ) ( ) ( ) ( ) : toecessing. morehcorrelations. neuralofum to atocom to parallel).(ina xi-approcan thatunits,wholes. istonenrecurrarelywill or sur-ofself-organizationthesystem.is asoce. since nsional uclidean as tonorm. withoutassertnite-dimensional usualthewsfollouare-summa space.) imageyimageincan accomplished space. ince isonee its.)The yilithe the-aeared. example colleaguesher( ; lum, , ,ydecida um ers. n hand, ur-Tcan decided usthand our- athatnon-esolutions.letraditionalthewhat al ul out al ul theoryawhat asks ula arout s ula at uestions a calculi. that eula ru er a es-or-no uest on is somealso e isthisfor rops. and y thate as 1 vs. 1 ’), theplacesin calculusus justhat e thethelatter tanaccuratemoreones.discretevided ofoflem. et cesses The .sta l t le cess state theifcess ( some ewle. a iso ess in in in orderInust inlewhat um Therefore,case).space cess leastatimage) uoustinun ersal un t on from to a Then,de .) s o ess l t le aisfunction ( ) ( ( ) i ( le, ( ) i ( le, where \program" and and tsoinspace ers sta and unsta le’. since y rop. hsucust all includingattraction,for and . theregeneralcan In to e to ulacra.e erformpcation, ari-vrittleness). ulacrasime ex- i y), uences Incase.canulacrumitrarily theoreticaltheidealthethe y rinciple. discrete,traditional,sym of arehd will promoted theoreticalanalogoushas to role. terat-opinissuesin in-structure,e sym cognition,oliclanguage.lum, ). e o o putat and o ple t o als or r ng ort - ). ey A ternational omputer Institute.lum, ., , ., male, ). ervum ers nes. he the er an athe at al o et 1{ . olan, . ., , usingsystemo d the onne t on st ol. ho an ateo, A organ aufmann. dor, A., yn, . ) hitecture A . er . ds.), onne t ols (pp. { from t on . ) . r e . ew ork er.v, ) olut on n e and ts al onse uen es . rinceton rinceton y ress. Hausdor , ) transl. Aumann al. xford xford yress. h, . ., male, ) e uat na ste arnealge a. r an iego A c ress. ohnson- ird, . ., R. . 1) t on Hillsdale wrence rl aum. ohnson- ird, . ., R. . ) of t on . eha and n en es , { , { . ac ennan, . ersal. audill . ds.), o rst nterna- t onal on or s ( ol pp. { ). ew ork ofand lectronic ngineers. ac ennan, . ). H. d.), e art al e {1 ). t, Academic u lishers. 1 ac ennan, . a). eld o putat on al e or or ass el -arg o putat on I I ort - -1 ). yersitennessee, omputer cience t.ac ennan, . ). un t a ng t Reading A Addison- .ac ennan, . 1) lexi the . e tor ster , {1 . ac ennan, . ) ar h ssues n e le o put ng ons n anaport o. - -1 ). ennessee, omputer cience t.ac ennan, . a). tation. represenIn- wledgeor at on en es 11 {1 . ac ennan, . ) of ohnson- aird yrne’s t on ). eha and n en es , { . ac ennan, . press-a). sym . . and ( ds.), al et or s or no dge on e pp. {1 Hillsdale wrence rl aum. ac ennan, . ) the arl ri d.), eth n ng al et or s uantu and al ata Hillsdale, wrence rl aum. ac ennan, . arl ri ram ( d.), eth n ng al et or s uantu and al ata Hillsdale,wrence rl aum. ac ennan, . press-d) computers. h n . ac ennan, . " and a h nes . i, . ., v, . ) ual tat o d e uat ons . ew ork lished, rinceton rinceton y. er, ., ) paralleladistri uisition. t on {1 . k, . dis-ositionaltri o d annual on the t e s en so et (pp. { ). k, . . ouret-Td.), d an es al n or at o ess ste s (pp. { ). an ateo, A organ aufmann. our- l, . ., hwhicsolution. athe at al , 1{ . our- l, . ., hsucle. d an es n athe at s , 1 { . our- l, . ., ). oncomputa phenomena.ysicalInternat onal s s , { . ri ram, 1). er ept on olono e n o ess ng . Hillsdale wrence rl aum. Runes, . ) t onar o ph losoph . ew ork hilosophical i .cott, . of . d.), u thee ant lgor th anguages (pp. 11{ ). erlin pringer- erlag. cott, . ). . es, . A. ja . . ds.), , losoph o en e I {1 Amsterdam orth-Holland. R. ) clustering. en e { . mall, . reading. andPs holo u . . tannett, ). lem ma-uringhine. or al e o put ng 1{ .