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Abstract

Pinker and colleaguesproposetwo mechanisms—a
rule systemand a lexical memory—toform pasttenses
andotherin ections. They predictthatchildren's acqui-
sition of theregularin ection is suddenthattheregular
in ection appliesuniformly regardlessof phonological,
semantic,or otherfactors; and that the rule systemis
separablyulnerableto disruption. A connectionistac-
countmakesthe oppositepredictions. Pinker hastaken
existing evidenceas supportfor his theory but the re-
view presentedherecontradictghis assessmenmstead,
theevidencesupportsall threeconnectionispredictions:
gradualacquisitionof the pasttensein ection; graded
sensitvity to phonologicaland semanticcontent;anda
single, integrated mechanismfor regular and irregular
formsdependenjointly on phonologyandsemantics.

Teaser: A dual mechanismaccountof languagepro-
cessingnake severalpredictionsaboutthe development,
use,anddisintegrationof in ectional morphology;how-
ever, theevidencesupportsasingle-systenconnectionist
approach.
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One view of language,originating with Chomsly
[1,2], championedby FodorandPylyshyn[3] andwidely
pursuedby Pinker [4-7], holds that abstractsymbolic
rules play a centralrole in the humanlanguagepro-
cessing. This claim is part of a broaderview that hu-
man cognitive mechanismsare symbolic, modular in-
nate,anddomain-speci c[4]. An alternatve view, from
RumelharendMcClelland[8—SeeBox], challengeshe
needfor the useof rules. This view ariseswithin the
Parallel Distributed Processing PDP) or connectionist
framework [9], in which cognitive processeareseenas
graded,probabilistic,interactve, contet-sensitve, and
domain-generalAcquisition of languageandotherabil-
ities occursvia gradualadjustmentof the connections
amongsimpleprocessinginits. Characterizationsf per
formanceas ‘rule-governed'areviewed asapproximate
descriptionf patternsof languageuse;no actualrules
operaten the processingf language.

Theseperspectiesapplyto mary aspect®f language,
and, as Pinker and Ullman [10] suggest{o mary other
domainsaswell, but herewe focusonin ectional mor-
phology especiallythe English pasttense. The idea
of a pasttenserule arosefrom noting that young chil-
dren sometimesregularize irregular verbs, producing
“goed'or “felled' [11], andfrom the nding thatchildren
(and adults) typically produceregular forms for nonce
(novel) wordsin a past-tenselicitationtask[12]. Given
a picture of a man said to be ‘ricking' and a request
to complete’Yesterdayhe ___', the responsds usually
“ricked'. Sincethe child would never have heard'goed'
or ‘ricked', suchresponsesverethoughtto shawv useof
arule.

We address speci ¢ notion of rulesheld by Pinker
and his collaborators,in which rules are discrete,cat-
egorical, and symbolic objectsusedin a specialized,
innate languagemodule. For the English pasttense,
the rule takes asits argumentary item identi ed only
as a verb stem, and producesas its outputits regular
pasttense. In Englishthe outputis stem+ [d] (sub-
sequentmachineryrealizes[d] as/d/, /t/ or /Id/, asin
“loved, “liked' or "hated', dependingonly on the stem-
nal phoneme)Theruleis saidto be uniformin its ap-
plication and independenbf the meaning,phonology
frequeng of occurrenceor ary other attribute of the
verbstemto whichit applies.A furthercharacteristiof-
tenattributedto suchrulesis thattheiracquisitionis sud-
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Tablel
Predictedand ObservedAspectf Regular In ection

Aspect Predictionfrom Obsened
Symbolic PDP
Rules Models
Acquisition sudden gradual gradual
Sensitvity:
to phonology no yes yes
to semantics no yes yes
in development no yes yes
in Germarplu. no yes yes
Separability:
genetically yes no no
neurologically yes no no

den. ThusPinker [5] suggestghatthe child “deduces”
therule (p. 193), calling this an “epiphary” (p. 194),
anda*“ "Eureka'moment”(p. 202). Whenwe referto
symbolic rules, we meanrules with the characteristics
justdescribed.

Exceptionslike “went', ‘rang' and “slept' cannotbe
generatedby the add[d]' rule. Pinker'stheoryproposes
that they are dealtwith by a lexical mechanisnthatis
sensitve to frequeng andsimilarity andentirely distinct
from symbolicrules. Whenplanningto producethe past
tenseof averb,thespealer rst checkgo seef anexcep-
tionalform canberetrievedfrom lexical memory To ac-
countfor theoccasionabccurrencef formslike “brang'
(asthe pasttenseof bring) or “splung’ (asthe pastof the
nonceverb spling), Pinker proposeghat lexical mem-
ory hasassociatie propertieslike PDP networks, and
thus sometimegproducesovel exceptionforms for in-
putssimilar to known exceptions.In ary case|f lexical
memoryoffersup aform, it is producedjf not,thesym-
bolic rule is usedasa default. Thetheoryencompassing
therule andthelexiconis calledthedualmechanisnac-
count.

Pinker and his colleagueshaving examinedseveral
predictionsof their account,concludethat the available
evidenceprovidescorvincing support. The predictions
are strongenoughthat con rmation would indeedsup-
port the ideaof the symbolicrule mechanism.Further
more, clearevidencefor the purportedpropertiesof the
symbolicrule mechanisnwould contradictbasictenets
of thePDPalternatve. ThePDPaccountdenieghatlan-
guageandothercognitive processearecharacterisetly
thediscretenessniformity of applicationandmodular
ity assumedor the symbolic rule system. It proposes
thatboth regular andexceptionalaspectf verbin ec-
tion (andof otheraspectof languagetoo; see[13,14])
emege from a single, integratedmechanism.The con-
nectionistapproachmakesoppositepredictionsto those
of the rule-basedapproach(Table 1), so that evidence
againsoneis supportfor theother It is thereforecrucial
to examinetheevidence.

In what follows we consider whether in ectional
morphologyexhibits threekey aspectof the symbolic
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rule/dualmechanismntheory: (1) that acquisitionof the
symbolicruleis sudden{2) thattheruleis uniformin its
applicabilityandindependentf phonologicalsemantic,
or otherfactors;and(3) thattherule-baseanechanisnis
separatérom the mechanisnthatdealswith exceptions.

Is Acquisitionof the Regular
PastTenseSudden?

Marcuset al. [15] consideredhe onsetof the regu-
lar pasttense,using Cazdens [16] analysisof recorded
speecHrom threenormally developingchildren(Adam,
Eve, and Sarah: Brown, [17]). Marcuset al. suggest
that the rst overregularizationin eachchild's corpus
signalsthe momentof acquisitionof the pasttenserule,
and statethat this over-regularizationerror is followed
by “rapid increasegin in ecting regulars]to high levels
[...] shortlyafterward. Adam's rst over-regularization
occurredduringa 3-monthperiodin whichregularmark-
ing increasedrom 0 to 100%”[15, p. 103].

Hoeffner (1996 Ph. D. Dissertation,Carngjie Mel-
lon University) evaluatedthesedata(seeFigure 1), both
aspresentedby Marcuset al. andasthey emepgedin
a re-analysisusing the transcriptionin the CHILDES
databasg18]. Consideringrst the datapresentedn
Marcuset al., Hoeffner notedthatonecould just aseas-
ily saythat“Adam's rst overregularizationoccurred
during a six-month period in which the probability of
using the regular ... rose graduallyfrom 24 to 44%”
(p. 98). Either statementseemsfairly arbitrary; the
dataarenoisy, andspikesoccurwhenrelatively few ob-
senationswere available (Adam's 100% markingat 37
monthsis basedon 8 obsenations).Giventhenoise,the
graphsfrom all threechildrensuggest procesghatpro-
ceedsfrom very little markingin obligatory contexts to
fairly reliablemarkingoverthecourseof aboutoneyeat
Hoeffner's own analysis(seecaption),suggestsan even
moregradualacquisitionprocess A good t to thedata
wasachieved with alogistic regressionin which theuse
of theregularpastincreasesnonotonicallywith age.Use
of rst overregularizationasa predictordid notreliably
improvetheaccounffor regularizationratesin ary of the
children.

In short,theacquisitionof theregularpasttenseis not
sudden. Accordingto Brown [17, p. 257], reviewing
Cazdensanalysisof otherin ections, thesituationis the
samein all cases:

Thereis alwaysa considerablgeriod... in
which production-when-requéd is proba-
bilistic. This is a factthat doesnot accord
well with the notion that the acquisitionof
grammaris a matter of the acquisitionof
rules,sincetherules... eitherapply or do
not apply. Onewould expectrule acquisi-
tion to besudden.
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Figurel. Acquisitionof theregularpasttenseby Adam,Eve,andSarahaspresented Marcusetal [15] andin JamedHoefner's
Ph. D. Thesis.Percentusageof theregular pasttensein obligatorycontets is graphedasa function of the child's agein months.
Marcuset al presentedlatabasedon scoringby Cazder{16]. Hoefner repeatedhe analysisstartingfrom the transcriptprovided
in the CHILDES database andincludedadditionaltime periods.Two independentatersconsideredachoccurrencef a reguler
verbin thechild'sspeech,rst consideringhecontet of occurrencendevaluatingwhetherapasttensewvasrequiredoeforeseeing
theform of the verb actuallyused therebyeliminatingpossiblebiasin determiningwhetherthe context requireda pasttenseand
producingan increasdn the numberof obligatory contets identi ed. Datain the upperpanelarereplottedbasedon datafrom
Cazden[16] reprintedin AppendixTablesAl, A2 andA3, pagesl45-146,0f Marcus,G. F, Pinker, S., Ullman, M., Hollander
M., Rosen,T. J.,& Xu, F. (1992). Overrgyularizationin LanguageAcquisition. Mongraphsof the Societyfor Reseath in Child
DevelopmentSerial No. 228,\Vol 57, No. 4. Datain thelower panelarereplottedwith permissiorfrom Appendicesl, 2, and3,
pages311-3350f Hoeffner, J. (1996). Are rulesathing of the past?A singlemechanisnaccountof Englishpasttenseacquistion
andprocessingPh. D. DissertationDepartmenbf PsychologyCarngie Mellon University.

Is Applicationof the Regular
PastTenseUniform?

Pinker stressethatsymbolicrulesdonotvaryin their
applicability, but dependonly on categorical conditions:
the pasttenseappliesto ary verb stem. Doesthe ev-
idencesupportthe predicteduniformity? We consider
four cases.

Uniformity with respectto phonology. Prasadaand
Pinker [19] testedjudgementon and productionof the
pasttenseusing nonceforms like “plip' or “ploamph’,
manipulatingphonologicalsimilarity to existing words.
They concludedthat there was an effect of similarity
to known exceptionson novel irregular in ections, but
no effect of similarity to known regularsfor the regular
in ection. But therewas an effect for regulars, which
PrasadandPinker attributedto a confound:their nonce
stems, like “ploamph’, that were not similar to other
regular items, were also phonologicallystrange. Even
thoughsubjectswere asled to judge the in ection and
notthe stem,PrasadandPinker claimedthatthe judge-
mentswereaffectedby thephonologicapropertief the

stem,and correctedfor this by subtractingstemaccept-
ability ratings;but this maybe correctingaway areal ef-

fect. A recentstudyby Albright andHayes(manuscript,
Departmenof Linguistics,UCLA) avoidedtheconfound
by usingnoncestemsof high phonologicakhcceptability
andvariedwhethertheitem occurredn anislandof re-

liability' for theregularor for an exceptionalpasttense.
For example their corpuscontainedver 300 verbsend-
ing in anurvoicedfricative (e.g., rush' or “laugh"); this

is anisland of reliability sinceevery suchverbis regu-

lar. Bothregularandirregularin ections recevedhigher
ratingsif they camefrom reliableislands.The effect for

regularssurvivedpartiallingoutany competingn uence

favoring exceptions.Thustheregularpasttenseis sensi-
tive to phonologicalattributesof the stem,violating the
predictionof the symbolicrule account.

Uniformity with respectto semantics. A role for
word meaningin forming the regular pasttenseis vig-
orously rejectedin Pinker's theory sincesensitvity to
semanticsimilarity runs counterto the claimedencap-
sulationof the systemthat appliesphonologicaltrans-
formationsto word forms. Yet anin uence of mean-
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Figure2. Summaryof effectsof semanticandgrammaronin ections of thenonceverbs'frink' and’sprink’ from Ramscaf22].
Theleft panelshawvs useof irregular (‘frank' or “sprank’)or regular (*frinked' or “sprinked") in four diffent conditions. Note that
in a neutralcondition,with no semanticcontext, participantspreferredirregular pasttensesandthis trendpersistedvhencontext

provided a meaningfor the nonceverb similar to that of drink. Whenthe contet suggeste@ meaningsimilar to regular ‘wink'
or 'blink’, or evento the regularword 'mediate’, participantsshiftedto the regular pasttense,suggestinghat useof the regular
pasttensecanbe in uenced by semantics.The right panelindicatesthat subjects'ratingswere not affectedby their judgement
of whetherthe nonceverb seemedo be denominal. Otherexperimentsin Ramcar(2002) demonstratedtrongeffectsof context
specifyinga particularmeaningof a knovn polysemousrerblike y, andagaintherewasno effect of denominalstatus. These
ndings clearly shav that meaningcanin uence choiceof theregularvsirregularin ection, andfail to supportthe claim [5,23]
thatdenominalstatusblocksaccesgo lexically-marked exceptions.Reprintedfrom Figure 1, p. 68, of RamscarM. (2002). The
role of meaningn in ection: Why the pasttensedoesnt requirearule. Cognitive Psytology, 45, 45-94.PermissiorPending.

Similar to Drink

Blink/Wink (Denominal )

Meditate

The exceptionthat provesthe rule? In English,the

ing in the selectionof regular aswell asirregular past-
tenseforms hasoften beenargued[20-22]. In a recent
study Ramscaf22] placednonceverbslike “frink' into
semanticcontexts that encouragedn interpretationre-
semblingeither drink' or “blink'. Theformertypically
elicited “frank' while the latterincreasedhe likelihood
of “frinked' (seeFigure2). The overall patternof data
contradictsseveral featuresof Pinker's account,includ-
ing the modularity of the regular in ectional system,a
purportedblocking of lexical/semanti@accessn denom-
inal verbs[5,23] andthe predictedindependencef reg-
ular in ection from in uence by semanticinformation
(caption).

Semantic in uences during acquisition. Shirai and
Anderson[24] examinedthe useof the pasttenseasa
function of semantigpropertiesof the situationreferred
to in children's speechWhenit rst appearsthe useof
the pasttense(including over-regularization)is largely
restrictedto descriptionsof punctateeventsthat have
endpointsand produceresults (| droppedit’); it then
gradually spreadgo casesin which one of the typical
propertieqis punctatehasendpointproducesesults)is
violated. The children's initial usagecorrespondso the
typical, but certainly not the only, caseshat appearin
their mothers'speech suggestinghat initial useof the
regularpastgrows from a semantigrototype.

regular pastis common,applying to 86% of the 1000
mostcommonverbs[5]. Pinker [5,6] and Marcuset al
[25] have suggestedhowever, that high type frequeny
is not necessaryor the discovery of a regular pattern.
Threecasehaverecevedthebulk of thisdiscussion(1)
theregular Germanpastparticiple-t [26]; (2) the Arabic
Broken Plural [27]; and (3) the German+s plural [25].
Careful scrutiry of cases(1) and (2) [28,29] indicates
thattheformsin questionarenotin factin the minority.
Sothe casefor "the exceptionthat provesthe rule’ [25]
falls to the German+s plural. Marcuset al claim that
the s-plural,despiteoccurringin only a smallfractionof
Germannouns,is the default usedby Germanspealers
wheneer thereis a “failure of lexical memory”. They
enumerate?21 separatecontets in which they suppose
thatlexical memorywill fail, andarmguethatthe+splural
shouldbe usedin all of thesecasedecausat functions
asasymbolicrule independenof the particularcharac-
teristicsof theitem to whichit applies.

The +s plural certainlyis in the minority in German,;
but doesit applyuniformly asthe symbolicrule account
predicts?In fact, its usageis not uniform evenin [25],
which examinedassignmenbf the +s plural to nonce
formstreatedas(a) unknavn but real Germanwords, (b)
foreign words, or (c) propernames. For both (b) and
(c) only the default rule shouldbe available, yet these
two casedlo not revealthe samepatternof extensionof
the +s plural. Hahnand Nakisa[30] (Figure 3) discon-

rm theclaimthat+sactsuniformly acrossseveralof the
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Figure 3. Evidencethatthe Germants plural is not useduniformly acrossseveral situationssupposedlycalling for the useof
a default as proposecby Marcuset al [25]. Eachrow of the gure represents differentnounform, with the type of the form
indicatedthehorizontalbarsseparat¢hedifferenttypes.Columnsof the gure indicatealternatve possiblepluralin ections, with
the+splural speci cally highlighted,anddarknes®f theentryin eachcell indicateshelik elihoodof usingthe particularplural for
the givenitem, basedon datafrom natve Germanspeakingadults. Reprintedfrom Figure9, p. 349, of Hahn,U & Nakisa,R. C.
(2000).Germanin ection: Single-routeor dual-routeCognitive Psydology. 41, 313-360.Permissiorpending.
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contets claimedby Marcusetal. Theonly caseof high

andnearlyuniform useof +s occurswith surnamesnd

doesnot extendfully evento rst names:two members
of the "Mann' family are called "Manns' but two girls

named Ulrike' canbe two “Ulriken'. Bybee[26] also
notesrelatively high probability for foreign borrovings

endingin full vowels. Surnamehoods anarbitraryprop-

ertythatmustbeassociatedvith aspeci ¢ useof anitem

in context, andassigningts to foreign borrovings end-
ing in full vowels requiressensitvity to phonologyand

etymology Suchspeci city undercutghenotionthatthe

German+s plural is in ary sensea default. It is not

the exceptionthat provesthe rule; insteadit is another
casewith thegraded probabilistic,andcontext-sensitie

characteristicseenin connectionishetworks.

Is Regularin ection
Separablérom In ection of
Exceptions?

Is therea separatenechanisnior regularin ections?
In contrasto the connectionisapproachthedualmech-
anismtheoryarguesyes,andpredictsthe occurrenceof
selectvede cits in producing/compreheriag regularin-
ections. Pinker[4] consideredwo putative examples.

Genetic knockouts? A large family (the KE family)
consistsof somenormalindividuals and somewith an
identi ed single-genadefect[31,32]. Reportshasedon
testingwith asmallnumberof stimuli [33,34] suggested
thataffectedindividualshadspecialdif culty with regu-
lar comparedo irregularin ections. Subsequentves-
tigationby Vargha-Khadenetal [35], however, paintsa
differentpicture. Affectedfamily memberswverefound
to have a wide rangeof de cits in linguistic and non-
linguistic tasks,and they demonstrategubstantialand
equaldif culty with regularandirregularforms (Figure
4) whentestedwith a longer and bettercontrolledlist.
Thereis no sign of selectve vulnerability of the regular
in ection. We do notrule outthepossibilitythatadevel-
opmentalphonologicalde cit could resultin dif culty
acquiringregular forms [36]. Indeed,if regularin ec-
tionsarephoneticallyweakin theinputto a network, an
impairmentin phonologicalepresentationanresultin a
failureto learntheregularpasttense[37]. This provides
oneway of understandingvhy somechildrendiagnosed
with speci c languagempairmentpresentvith anappar
entselectve de cit in in ectional morphologyandother
aspect®f grammai38], sincemary aspect®f grammar
aresignalledby phoneticalllyweakmaterial[39].

Effects of brain damage? Anteriorlesionsin the left
hemisphereoften resultin dys uent speechcontaining
few grammaticamorphemesr in ections [40]. Uliman
etal [41,42]havereporteda patientof thistypewho pro-
ducedthe correctpasttensefor 69% of exceptionsbut
only 20% of regularsand 5% of nonceformsin a past-
tenseelicitationtask.In collaboratiorwith severalothers

(Bird etal, [43]) we have consideredhe possibility that
an uncontrolleddifferencebetweenthe regular and ex-
ceptionitemsin Ullman's studymayhavein uencedthe
results:theword- nal consonantlustersverelongeron
averagein the regular pasttenseq2.0 consonantsjhan
in the exceptiong(1.2 consonants)This is natural,since
regular in ection involvesthe addition of phonological
materialto the verbstem,increasingts complexity [44].
In contrast,the formation of exceptionsgenerallyin-
volvesa vowel and/orconsonanthange(eat-ate think-
thought)thattendsto conserecompleity. Wheresome-
thing is added thereis typically a compensatoryeduc-
tion in vowel length (Ckeep'-"kept'), so that exceptional
pasttensedall within acceptabl@honologicabounds.

Bird et al. identied 10 non uent aphasicpatients
who were all signi cantly better with irregular verbs
on a screenindist unmatchedor phonologicalfactors.
The advantageoccurredin the elicitation task (37% vs
20% correct),and alsoin single-word repetition (68%
vs 47%) andsingle-word reading(44% vs 24%). When
testedwith regularandexceptionpasttensesnatchedor
phonologicalcompleity, none of the patientsshoved
anadwantagefor irregularsin the elicitationtask(means
of 26% irregular, 29% regular) or in repetition(65% vs
64%),supportingtheview thattheinitial differencewas
phonologicalratherthanmorphologicalin origin. A re-
maining irregular advantagein reading(41% vs 27%)
wasinterpretedasaconcretenessffect: past-tenseerbs
like "ground'and rose'arealsoconcretenouns.

Uliman etal. [41] alsoreporteda disadwantagen the
elicitationtaskfor regularverbsin patientswith Parkin-
son's DiseasgPD). Again, however, theeffect canprob-
ably beinterpretedn termsof phonologicalcomplexity
becausejn the speciallydesignedPD retest'list, on-
setconsonantlusterswverelongerin theregularthanthe
irregularverbs. Furthermorethe disadwantagereported
for nonwordsrelative to exceptionscannotbe attributed
to in ectional processesthe PD patients'responses$o
nonwords, althoughoften characterizedy stemdistor
tions(‘pragged'or 'planned'insteadof ‘plagged’), were
correctlyin ected 91% of thetime (vs. 88%for the ex-
ceptions).

Summaryof The Stateof the
Evidence

In Table 1 we listed contrastingpredictionsof the
DualMechanismandPDPtheories.Our review suggests
that the onsetof the regular past(andall otherin ec-
tions) is gradualratherthan sudden;that both the En-
glish regular pasttenseand the German+s plural are
subjectto phonological,semanticand otherin uences
ratherthan being uniform in their application;and that
thereis no corvincing evidencethatthein ection of reg-
ular verbscanbe selectvely impaired,exceptinsofar as
suchimpairmentis a direct or indirect consequencef
a phonologicalimpairment. The evidenceseemsghere-
foreto befully compatiblewith theideathatin ectional
processesrisein a single integratedsystem,in which
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Figure 4. Performancen an elicitation task requiring productionof the pasttensegiven the present(“Every day | washmy
clothes;yesterday ___ my clothes’) or of the presengiventhe past(Yesterday washedny clothes;every dayl ___ my clothes”)
for affected and unafected membersof the KE family. Resultsare basedon matchedsetsof 10 regular andirregular verbs.
Reprintedfrom Figure2, p. 933 of Vargha-KhademF., Watkins, K., Alcock, K., Fletcher P, & PassinghamR. (1995). Praxic

andnonverbalcognitive de cits in alargefamily with a geneticallytransmittedspeechandlanguagedisorder Proceeding®of the
National Acadamyof Sciences92, 930-933.Permissiorpending.

Figure 5. The connectionismodel of Joanissexind Seidenbeg [46], in which regular andinrregular forms are generatedy a
single system,emplgying phonologicalinput and outputrepresentationand a semantidnternal representationWhena verbis
presenteabn the input, the network is trainedto generatean appropriatesemantiaepresentatiofactivating the correctword unit
andthe pasttenseunit if appropriateandalsoto generataghe correspondingutputrepresentationThe network is alsotrainedto
producethe correspondingphonologicaloutputwhengiven aninput activating anindividual semantiaunit correspondindgo each
taughtword, andto generatgasttensesvhenthe pasttenseunit is activatedandeithera verb stemis presentedo the phonological
input or aword unit is activatedin semantics.Reprintedfrom Figure 2, p. 7594, 0of JoanisseM.F., & Seidenbeay, M.S. (1999).

Impairmentdn verbmorphologyfollowing braininjury: aconnectionismodel.Proceeding®f the National Academyof Sciences,
96, 7592-7597 Permissiorpending.
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gradedand context-sensitve in uences of mary differ-

enttypesjointly determinewhethera regular or an ex-

ceptionalpasttense(or otherin ection) will apply. This

singlesystemhasall of thecharacteristicef theconnec-
tionistframeawork for in ectional processing.

We do not claim that it would be impossibleto con-
structarule-basednodelof in ection formationthathas
all of the propertiessupportedby the evidence. How-
ever, suchan accountwould not be an instantiationof
Pinker's symbolicrule account.In fact,rule-basednod-
els with someof the right characteristicsare currently
being pursued[45; Albright & Hayesmanuscript]. If
suchmodelsusegradedrule activationsand probabilis-
tic outcomes,allow rulesto strengthengradually with
experiencejncorporatesemanticandphonologicalcon-
straints,anduseruleswithin a mechanisnalsoincorpo-
ratingword-speci cinformation,they couldbecomeem-
pirically indistinguishabldrom a connectionisaccount.
Suchmodelsmightbeviewedascharacterizinginunder
lyingly connectionisprocessingystemata higherlevel
of analysis,with rules providing descriptve summaries
of theregularitiescapturedn thenetwork's connections.

TowardanAdequate
ConnectionisAccount

Existing connectionistmodelsstill have limitations.
Giventhe extentof empiricalsupportfor the predictions
arisingfrom theconnectionisapproachhowever, were-
main corvinced of the fruitfulnessof pursuingthe ap-
proach.Our currentefforts build ona modelby Joanisse
andSeidenbey [46] (Figure5) whichincorporatesrole
for semantiaepresentationseealso13,14], something
left outof RumelharandMcClelland[8] asasimpli ca-
tion. This modelcanexplain why a semantiade cit dis-
proportionatelydisruptsproductionof exceptionalpast
tensesasdemonstratedy Ullmanetal [41, 42] andPat-
tersonetal [47]: wordmeaningprovidesinformationthat
helpsthe network to treata particularitem distinctively,
counteractinghe network's tendeng to apply the regu-
lar in ection. Somelimitations remain,however. Our
extensionswill usedistributedsemanticrepresentations
thatcapturesimilarity in meaningaswell asre nements
to phonologicalprocesse$o addresgphonologicalcom-
plexity and perceptibility effects. The fact that sucha
completemodelis not yet implementeds scarcelysur
prising or unique. Encompassinghe whole problemis
a real challengefor ary model, and currentrule-based
proposalsareat bestonly partiallyimplemented.

In pointing toward a future connectionistaccount,
we note one signi cant aspectthat may be under
appreciatedContraryto somestatementge.g.,4], con-
nectionistnetworks arenot simply analogymechanisms
that basetheir tendeng to generalizeon raw item-to-
item similarity [48]. Insteadthey aresensitve to regu-
larities,sothatif aninput-outputrelationshigs fully reg-
ular, the network cancloselyapproximatea cateyorical,
symbolicrule. Suchapropertyis necessarif thesemod-
elsareto capturethe full rangeof in ectional systems,
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sincethereare casesthroughoutthe world's languages
(including the English progressie, -ing form) that are
completelyregular [49]. Theseoccurinterspersedvith
mary othercaseawith varyingdegreesof regularity, and
networks of theright sort shouldbe ableto capturethe
whole spectrum.This makesthe connectionisnetwork
fundamentallydifferentfrom eitherthe symbolicrule or
thelexical mechanisntonsideredn thedual-mechanism
account.

Box: The
Rumelhart-McClelland
(1986)Model

The Rumelhart-McClellandnodel of past-tensén-
ection [a] consistsof a simple patternassociatomet-
work [b,c] that learns the relationship between the
phonologicalforms of the stemsand past-tensesf En-
glish words. This network is anked by a x ed encod-
ing network on the input sideanda x ed decodingnet-
work on the output side (seeFigure 1). All learning
occursin the patternassociator The encodingnetwork
simply corverts a string of phonemesnto the 'Wick-
elfeature'representationsedinsidethe network to rep-
resentthe stemof eachword. Similarly, the decoding
network cornvertsthe computedwickelfeaturerepresen-
tation of the attemptecdpasttenseresponsdackto a se-
guenceof phonemes.The overall theorywithin which
this modelaroseassertghat processings meaning-and
contet-sensitie; for simplicity suchin uenceswerenot
included.

Processing For a given input, the patternassociator
producesan output by a simple neuron-like activation
process.Eachoutputunit computesa 'net input' based
on the currentinput patternand the valuesof the con-
nectionweights. The netinput is the sum over all of
the connectionsominginto the unit of the activation of
the sendingunit multiplied by the weight of the connec-
tion. Eachunit alsohasa modi able threshold. When
the netinput exceedsthe threshold the unit tendsto be
turnedon, with a probability approachingdl asnetinput
increasesptherwise the unit tendsto be turnedoff.

Learning. The network is trained using Rosenblats
perceptioncorvergenceprocedure[d]. On a learning
trial, themodelis presentedvith thestemform of aword
andits correctpasttense. The stemform is encoded,
andthe activationsof the Wickelfeatureoutputunits are
computed.This computedepresentatiois comparedo
the correctrepresentatioof theword's pasttense If the
computedactivation of a givenunit matcheghe correct
value, no learningoccurs. If a unit that shouldbe ac-
tiveis not, theweightsto thatunit from eachactive input
unit receve a small x ed increment,andthe threshold
is reduced.Correspondinglyif a unit thatshouldnotbe
active is on, the weightsfrom eachactive input unit are
decremente@ndthe thresholdis increased.As a result
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Figure 6.

[Box Figurel]. TheRumelhart-McClellananodelof past-tensn ection, Reprintedrom Fig. 1, p. 222,0f Rumelhart

D. E.,& McClellandJ.L. (1986).0n learningpasttenseof Englishverbs.In RumelhartD.E. andMcClellandJ.L (Eds),Parallel
DistributedProcessingMol 2: Psyological and Biological Models.CambridgeMA: MIT press.PermissiorPending.

the network graduallyimprovesperformancever mary
learningtrials, simulatinga gradualdevelopmentalpro-
cess. Later modelsemploy the back-propagatiotearn-
ing algorithm[e], anextentionthatallows the useof one
or morelayersof hiddenunits betweeninputs and out-
puts,and/orrecurreniconnectiongf].

Representation. Codingis basednaideaby Wickel-
gren[g], in which word forms arerepresentedby units
designatingeachphoneme togetherwith its predeces-
sorandits successorThus'help' would be represented
by ' _he', 'hel', 'elp, and'lp_'. The modelusedunits
called 'Wickelfeatures'(WFs) eachrepresenting fea-
ture from eachof the phonemesn suchtriads. For ex-
ample,thereis a unit representinghe featuresequence
'liquid-unvoiced-end',which would be actie in repre-
senting'lp_'. In general,words endingin a unvoiced
phonemearerepresentety several WFs capturingthat
the nal phonemes unvoiced. For the pasttenseout-
put 'helped’, suchWFs shouldbe replacedwith others
representinghe addedunvoiced stop /t/ that forms the
past-tensén ection.

Capturing regular and exceptionalin ections. For
regular verbsin English,if the stemendsin a urnvoiced
sound(like the/p/ in help)the pasttensewill beformed
by addingthe urvoiceddental/t/. Throughexposureto
regular words, the network will repeatedlyexperience
caseswhere the input containsWFs coding nal un-
voicedstemphonemesindtheoutputcontains/VFscod-
ing theaddednal /t/. Thelearningprocesawill build up
positive connectiongrom theactive inputunitsto theap-

propriateoutputunits, therebyencodingthe regular ad-
dition of /t/ afterunvoicedphonemesAlso, all non- nal
WFs of the stemaresimply maintainedn the pasttense
form, sothe network will graduallyacquireconnections
mappingeachnon- nal WF to its counterpartn the out-
put. At thesametime, eachoutputunit canbein uenced
by ary input unit. To produceexceptions,connections
from units codingspeci ¢ input featureso units coding
for exceptionalaspect®of thein ection will be strength-
ened,therebyallowing speci ¢ propertiesof the input
(suchaspresencef 'ee’ followedby nal /p/) to modify
speci ¢ propertiesof theoutput,sothatitemslik e creep,
keep,andsleepare correctly mappedto the pasttenses
crept,keptandslept.
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Wordsor RulesCannot

Exploit the Regularityin

Exceptions:A Replyto
PinkerandUliman

Pinker and Ullman [10] succinctlyrestatetheir posi-
tion thatthe Englishpasttenseis governedby two com-
petingmechanismdgdenti ed as"wordsandrules”, and
taken asexamplesof distinctprocedurabnddeclaratve
systemsTheirmechanismsvork separatelysothatonly
oneor the otheris responsibleor yielding a particular
pasttenseorm. To producehepasttenseof keep words
andrulesraceto generatea responsesincethe correct
pasttenseof keepis notregular, it mustbe generatedby
thelexical mechanismFor this reasonwe think of their
approachasthewordsor rulestheory

Our approactis different. An integratedconnection-
ist network mapsfrom the stemsof all verbsto their past
tenseforms, usinga singlenetwork of unitsandconnec-
tions. For example,in theoriginal Rumelhari& McClel-
land (1986) model[8], the sameunits and connections
that produceregular pasttensedrom regular stemsalso
processthe irregulars, so the network hasan inherent
tendeng to do the samething to the exceptionsthat it
doesto regulars—namelycopy the featuresof the stem
to the pasttenseform andadd/d/, /t/ or /9 dependingn
the nal consonant.To producekeptinsteadof keeped
(notekeepeds pronouncedvith unvoiced/t/) all thatis
requiredis to adjustthe activationsof the output units
representinghe vowel, somethinghatthe network will
have learnedto do on the basisof experiencewith keep
andneighborscreep,leap,sleep,sweep.andweep. The
network usesthe sameconnection-basekhowledgethat
allows it to performthe regular mapping,andalsotaps
into speci ¢ connectionsctivatedby theparticulamprop-
ertiesof 'k eep'to producethe vowel adjustment.

A core difference betweenthe approachess that
one exploits the regularity in the exceptions—whatve
call quasi-rgularity—andthe other doesnot. Quasi-
regularity is the tendeng for anexceptionto exhibit as-
pectsof theregularpattern[14]. If therewereonly afew
quasi-rgularitems, one might treatthem as accidents,
but in factnearlyall exceptionalpast-tensef English
are quasi-rgular to someextent. To demonstratehis,
we enumeratehe differenttypes(for othertaxonomies,
see[7,50]):

1. Two very frequentverbs, haveand male, deletea
consonantaind add the regular /d/ to what remains,
forming hadandmade

2. The-eepwordslistedabove andothers,ncludingsay
do, tell, hear sell, ee andshoe form the pasttense
by addingregular/d/ or /t/ and makinga vowel ad-
justmentproducingkept,did, said,told, etc.

3. Twenty-eightverbslike cut and hit have pasttenses
identicalto their stemszall endin /d/ or /t/, asregular
pasttensesio.

4. Anothersetof verbsendingin /d/ or /t/, including
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bleed breedfeed,lead,read,speedhide ride, slide,
and ght, adjustthe vowel to create/d/- or /t/- nal
bled,slid, fought etc.

Several setsof verbs(waningin somedialects)use
unvoiced/t/ insteadof /d/, usuallyafter/I/ or/n/.

5. Onesuchset,includingdwell, smell,spell,spill, burn,
and learn, would be completelyregular except for
thede-wicingof thein ection, producingpastforms
like speltandburnt.

6. Anothergroupthattakes/t/ insteadof /d/, including
mean,dream,deal, feel andknee| adjustthe vowel
aswell, yielding meantdealt, etc.

7. A group of verbsalreadyendingin /d/, including
build, bendlend,rend,sendandspendreplacestem-
nal /d/ with /t/ to make built, sent etc.

8. Another, relatedgroup,including bring, catc, seek,
teadh, andthink adjustthe vowel to /aw/ andreplace
the nal consonantlusterwith /t/, creatingbrought
etc.

Overall, 59% of the 181 Englishexceptionslisted in
Pinker & Prince[7] have pasttensesendingin /d/ or /t/,
andfall into oneclassed -8.

9. ltemslike sing-sang rise-rose and y- e w, which
comprisenearlyall of the remainingcasesarealso
quasi-rgular, sincethe consonant®f the stemare
presered,andonly avowel changeoccurs.

Thereareonly two 'suppletie’ verbrootsin English
(beandgo, with derivativesforgoandundegowherethe
pasttenseform is completelydifferentfrom the present
tense.

As notedabove, the Pinker-Ullman theory provides
no mechanismfor exploiting the aspectsof the regu-
lar pasttensethat are so prevalent amongexceptions.
Pinker [4] did adoptthe ideathatthe lexical systemhas
connectionist-like properties This providedaway to ac-
countfor clustersamongthe exceptionsandfor creatve
formation of novel forms consistenwith suchclusters.
This stepwasin the right direction, but did not go far
enough. Sincepasttensef exceptionsin this account
are formed only by the lexical system,the theory still
fails to explain why mary of the exceptionsshareprop-
ertieswith regular pasttenseforms and offers no way
to exploit the regular mappingin forming pasttenseof
theseexceptions.

In contrast,connectionistmodelsinherently capture
the regularity in the exceptionsbecausedhe exceptions
are processedy the samenetwork that processeshe
regulars. As alreadynotedfor keep-lept,itemsthatare
guasi-rgular canmake partial useof the sameconnec-
tionsthatareusedin forming excpetions All nineof the
typesnotedabove,encompassinty77/181forms, exploit
to somedegreethe connectiorweightsthatproducereg-
ular items. Only the suppletve itemsfail to make ary
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