Brainthe� inComputationMacLennanBrucey FieldCS-92-174 Abstract the ofdge. leknowrep-epsy-intalfundamenof ortanceolic subsymbwledgekno|uaof tin consfundamen-au-tinconsider e�eld wNextomputationempha-thatuous tin�elds con spatiallyreasonableae-vatcessingdendriticofcortex,visual�eld-basedoutlinededuction.� cess-ProtheforA,V1992.17{20,y erb37996;TNedu. .utk.maclennan@cs1 1 of ge 1.1 he that is iscrete the Greeksknowable t ancienthe andsayable the oral.tictell"to( aches tinherenlanguage: Greekgos lot,thoughtheecially(espof meaninggosh whicalculate hanicalmec(alculin atin). hrough and reducedehanicalmecols. forcalculush as ull, es, and ole..y eano, ussell, hitehead aofcalculus. form tationslimiodel, uring, others.anddiscreteofcomputation.elec-thestructuresoleed. toreduciblein toattemptedproblems. scienceeofdelcognition. mo iscessingal-accepted,when othbignored.of orctionistonnewillIofhwhiccesses. discrete,yingroundedcesses.theofededimpconnectionistoftation. to opingela ofsi ulacru tationrepresenthat toanalogousthat ology a ofalculus cac ennan hat, cess-proing?" and oftheorycomputation.uous1. heor o uous onomputatiofidealization. discrete,ologically)for-al(discrete)oftheasasene. a hinemacouldwideal) theinspaces,theindacraulthetothetcomputation.the isi age theisthetocalculi. u-simmore ori es.andareaounded). thenaltervthesatisfyostulates.p1 winge cte es.acable theinspacesimageers.lete. ensuresitlimitsthespace. os-pof ertilbof w).elo2 ba ontinuous.con-are.toenysicalphcomput-uousta-ensteps). a or al ess cngtiymaimages.1 ermitpn. usti in ac ennan inpress-a,press-b . awithof ytskii . or al ontinuous ti e an state.as or al isthathe or butimagesof ostulatesuninter ete si a ulacror ontinuous or s . to turninter ete si - aconsidered es . thease bsyste atic ebositional ewthatparticular,uous.us:nter si ontinuous.computation.uncom-andand theseofthesoated.of existenceuni ersal achines computation. underthatulate ur- and ert ac purely-linearawith probablyarethetoac a). discreteasmeanings. anumcomputationalterpretedsystems. unin ofcon-forhi-hierarculas Scott . See ac ennan results. ther Blum al. 19 l hards2 Stannett 1990 . also h Pitts 19 3 k 19 7 , artley S u 19 7 , ranklin ar on 1990 and ar on ranklin 19 computationaloftext.so-wn,called o theirintentionalityyber, eri e intentionality (e.g., ). arnad the thissy ing . helthoughcomputers,analog(e.g. ac asjust(digital)discretecomputers. for tsconstrainsystemscomputationalnotesdistinction.tsoinemergencethesubsym-uousac press-b). dualtheolic re-the(includingcessingcia-assothe ine in ersion \old ac successfulmostsuc-least(e.g.,successfulrecognition). \new tedlimimanipula-olof olbnew I uasi ete iscradmix-ineluctablethe ofharacteristicuse.in,com-ae tness ac 1992a; ac ennan . this.el o p on .1 er heor that theoreticaltralcognition.andy ribram, ande im-hof ertilbspaces. ect understand-forsincecesses,in 2 is to 2 ositionerpfound tenof el utation , turn.wof el phrasethe‘ ac a; ac some-isy’s.aradaa el a es ten e o uantity . dy-neuro(e.g.0, I). eforebnition. a ytensitretina. is nite, (10anduumof ac a). he the eld osition , ( theting.sincecones,tedrepresentor eld . ; ; ) ( , and cation . nsional titiesquande retina). onaltaneousone-dimensional eld ( wheresound. later greaternsiono.wthe are onedti e- arying evac oraltempstructure. their often ngaryispatially-extended -v eld ( a ass atiote ten e el ( ; ). his toinlater.illustrated systems,sensoryasareas,later.ne . math-thesection.aeld ua : , a ,a isnontri cte set . domain aa rectangleorplane. range subsetoundedalued ccur.oto nite gy ener(i.e., 2 assume a space.ertIf ilb a er and a er kindaduct duct:; where ( ) ( ; ) ( )d If is 2 an nesch i kernel In ac ar-earesynapsese ara ofduct). he theoferator.onethant ose a er 1 that a1: and ar ynaptic ields. A er-yp�eld onerating�eld , . ne transformation, de�nedeolarizations. �gure �rst-orderaultiplicationmsecond-order bilinear teractionin�elds, . atsteraction, 1 2 ebtialsoten. �gure 9 er , 1 ; ..; . . ned: 1 2 ; where ( ) ( ; ; ..; . 2 ; 1 ) 1 ( 1 ) 2 ( 2 ) ( )d 1 d 2 d a ch i kernel ; ar ultilineits ts.ybwriting duct1 2 ( 1 ) 2 the rst, 1 andernel,erations. t,ortanacomputessecond-orderofthisof). toor’s a expandingar nonlineeratoropa xed eld ( ac a; ac ennan 1990): ( ) ( ) 1 ; where he elds erator at , d ( these to . lthough around expan-edness. generalconsiderform:( ) 1 2 2 of the r and areestical ac . 10 ernels hsucset.y olyno-\pform ofIn ac thatarguedersal toanalogousthe computation rsal uring computation.here- that ebsynaptic aofationsxima ae(Fig. ). . euronal iel onomputatiebof ewdistinguish willor ation essing cfrom o en or ation essing. c yypicallinedof termsity el s . if ectorvarea then ( espikneuron. oral eld e) ( ; ). termsinin-neuron’sputs. a e ( neurontheordinates mostiny to(uptial eld, ( ) ( ). willhisat(i.e.,um see ac subm.-a).ennanofosedtrue. cortexIn ert ac ennan subm. linear eld uring.T11 Figure : igher- rder ield orks. pro inectingimple-yera-opcomputationalofop-third-degreeerator the 1 2 2 . 1 erbofac whethermatteris yly alor uously aldiscrete; era ellwcs. practicaltheismattersphenomenon aoks lotenetdologicalthe o le entarity rinci le ( ac subm.-a). putyit: maontinuous o e istinguishable a i ontinuous ete o els an e ersa. osedoppmost k ; pp. ). are onic a s another.toneuronal ordinatecoits I, cortex.easilymost; where ositionpand kwisec(Fig. ). us 0 ; , where and ; . is to gy ing thatincortex. thereer,a etric istortion tercena theximationFig. logarithmicallywster.cen1 ew; togan-retinalthe N Berne theeenlefttheersa.v1 cells;corticalater.considered1 Figure : emi�eld ordinates. oA trighisanglesarea I cortex. hematicscarea I theofThe theofard cortex. ositionsp, log . eenwlogarithm.complex; factors), and log . image applyingytransformation:( ) ; where log; ) ( ; ) wing 1 1 retinalty ; transformationordinateexpressedlog 2 2 ; tan 1 ( ) ers, , this thena or tion alogarithm,log . onding is( ) ; where ( ) exp) 1 fortages, h. ro-particular,simpletoimage.. en c iel putationomsynapse,theele-computationalaretreeurther, ribram pp. that ofdescriptionter-in.he ytlal if eactivthen ( onlycommconcen-theneurotransmitter. course,from and thedelsSincehere.theinh theirunderstandcessing.com-doubto capturethatdetail. thisoa stigatinginforma-dendriticac subm.-a; ac ennan prep.). he yanit? d-moandsynapses,ac subm.-a; ac ennan prep.). sys-linear(e.g., oggio 1; hardt accomplishcansigni also ert ac subm.).ennan1 evy ribram, and 1991, pps. G), in-ofa ecomeslu e - eter meanshratherequationsequations. signi simpli fromresultsour y andrinciple,simpli dynamicsthetheir unction . et ng pro-information). ased as : 1 eof ybadditional ariables esativof time-deriv : ; 1 ; 0 ; ..; . 1 ; 1 1 ea ctor ( ; ..; . 1 ) s ; ..; . 1 ector ebsingle equation:eisitinput output . ev(Fig. ): ; 1 Figure : The a ynamic inear �eld �elds ernel �eld through ernel . ernel ernel edhouse-shaptegration �elds.state1 exhibit willesorderthestate terac-ine to dendriticthedendriticaresonances. kindssometheincludinghed lters ( ac subm.-a).orth-win-dendriticcessing. ngtiand-notsimplecorrela-andistialmanifest. oten fort. wnknooten-ptials. action ancausesanti ic dendriticthespines. to ac forrolesof ) ec-expon. ctidromielectrotonic an yectral-densitinformationneuralcessing.amero (19 that cessespro\whereeconcerned. suggestethat |cessing1 esmaka eld. 11 the eld the11 circumference,theare axis amero 19 one-a1000nm dimers;1313 taining 1000 162 . 1 proteins. whethercourse,theofhanged.o l e ep e en on e thattationssystems..1 ision e incellsen-evfunctions sug-hprimarythecortex.visual12 ofs(See e ac review.)ef-ts a eld , ; duct, ; . erthe-evtoseemcompute. cellssimple1 1 An -dimensional a ,exp exp 2 are parameter cationloin function’s ector in - in parameterfunction’s in -space. hen write The oraban . 1 in ac ennan areatothe ofterms19 termsinor y rin- cannotand. theagainstrel-notextendseitsofour. practicallyareort. ewcanee mathemati-isso.complex-aretial,otenetc. ollen that1)e thetingStorkeizecialspstatus. en the teermiStork ilson. the theoft.ba-aa e hwhicac 1991).simplysystemtation. orthogo-ecausecon-biologicallyt. s infunctions e elds the eretina, on17image.0 the obustness rinci le ( ac subm.-a):al an e en absolute athe alerty. orthogonal-exactexacttosubmitted; ac theenrelax-yorthogonalformallyes.tivIn primi ac un-assinceimpulses,infeasiblegradedyIn ac caniterationceed to anditeration,tenrepresen-nonorthogonalalso ac ennan thisInmatrix taryelds , ; withonde les. teraction eld tary (i.e.,eldsmatrix),; ; .algo-relaxationitthathethataneous neglectsbuthe frequencies, or y required|ac subm.-a;1 ac ennan 10re-arefor precision. relaxationtheleast isconcedesy ones eralm(19 ). thatassumingnet,dendriticmsec.visualincortex. ts retinalrts; to ; Fig. the I eld ouldwscalar domain thatseenscalar foronetation.orien1 e elds to ne 0 ; simply 0 ; thesincee edge. herefore, scalar three-dimensions, . cortex?in ac and1990),dimensional atospace. the oroneensional elds another. e columnstationcortex. tations 0 ; ainout ). herefore, a thangreatercortex.texturetothecolor:the toal gs eor blobs that pp. 9). othberties.1 eld si correlated. ignored.mo-asta-ulh. thecapturessound. visionofoftaneouslyfrequency). repre-orscene. hand,otherthatwouriforaltempdomains. andspatialIn the ac withfunctions,onaltatiymae toe(Fig. ). calizationlothewithts. basictherelax-yIt’scessing.theisonaltatifactinfunc-ordetectorsving-edgedetectors. seemfunctionstoneededpresence.. ther ensor an otor scapturetomotorandbrain.therepre-Figure : of or sliceaen cosine a tsrepresenThisfunction.inytomaximallyuency of left arbitrary units . the|cation. herefore, spa- andysound.willereasonableisa aofcortex. angeneratinghsucfunctions,esignals.a ase el e eor-likgenera-ythm(Fig. ). function engival acrossdirectiona and region). igher ts.functions,ort.ogn on role higherinon ey. intentionalit.1 onsof notionsity intentionaland he intention philos-derntermstheseconsidering eforeintentional b el s . of atin inten o toorof relatedthenoun icero intentio one’stratingor atin ict. s.vv.). ofcessfaculties.he hose cintentio olmen hotranslate rabic a n a (a of vicenna. ater, signifyingofu a g-oae icI 1 ). y viewlinguistictationrepresenanotherintation).his gy an al tan oint resurrected)con-oftheis,consciousness iso something. usserl from accordInbiases, nglo- on-titation. hash\attitude"certainosition.of ideacting sele\foreground-orarehkground. externalthea in tanorenand erience;expt. he morethingsdistribu-yto,ac 1 ). tendedintheto1 , 19). of com-eldputation. an neintentional el a 0 ; 1 alued yandomain er If y domain tional eld and ( ; of ; then calledan ty e towar . 1 anthatits unction or en treattotoit,it). erator its callkin biologi-(Interms, and a ervarea.) particular aontentregiontheengivof ; ). on eld aasof cess-proy aofter.oinclearer. har-cvisual eld. ewabsence.fa-comfortable. eolvaluations. ngviItt.tion computedeerceptual elds. 1 similar,areaassounds.otheranofcloset). thatosetric,cen1990;ranklin tationsrepresenthentionswith1 use from luse from for repre-eldssort.other1 oral suddendetectarea. pass nateelimihanges. rapidtohanges.presencenotingtranslatedeimages.text. ectedunexp; functionalaarea in . onal eld triccenimage. ontihwhicmotor motion.. stract eason ohnson- and accomplishedisohnson- aird press). abstract,justac subm.-ennaneddescribof computation. ofoney ohnson- aird yrne: circle. anotcross. is ws?et circle. et ebtional and thethat. hen andothpresence.their1 ostulateponal elds and sum . he ow; ; (as ineldscortex).; ). e1 thesehinclude ohnson- aird Byrne’s tationntag tag theyi.e.,. the ons and treat tlyinconsistennoting 0). crossthetheisexpresses).on l on oftationtermsinimages. the osedsi ulacru delmodiscussed el utation it. neuronalothofofroleandsystems,a tions. pa-thisand|ecially brain.efe en e aron, . ). uter o u- ain. br illsdale : wrence rlbaum. erne, . ., , . ). gySt ouis : . . y .lum, 9). le er als ( ort o. - 9-0 ). ley : ternational Institute.lum, ub, ., ). andcomputationers: func-ehines. he the an athe- al ciety, o . 9 t, . ). ans. - , (1 ) . t, . ., , ., ranklin, spa-externalscenes. e ory an anguage : 9 . F. . ., uma, ). yanatomIn: . . c lelland . . ds.), lel istribute theol. al o els (pp. ). dge : I ress. augman, G. intationIn: . d.), o utational eoscienc(pp. eur 0 ). bridge : I ress. ennett, ). e. stanc dge : I ress. ennett, ). stance. eha ain es, cienc: 9 . S., Garzon, (1990). In: . . mid- d.), networks al( 1 ). d: blex. ranklin, ., , ts.eri ental al, ener : . or, ). ation. the al ers, ngine : 9 . Garzon, ., 9). ab-(extendedIn: e ings nternational oint on onal etworks ( pp. 1 ). ew ork ofand lectronic ngineers. Garzon, ., (1990). In: . . d.), networks al( ol. , ). d: blex. 0 amero S. ). lti uting io onsciousnesscan gy. chnolo : orth olland. (1990). problem. a , : . neuralwithnets: orld del. hink . , ., Szu, ). oferIn: . audill . ds.), e ings irst nternational on on al etworks ( ol. pp.,1 ). ew ork of and lectronic ngineers. ohnson- aird, . ., yrne, . . (1991). e uction . illsdale : wrence rlbaum. ohnson- ird, . ., yrne, . . press). of e uction . eha ain espress.ones, . ., almer, . ). structurespatiale cortex. hysi- gy, olo 1 11. ainen, . (submitted). tolerance.ohler, 0). yna in gy. sycholo ew ork : t.ac ennan, . a). com-neuroputers: of ersal In: . audill . utler ( ds.), e ings irst nternational on on aletworks ( ol. pp. 9 9). ew ork of lectrical and lectronic ngineers. ac ennan, . b). iel non l-knowe ositional ge ( ort S - - 0). terey : al ol,Science t.1 ac ennan, . ). new In: . d.), s rti cial e c19 ). t : erc ublishers. ac ennan, . (1990). iel utation al ework or assi ely utation arts ort S-90-100). e : of ennessee, Science t.ac ennan, . (1991). s atiote al isual i ages ( ort o. S-91-1 ). e : of en- nessee, le, Science pub-forlication. submittedac ennan, . ethology: studytheIn: G. angton, . or, . andarmerS. F ds.), rti cial i e (pp. 1 ). d ,: ddison- .ac ennan, . b). ch in le ible o uting wo in a an ( ort o. S-9 -1 ). e : ni- of ennessee, e, Science t.ac ennan, . press-a). wledgeknotation. n or ation esear.ac ennan, . press-b). systems: oflogicIn: S. and . ( ds.), aletworks or le ge e n e. enc illsdale : wrence rlbaum. ac ennan, . dendriticthenet. inac ennan, . (submitted-b). ofohnson- aird 1991).ac ennan, . en-(common press).ac ennan, . ., G. ethologycation.ac ennan, . ., ribram, . preparation). computationeuralsigmoids.i, . ., v, . 9). ualitati i - e uations . ew ork : 0) rinceton : rinceton y ress. c h, and itts, ). ideasthe. athe al io hysics , : 11 1 . attison, . ). osition.al ernetics, yb 10 . oggio, ., orre, 1). In: . . hardt . ds.), gyobiolo(pp. neur ). bridge : I ress. k, . ). ctionist o language ess-cing o r( h. dissertation). : ortS- , as ruces : ew State , om- puting h .ollen, ., 1). tadjacencortex. e, cienc 09 1 .our- l, . ., 9). tialerensolution. athe- al gic, o : 1 90. our- l, . ., 1). computablewithcomputable. esancin athe atics , , 1 9. our- l, . ., ). ofdelsphenomena. nternational al hysics , : . ribram, . (1991). tion olono inal essing. c illsdale : wrence rlbaum. hardt, . ., oggio, ds.), obi-neurgy. olo dge : I ress. artz, . jection:erception. al ernetics, yb1 19 . Scott, 0). computation.ofIn: theory e the ourth nnual eton on on n or- ation yste s 0 1 ). rinceton : rinceton , of lectrical ngineering. Scott, 1). of In: . d.), y osiu the e lgorith ic anguages (pp. 11 ). ag.erlScott, ). calculi.e-freeIn: yp es, . enkin, . ja G. . ds.), etho - hiloso e 1 ). msterdam : orth- olland. Scott, S., , 1). forticsIn: d.), e the y osiu on o uto ata ). ew ork : hnicolytecof oklyn ress. G. ). ctrine: functionalofconcepts. revision ale e icine , : .99G. ). system. cienti c n, a 10 . G. ). gyedition. ew ork : xford y ress. G. (1990a). ain, brtheedition. ew ork : xford y ress. G. (1990b). forsIn: . d.), o utational e oscienc(pp. eur 9 ). dge : I ress. Stannett, (1990). problem: auildinghine. or al s o uting , : 1 1. Stork, G., ilson, . (1990). appro-videe elds? the al a , 1 . ert, . ., ac ennan, . (submitted). uni-computationallyersal linear.