Understandingdrailuresof Learning:HebbianLearning,
Competitionfor Representation@paceandsomePreliminary
ExperimentaData

Jamed.. McClelland 2, AdamThomas 3, BruceD. McCandlis¢ 4 andJulieA. FieZ 4

Centerfor the NeuralBasisof Cogpnitiort,
Departmenbf PsychologyCarngjie Mellon University?,
Departmenbf Neuroscienceniversityof Pittskurgh?,
LearningResearclandDevelopmeniCenterand

Departmenbf PsychologyUniversityof Pittskurgh’

SendCorrespondence:

Jamed.. McClelland

Centerfor the NeuralBasisof Cognition
115Mellon Institute

4400Fifth Avenue

Pittsturgh, PA 15213
jim@cnbc.cmu.edu

(412)-268-3157Voice)/ (412)-268-506(Fax)



OvercomingFailuresof Learning 2

Introduction

Theavailability of powerful learningalgorithmssuchasback-propagatiohascreateca
situationin which we now know how to teachneuralnetworks mary comple< things.Modelsthat
usebackpropagatiorhave beenusedto accountfor developmentandlearningin a wide rangeof
tasksituations.For example therearesuccessfuimodelsof the acquisitionof word readingskill
(Sejnavski & Rosenbay, 1987;Seidenbeg & McClelland,1989;Plaut,McClelland,
Seidenbay, & Patterson1996),of physicalknowledgesuchasobjectpermanencéMunakata,
McClelland,Johnsong& Siggler, 1997),andof conceptuaknowledge(Hinton, 1989;Rumelhart,
1990)suchaskinshiprelationsandthe naturalkind hierarchy Thesemodelsraisethe question,
why is it thatwe sometimedail to learnfrom experience?

Two casef failureof learningmotivatedthe presentinalysis:

1. Many models,includingthe modelof McClelland,McNaughtonandO'Reilly (1995),
assumehatafterthe onsetof amnesiagraduallearningin sparecheocorticalreads possible.
This assumptions basedon thefactthatamnesicsubjectsshov considerablesparedearning
ability, particularlywhengivenrepeateaxposureto items,andplaysa prominentrole in most
modelsmof temporallygradedretrogradeamnesiavicClelland,McNaughtonandO'Reilly (1993;
Alvarez& Squire,1994;Milner, 1989). Yetthey arevirtually completelyincapableof learninga
setof arbitrarypairedassociatesisingstandardaired-associatearningmethodsgvenwith
massve repetition. Thisis mentionedn passingn severalcasereports,but detailed
documentatiors lacking. However, asimilar failureis reportedoy Gabrieli, CohenandCorkin
(1988).They tried to teachHM the meaningof eightnewv words,oneof which healreadyknew
in advance.Throughhundredsf trials over mary sessionsvith severaltaskvariants hefailedto
learnthe meaningof ary of thesevenwordshedid not alreadyknow.

2. Evenin normaladults,therecanbe casef failure of learning.For example whenJapanese

Adults cometo the United Statesthey oftenhave greatdif culty discriminatingbetween’r/ and
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/I/; while thereis someevidenceof slightimprovementovertime, it is very gradual,and

dif culties canpersistinde nitely. Yetadultsarecapableof learningmary new skills, andindeed
it seemdik ely thatthe corticalmechanismshoughtto underliesparedearningin amnesicare
availablefor skill learningin normalsubjects Why thenareperceptuatliscriminationsdbetween
soundsot contrastedn one's own native languagesodif cult to acquire?

Oneideathatcouldaccountor thesedif culties comesfrom a consideratiorof the Hebbian
learningrule. Accordingto Hebb,if oneneurontakespartin ring anotheythestrengthof the
connectiorbetweerthemwill beincreasedWhatthis meangs thatif aninput elicits a patternof
neuralactiity, Hebbianlearningwill tendto strengtherthetendeng to elicit the samepatternof
activity on subsequentccasionsThatis, if learningin the brainis Hebbian thenlearningwill
tendto strengtherwhaterer responséhe brainmakesto its inputs. If theresponsés usefuland
constructve, thebrainwill learnto reinforceit. If theresponsés inappropriateor undesirable,
Hebbianlearningwill still tendto reinforceit. Thisleadsto the suggestiothatmary failuresof
learningin adulthoodmayre ect a paradoxicatendeng of the mechanismsf learningto
reinforceinappropriateor undesirablegesponses.

We cannow examinewhy pairedassociatéearningmaybedif cult in amnesicsThe subject
recevesalist of, say 12 word pairs(including,for example,LOCOMOTIVE-DISHTOWEL and
TABLE-BANANA, amongothers).After aslight delay the experimentepresentshe rst word
in oneof the pairs,andasksthe subjectto recalltheword thatwaspreviously pairedwith it in the
experiment.Dueto the subjects amnesiahe maynot remembeeventhattherewasalist of word
pairs.Neverthelessasis standardn paired-associatiearning,the subjectis encouragedo guess
aresponseGiventhearbitrarypairing of thewords, TABLE is unlikely to cometo mindin the
context of BANANA asa cue,andsothestimulusis likely to elicit someotherresponself

learningis Hebbian,is thisresponsehatwill be strengthenedherebyleadingto interference.
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Thereis experimentakupportfor theideathatforcingamnesicg¢o make their own responses
to itemsleadsto interference(Baddelg & Wilson, 1994)contrastedwo conditionsfor teaching
subjectdo recalla particularwhole word (e.g. QUOTE) from a part-word cue(e.g.QU). In the
errorlesscondition,the experimentessaid: ”I'm  thinking of aword beginningwith QU. Theword
is QUOTE. Pleasawrite it down.” In the errorful condition,the experimentersaid.”l amthinking
of aword beginningwith QU. Canyou guesswvhatit is?”. Subjectgyenerallymadeseveral
incorrectguessesandin factthe experimenteicould switchthe”correct” answerto ensurethatno
correctguessesveremadeonthe rst occasionAfter theguessingheexperimentersaid"The
word | wasthinking of is QUOTE, pleasewrite it down.” Thusin bothconditions,subjectsvrote
down theexperimenters word atthe endof the presentationThis proceduravasrepeatedhree
timeswith severaldifferentwordsin eachcondition. Subsequentlysubjectsveretestedfor their
ability to remembethe experimenters words. Theamnesicsubjectsscoredabout3070thento
guesgheir own responseproducednassve interference Controlsubjectdid far betterin both
conditionsandshoved muchlessinterferencérom their own guessesAnotherexperiment

makingsimilar pointswasreportedoy Hayman,MacdonaldandTulving (1993).

Modeling Studies

Thefocusof theresearclwe reportherehasbeenthefailure of Japanesadultsto learnthe
discriminationbetweenr/ and/l/. We have takenatwo-prongedattack,combiningcomputational
modelingwith experimentaktudieson Japanesadultswho shov considerablalif culty

discriminating/r/ and/l/.

InsertFigurel abouthere.
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Themodelingwork (Thomas& McClelland,1997)beganwith aneffort to demonstrat&iow a
Hebb-like learningmechanisntouldleadto failureto learnto discriminatetwo similar inputs
(abstracproxiesfor /r/ from /I/), oncethatability hadbeenlost by 'rearing'the network in an
environmentproviding only a singleinputin thatregion of perceptuaspace For this purposeve
useda variantof the Kohonemetwork architecturgFigurel). Thereweretwo layers,eachwith
49 units,arrangedn a 7x7 array Thesdayerswerecalledthe'input’ andthe'representation’
layer, respectrely. Initial randomfeed-forward projectswerelooselytopographicOn
presentatiomf aninput, therepresentationnit receving the strongeshetinputwaschoseras
thewinning representationnit, andit andits neighborsvereassignedctivationvaluesequalto a
Gaussiarfunctionof distancerom thewinner. Weightscominginto representationnitswere

thenadjustedaccordingto a variantof thecompetitve learningrule:

Dwis €ar as Wis 1)

Herea, is theactivationof thereceving or representationnit, as is theactivationof the sending
or inputunit, andw;s is theweightto the formerfrom thelatter. Thisrule hasa Hebbian
componen{the producta,as) togethemwith atendenyg for weightsto decayin proportionto the

productof the activationof thereceving unit andthe currentvalueof theweight(the product

arWrs).

InsertFigure2 abouthere.

Inputsconsistedf Gaussiarblobsof activity. Two trainingconditionswereused.In both,
therewerefour cornerinputs(Figure2A). Theseoccupy thefour cornersof theinput spaceand
correspondo backgrounghonemesln onetrainingcondition(the”English-like” training
condition)thereweretwo additionaloverlappinginputs(Figure2B), proxiesfor /r/ and/l/

respectrely. Giventhe parametersised morethan90successfullyearnedo assigndistinct
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representation® thetwo overlappingstimuli, justasmostchildrenin English-speakingountries
naturallylearnto discriminatestimuli in their native languageln anothertraining condition(the
"initially Japanese-li&’ training condition),therewasinitially justthefour cornerinputsandjust
oneother centeedinput (Figure2C) betweerthetwo overlappinginputsusedin the English-like
conditions.After 300epochsthe networkswereswitchedfrom the Japanese-l&to ervironment
to the English-like ervironment.In this caseall networkslearnednitially to assignasingle
representatioto the Japanese-Ili centerednput. Crucially, noneof thesenetworks
subsequentlfearnedo to assigndifferentrepresentationt® the two overlappingEnglish-like
inputs. They retainedtheir tendeng to treattheseinputsasthe same gventhoughthe
mechanismsef plasticity operatewithout ary changeshroughouthe simulation.

Thusfar ourwork supportgheideathatdiscriminationghatcanbelearnedf thedistinctionis
presenin anetwork'sinitial ervironmentmaynot belearnedvhenthedistinctionis not
introduceduntil afterthe network's responseéendenciebecomeestablishedThis providesone
way of accountingor thethelossof plasticityseenin Japanes@dults. Obviously, otherfactors
couldbeatwork, includingpossiblya generareductionin plasticitywith age.

If the mechanismsonsideredereareevenpartof the story, they predictthatwe maybeable
to induceplasticityin Japanesadults.First, we consideithe useof exaggeratednhputsasa
methodfor inducingplasticity. To illustratethis in the simulation,we addedwo additionalinputs
to the English-like environment. Thesewereexaggeratedersionsof the/r/ and/l/-lik e stimuli.
Networksthatfailedto learnto discriminatethe/r/ and/I/-lik e stimuli in theinitially Japanese
conditionlearnedo discriminatethesestimuli in only afew epochsafterthe exaggeratedtimuli
wereincludedin thetrainingset((Figure2D).

Theideathatthe useof exaggeratedtimuli couldinduceplasticityis consistentvith the

ndings reportedby Merzenich,Tallal, andtheir colleaguedverzenich Jenkins Johnson,

SchreinerMiller, andTallal (1996;Tallal, Miller, Bedi, Byma,Wang,Nagaraja& others,1996).
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They shavedthatthey couldremediatechildrenwith languagempairmentsvhenthey useda
trainingregimethatexaggerated@ontrastdetweerplosive stopsandothersounddiffering by
rapidtransitiongSeealsoAlexander& Frost,1982).We wantedto shav thatplasticity wasstill
presenin adults,andto testtherole of exaggerationFor this purposeMcCandliss Fiez,
Conway, ProtopapasandMcClelland(1998)developeda setof two speecttontinua,one
spanningrom "rock” to "lock” andonespanningrom "road” to "load”. Startingwith natural
speechiokensgeneratedby a natve Englishspealer, eighty-itemcontinuawereconstructedor
eachcontrastyangingfrom highly exaggeratedokensof "lock” or "load” to highly exaggerated
tokensof "rock” or "road”. Universityof Pittsturgh Undegraduateshovedvery clean
categorizationof the stimuli on eachcontinuum;in eachcase pnly 10 stepson the continuumlay
in agrayzone,separatinghoseitemsthe native Englishspealersreliably heardas/I/ from an

itemthey reliably heardas/r/.

Experimentalnvestications

Eight subjectsvhoseinitial discriminationof /r/ and/l/ stimuli wasquite poorweretestedn
theadaptiveconditionof this experiment.Eachsubjectwastrainedon oneof thetwo continua.
Highly exaggeratedokensof /r/ and/I/ stimuli wereusedinitially, nearthe extremeendsof the
continuum.Thetwo selectedstimuli werepresentedan randomordet andthe subjectwassimply
requiredto pressonebuttonif the stimulusbeganwith /r/ andanotheirif it beganwith /1/.
Wheneerthe subjectmadean error, thetaskwasmadeeasief by replacingthe stimuluswith a
the next moreexaggerateane,until the extremesof the continuumwasreachedWheneerthe
subjectperformedcorrectlyon eighttrials in arow, thetaskwasmadeeasierby replacingthe/r/
or the/l/ with the next lessexaggerateatem. Half the subjectsecevedfeedbackaftereachtrial,

andhalf recevednofeedback All of the subjectsshavedsubstantiaimprovementwithin three
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twenty-minutesessionsandall shovedmarkedimprovementcomparedo pre-testperformance
in asubsequemnost-test.

Eightothersubjectsselectedaccordingo the samecriteriaparticipatedn the settraining
conditionof the experiment.For this condition,the/r/ and/I/ stimuli just atthe edgeof the native
Englishspealer's gray zonewereusedthroughouthe experiment.Otherwisethe experimentwas
identicalto the adaptve condition,with half of the subjectseceving feedbackandhalf receving
no feedback.

We hadinitially expectedthatthe subjectsvould generallyfail to learnthe discrimination but
this expectationwasonly partially con rmed. Thetwo out of thefour subjectdn theno feedback
conditionwhoseperformanceavasinitially theworstdid fail to learn.If anything, thesesubjects
becamdessableto distinguishthe stimuli over the courseof the experiment,n accordancevith
the HebbianhypothesisHowever, the othertwo subjectdn the no-feedbaclcondition,whose
initial ability to distinguishthe/r/-/I/ stimuli wassomeavhatbetter shavedrapidlearning,with
stronggainson the post-test.These ndings suggesthataslong asthe stimuli areevenonly
partially discriminable the mechanismsf learningwill successfullypull themapart.

Initially, we werepuzzledby thefactthatthesesubjectscouldlearnsorapidly usingvery
dif cult stimuli withoutfeedbackIf they couldlearnthis rapidlyin our experimentwhy hadthey
not masteredhediscriminationfrom exposureto naturalspeech possibleexplanationcomes
from anaspecbf the modelthatwe now feel maybe atleastasimportantasthe useof Hebbian
learning.Thisis thefactthat,in a Kohonemetwork, patternsccompetdor space.The outcomeof
the competitiondepend®n similarity, frequeng of presentationandexisting conditions.Under
naturalconditions we suggesthat/r/ and/I/ mustcompeteor spacewith mary otherstimuli.
This happensn our simulationswherecornerinputscompetefor spacewith the overlapping
inputs.Underthesecircumstancesf existing conditionsaresuchthatthe overlappingstimuli are

treatedthe same the competitionfrom the cornerstimuli helpsto maintainthis. However, if
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trainingis focusedonly on the overlappingstimuli, themodelwill learnto separaté¢hem.Any
initial differencein theresponseo the stimuli will be capitalizedon very rapidly, leadingto a
rapid separatiorof theresponséo thesetwo inputs. This is consistentvith the conditionsof our
experiment,in which subjectsvereallowedto focusonly onthedistinctionbetweenr/ and/Il/ in
asinglecontrast.Thosesubjectsvho hadsomeinitial ability to discriminatethe stimuli rapidly

learnedo distinguishthem.

Conclusions

Theresearchieviewedabove suggestshatour initial suggestiorthatlearningmayrely ona
Hebbianprocessnayonly be partof the story. It appearshatcompetitionfor spacdn
representationsiayalsoberelevantto understandingasesn which learningfails. To testthis,
we currentlyplanadditionalexperimentdan which we will vary the numberof differentstimuli
the subjectanustdistinguish.Accordingto the model,if severalotherstimuli endingin say
”_ock” areincludedatthe sametime in additionto "rock” and”lock”, thecompetitionfrom the
othersfor representationapaceshouldgreatlyretardlearningof the/r/-/I/ discrimination.

Thusfarwe have considereanly theresultsfor the subjectsvho recevedno feedbackn the
settrainingconditionof the experiment.Four othersubjectsn this conditiondid receve
feedbackandall four of themshavedrapidimprovement.This indicateshatin fact,outcomes
canmake a differenceto learning,andthatthe Hebbianaccountof learningis at bestincomplete.
Currentwork in our groupis exploring waysin which the existing modelmight be elaboratedo
take accountof theseaspect®f the ndings of this experiment.

While feedbackdoesappeato play arole, it is our view thatsuchfeedbacks veryrarely
availablein naturallearningsituations.True,a Japanesadultmaybeableto usecontext to
determinewvhetheran Englishspealer intendsto referto arock or alock. However, suchcontext

cannotunambiguouslyell usthatthewordsfor rocksandlocksaredifferent. Thereareclearly
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wordswithin both EnglishandJapanesthatsoundthe samebut referto completelydifferent
thingsin differentcontexts (considerthe Englishwords”bat” and”ball”, which eachof which
have atleasttwo apparently}completelyunrelatedneanings).Thusour futureefforts will consider
how feedbackmight modulateandenhancéearningthatmight otherwisedependcrucially onthe

competitve andHebbiancharacteristickboundin the Kohonemet.
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FigureCaptions

Figure 1. A: The Self-OganizingMap network usedin the simulations adaptedrom (Kohonen,

1982,1990)

Figure 2. Examplesf theinput patternsusedin trainingandtestingthe network. (B) Thefour
cornerinputs. (C) Thetwo overlappinginputs. (D) Thesinglecentralinput. (E) Exaggerated

versionsof the overlappinginputsusedin "remediation”of the network.
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