In Press,Journal of MemoryandLanguaye. Copyright transferabléo AcademicPresswithout notice.

Age of Acquisition Effectsin Word ReadingandOtherTasks

JasorD. Zevin
University of SouthernCalifornia

Mark S. Seidenbey

University of Wisconsin- Madison

Recentstudieshave suggestedhat age of acquisition(AoA) hasan impacton
skilled reading independentof factors such as frequeng. This result raises
guestionsabout previous studiesin which A0A was not controlled, and about
currenttheoriesin which it is not addressed. Analysesof the materialsused
in previous studiessuggestthat the obsered AoA effects may have beendue
to otherfactors. We also found little evidencefor an AoA effect in computa-
tional modelsof readingwhich usedwords that exhibit normal spelling-sound
regularities. An AoA effect was obsered, however, in a modelin which early
and late learnedwords did not overlap in terms of orthographyor phonology
The resultssuggestthat, with other correlatedpropertiesof stimuli controlled,
AoA effects occur when what is learnedabout early patternsdoes not carry
over to later ones. This conditionis not characteristiof learningspelling-sound
mappingsbut may be relevant to taskssuch as learning the namesfor objects.
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Many studiesof word readinghave examinedhow stimulus propertiessuchas frequeng,
length,spelling-soundatonsisteng, andimageabilityaffect performancéseeBalota,1994;Seiden-
beig, 1995, for reviews). Over the pastseseral yearsanotherfactor ageof acquisition(AocA), has
dravn considerablattention(Morrison& Ellis, 1995;Gerhand& Barry, 1998,1999b,1999a).The
basicideais thattheageatwhichawordis learnedn acquiringspolenlanguageffectsthe perfor
manceof skilled readersPeoplelearnwordssuchasTOP andSYRUP beforewordssuchasTAX
andSYRAH. As operationalizedh recentstudiesthe AoA hypothesiss thattherewill beaneffect
of this earlylearningon adult performancevhenotherfactorssuchasfrequeng of usagen adult
languagearecontrolled.
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The existenceof an AoA effect on word readingwould be consistentwith evidencecon-
cerningothertypesof age-dependeri¢arning(Doupe& Kuhl, 1999; Quartz& Sejnavski, 1997).
In mary cognitive domains.early learningresultsin areductionin plasticity thatlimits the ability
to acquirenew information. Phonologicalkcquisitionprovidesa classicexample(Werker & Tees,
1984): learningthe phonologicalstructureof ones languagdimits the ability to learnnew pho-
netic contrastge.g.,in a secondlanguage). Similarly, thereis evidencethat the ability to learn
the morphologyandsyntaxof a languagedropsmonotonicallyafter approximatelyseven yearsof
age(althoughit is controversial; seeFlege, Yeni-Komshian,& Liu, 1999). Lexical acquisitionis
not thoughtto be highly age-dependerfMarkson& Bloom, 1997;McCandliss,Posner& Givon,
1997);still it is possiblethat early-learnedvordshave an advantageover laterlearnedwords,and
thatthis would carryoverto how they areread.

The agesat which peoplelearnedparticularwordsareunknavn, of course but canbe esti-
matedfrom othermeasuresi-or example,Gilhooly andLogie (1980)collectedsubjectve ratingsof
AoA, familiarity, imageabilityandconcretenestor nearlytwo thousandvords. Thesenormshave
beenwidely usedin studiesof effectsof AOA on several tasksincluding tachistoscopiedentifica-
tion (Lyons, Teer & Rubenstein1978),word naming(Brown & Watson,1987;ColtheartLaxon,&
Keating,1988)andobjectnaming(Carroll & White, 1973;Ellis & Morrison,1998)andwith neuro-
logically impairedpatients(Hirsh & Ellis, 1994;Hodgson& Ellis, 1998;LambonRalph,Graham,
Ellis, & Hodges,1998). The Gilhooly and Logie (1980) datawere obtainedfrom 36 adult sub-
jects;the AoA ratingsalsocorrelatesignificantlywith independenmeasuresf AoA (Gilhooly &
Gilhooly, 1980;Lyonsetal., 1978;Morrison, Ellis, & Chappell, 1997)suggestindhatthey provide
reliableinformation.

Given estimate®f the frequenciesvith which wordsoccurin adultusageandwhenwords
were acquired,it seemsnaturalto considerwhetherthe two factorshave independengffectson
skilled performance.Morrison andEllis (1995) orthogonallymanipulatedAoA andfrequeng in
namingandlexical decisiontasks,andfounda strongAoA effectwith frequeng controlled,but no
frequeny effect with AoA controlled. They alsoobseredthat AoA andfrequeng hadbeencon-
foundedin previous studies raisingthe possibility that effects attributed to frequeng might have
beendueto AoA. Subsequertgtudies(Gerhand& Barry, 1998,1999a,1999b)replicatedMorrison
andEllis’ AoA effect with frequeng controlled,but contraryto the earlierresults,significantef-
fectsof frequeng wereobsered with AoA controlled. Nonethelessthe finding that AoA affects
performancendependenbdf frequeng seemso presenta challengefor modelsof word reading
(e.g.,Coltheart,Curtis, Atkins, & Haller, 1993;Plaut,McClelland,Seidenbdy, & Patterson1996;
Seidenbay & McClelland,1989)thatdo not explicitly take thisfactorinto account.

Theresearchilescribedelov wasmotivatedby empiricalandtheoreticakonsiderationghat
led us to examinemore closely whetherage of acquisitionhasan effect on skilled reading. On
the empiricalside,the concernwasthatit might be difficult to isolateeffectsof ageof acquisition
becaussdt is correlatedwith mary stimulus properties,including frequeng. Below we present
analyseof the materialsusedin previous studiesand otherdatawhich suggesthat the evidence
for aneffect of AoA on skilled readingis weakat best. On thetheoreticalide,we wereinterested
in developinga betteraccountof why ageof acquisitioncould have an effect on skilled readingor
othertasks.Many previous studieshave emplo/ed a bottom-upstratey in which AoA is treatedas
afactor like frequeng orlength,thatmightaccountor independenvariancein adultperformance.
However, AoA needsto be understoodn termsof a theorythat addressesvhy somewords are
learnedearlier than others,and how early experienceaffects later performance. Sucha theory
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would clarify therelationshipbetweerthe AoA measurendotherfactorsthataffect word learning
andskilled performanceand provide a strongerbasisfor generatingoredictionsaboutthe role of
ageof acquisitionin readingandothertasks.

After examining existing studiesof AoA effectsin reading,we describeinvestigationsof
theseeffectsusinga computationaiodelof the mappingfrom orthographyto phonology(Harmé&
Seidenbay, 1999). Modelingwasusefulfor severalreasonsFirst, it allows directmanipulationsof
thefrequeng andtiming of exposurego wordsusingstimuli thatareexactly controlledwith respect
to properties(suchasfrequeng andlength)that are normally highly confounded.Second such
modelsembodyan explicit theoryof readingacquisitionandskilled processingn which theroles
of frequeng andtiming of exposurecanbe examined.Finally, previousanalyse®f thebehaior of
suchmodelssuggesh possiblecomputationabasisfor ageof acquisitioneffects. In somemodels,
the “entrenchment’of early-learnedtems hasan effect on later performancegEllis & Lambon
Ralph,2000;Munro, 1986). Thus,connectionistnodelsareconsistentvith the existenceof ageof
acquisitioneffects; our researctaddressethe conditionsunderwhich sucheffectsoccurandhow
they relateto the conditionsthatgovernreading.We focusedon the mappingbetweerorthography
andphonologybecausét playsanimportantrole in thenamingandlexical decisiontasksthathave
beenusedto studyAoA effectsin reading.

To foreshadw theresults thesimulationsyieldedtwo complementaryindings. Simulations
using a large corpusof Englishwordsyielded no effects of AOA on skilled performance.There
wasan initial advantagefor wordsthatwere presentednoreoften earlyin training, but therewas
no residualeffect on skilled performance.This occurredbecausehe regularitiesin the mapping
betweenorthographyandphonologythat exist acrosswvordsin Englishreducethe effectsof early
exposureto individual items. Theseresults,taken with the analyse<f previous behaioral stud-
ies, suggestthat age of acquisitioneffectsin word readingare likely to be minimal, with other
propertiesthat are correlatedwith AoA controlled. However, a significantageof acquisitionef-
fect wasobsered in a simulationin which early andlate learnedwordswere chosenso thatthey
overlappedittle in termsof orthographiar phonologicalktructure.This artificial condition,which
is not characteristiof readingacquisition,yieldedan adwantagefor early-learnedvordsin skilled
performancewith otherfactorscontrolled.

The simulationssuggesthatthe occurrenceof ageof acquisitioneffectsdependn the na-
tureof thelearningtask,specificallywhethemwhatis learnedaboutonepatterncarriesoverto others
with whichit sharesstructure. Thus,we obseredtheeffectin a simulationusingmaterialsthatex-
plicitly eliminatedthe overlapbetweenearly andlate-learnecpatternsbut not whenthe stimulus
patternsexhibited theregularitiesin the correspondencdsetweerspellingandsoundthatarechar
acteristicof the Englishwriting system.This analysisalsoextendsto the simulationsreportedby
Ellis and LambonRalph (2000), Smith, Cottrell, and Anderson(2001), and Monaghanand Ellis
(in press)who obsered robustageof acquisitioneffectsusingmaterialsandtasksthatdiffer from
readingin importantrespectsdiscussedelav. Thusboththe modelingandthe analysisof exist-
ing behaioral studiessuggesthat ageof acquisitionhaslittle impacton skilled reading. At the
sametime, the modelingalsosuggestshat sucheffectsmay occurfor othertaskssuchaslearning
the namesassociatedvith objectsor faces,for which the learningof one patterncarrieslittle in-
formationaboutothers. The full rangeof effectscanbe explainedin termsof basicpropertiesof
learningin connectionishetworks emplgying distributed representationsSuchnetworks provide
deepeiinsightabouthow early experienceaffectslaterperformance.
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Previous Studies

Two stratgjieshave beenusedin previous studiesof AoA effectsin word reading.Oneis to
conductexperimentsn which AoA andfrequeng aremanipulatedactorially The otheris to use
multiple regressiornto shav that AoA accountdor uniquevariancein predictingreponsdatencies
or proportionsof errors.We considerthesein turn.

Morrison and Ellis (1995) conductecthe first experimentsfactorically manipulatingAoA
andfrequeng in wordreadingtasks.Their stimuli wereequatedcrossonditionsin termsof mean
KuteraandFrancis(1967)frequeng, andothervariableqe.g.,imageability lengthin letters,theN
measurdgColtheart,Davelaar Jonasson& Besner1977))but variedsignificantlyin termsof rated
AOA. This study and subsequenbnesusing similar methods(Gerhand& Barry, 1999b,1999a,
1998; Monaghan& Ellis, in press;Turner Valentine,& Ellis, 1998)yielded effects of AoA with
suchstimuli.

Tablel: Propertiesof the Stimuli Usedin Previous Studiesof Effectsof Age of AcquisitionandFrequenyg

Study Condition KF log(KF) Celx log(Celx) WFG log(WFG) FAM
Morrison& Early 23 2.63 512 5.78 477 5.62 5.62
Ellis (1995) Late 24 2.63 301 4.82 107 3.32 4.10
Difference -1 0 211 .96** 370 2.30%* 1.52%*
Gerhand& Early 105 3.01 1986 5.91 2164 541 5.35
Barry Late 75 3.15 881 5.50 306 3.61 4.62
(1998,1999a,1999b) Difference 30 -.14 1105 A1 1858  1.80* 73
Turneretal. Early 52 3.24 555 5.51 2184  6.90 5.69
(1998) Late 50 2.86 309 4.63 1274  6.13 4.97
Difference 2 .38 246 0.88** 910 0.77* 0.72%x*
Monaghan Early 35 2.63 654 5.56 411 5.20 NA
Ellis (in press) Late 25 2.30 420 4.88 141 3.36 NA
InconsistenWords Difference 10 .33 234 .68 270* 1.84** NA
Monaghan& Early 33 2.14 672 4.97 469 4.31 4.97
Ellis (in press) Late 29 2.07 496 4,93 199 3.76 4.55
ConsistenWords Difference 4 .07 176 .03 270 .65 42

Note: In all casesstimuli were matchedusing Ku¢eraand Francis(1967). Turneret al. (1998) also matchedtheir items on spolen
frequenciegrom Baayen PiepenbrockandvanRijn (1993). WFG = Zeno(1995); FK =KuteraandFrancis(1967); Celex = written
Englishfrequenciedrom Baayenet al. (1993); FAM = Familiarity from Gilhooly andLogie (1980). f=p < .1 * = p < .05; **
=p < .01;* = p < .001. NA = Familiarity ratingswere not availablefor mostthe Inconsistenitemsin MonaghanandEllis (in

press).

Thesestudiesraiseconcernsaboutwhetherstimulusfrequenciesvereequatedacrosscondi-
tionsasthe designsof theseexperimentsequired.Propertieof wordssuchaslengthin lettersare
objective andthereforeeasyto manipulateor controlacrossconditions.In contrastthe frequeng
countsderived from corporasuchasKuceraand Francis(1967) are statistics:estimateof a vari-
able(how oftenaword is used)whoseactualvaluesareunknavn. Like otherstatistics frequeng
countsareassociateevith measuremerdrrorarisingfrom factorssuchasthesizeof the corpusthe
sampleof texts usedin generatinghe corpus,andindividual differencesn languagesxperience.
Thesesourcef error cancomplicatethe interpretationof frequeng effectsin behaioral studies



AGEOFACQUISITION 5

(Gernsbached 984).

Oneproblemis thatthewidely-usedBrown corpus(from which theKu€era& Francis, 1967,
normsarederived)is relatively small, which introducesconsiderablerrorin the estimatedor in-
dividual words, particularyin the lower frequeng range.Table 1 providesfrequeng datafor the
stimuli usedin previousageof acquisitionstudiesderviedfrom KuceraandFrancis(1967)andtwo
othersourcesthe Educators Word Frequeng Guide(WFG; Zeno,1995)andCelex (Baayeretal.,
1993)databasesiVhereaghe Brown corpusis aboutl million words,the WFG andCelex corpora
are both over 16 million words. The dataalsoincludea measureof ratedfamiliarity (Gilhooly &
Logie, 1980),which Gernsbachef1984)shaved providesa more sensitve measuref frequeny
differencesamonglower frequeng words. Morrison andEllis (1995) equatedheir early andlate
AoA stimuli in termsof Ku€eraandFrancis(1967)frequeng, but asthetableindicatestheitems
differ significantlyon the othermeasuresn the expecteddirection: early acquiredwordsarealso
morefrequentandfamiliar. The early andlate stimuli in the GerhandandBarry studiesexhibit a
similar pattern;therearenumericaldifferencesetweenthe early andlate stimuli on all measures,
andthey aresignificantusinglog WFG frequeng andfamiliarity. Thematerialsn theTurneretal.
(1998)studyalsodiffer suchthatearlywordswerehigherin frequeng (log Cele, log WFG) and
ratedfamiliarity thanlate words. In arecentstudy MonagharandEllis (in press)examinedageof
acquisitioneffectsfor wordswith consistenbr inconsistenspelling-sounatorrespondence3.hey
equatedhe stimuli with respectto frequeng estimatesderived from both the Brown and Celex
corpora.Thestimuli in theinconsistentonditionexhibit smalldifferencesn the directionof early
wordsbeinghigherin frequeng on all threemeasuresysingthe WFG normsthe differenceis sta-
tistically reliable. For the consistenitems,the differencesdetweenthe conditionsare smallerand
nonsignificanbn all threemeasuresThe consistentonditionis the only onein thetablein which
anageof acquisitioneffectwasnot obtained.

Thesecasesaresimilar to the onesstudiedby Gernsbachef1984),who shaved thatseveral
apparentlyconflicting findingsin the contemporaryword recognitionliteraturecould be tracedto
therelative insensitvity of the Kuceraand Francisfrequeng norms;stimuli thatwereapparently
equatedn this measurdifferedin termsof ratedfamiliarity. In thestudiesin Tablel, stimuli that
wereequatedn the Kuceraand Francis(1967) normsdifferedin ratedfamiliarity and/oranother
measureof frequeng basedon a larger corpus. Theinconsistentvord conditionin the Monaghan
andEllis studyis theleastclearcasejnsofar asthe stimuli did not differ reliably on two frequeng
measure$ut did on a third. It shouldbe notedthatthe WFG normsappearto provide a sensitve
measureof frequeng, however. Table2 presentghe correlationsamongsereral measure®f fre-
gueng andthe namingandlexical decisionlatenciesn threelarge-scalestudies.The Seidenbey
andWaters(1989)datasetonsistof meannaminglatenciedor 3000wordsfrom 30 undegraduate
subjectsthe SpielerandBalota(1997)dataarenaminglatenciedor 2,906wordsfrom 31 subjects,
andthe Balota, Pilotti, and Cortesg2001)dataarelexical decisionlatenciesor 2,905wordsfrom
60 subjectq30 youngadultsand 30 olderadults). The correlationsbetweerestimatedrequencies
andresponsé¢atenciesarehighestor theWFG norms,whichalsoaccounfor uniquevariancevhen
enterednto a simultaneousnultiple regressionwith the othernorms. Below we returnto method-
ologicalissuesaboutthe useof differentfrequeng norms;herethe mainpointis thatthe earlyand
late acquiredstimuli in previous studieswere not closely matchedin frequeng andthusdid not
provide strongtestsof therole of ageof acquisitionindependentf this factor *

IAnother bit of evidencethat the age of acquisitioneffect reportedby Monaghanand Ellis (in press)was dueto
differencesin frequeng is reportedby Strain, Pattersonand Seidenbeg (submitted),who found that using frequeny
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Table?2: VariousFrequeng MeasuresasPredictorof NamingLateng in Large-ScaleStudies

Study Measure r UnigueVariance(%)
Spielerand WFG -.35 2.39%**
Balota, 1997 FAM -.32  .82*

CELEX -29 .12

KF -27 .03
Seidenbay WFG -23  .72*
andWaters, FAM -21 .22
1989 CELEX -21 .11

KF -18 .27
Balota, WFG -.63 3.97%**
Pilotti and FAM -.62 3.86***
Cortesesubmitted CELEX -58 .22

KF -51 .80**

Note: * = p < .01 ; ** = p < .001. WFG = Word frequeng from Zeno (1995), FAM =
familiarity from Gilhooly andLogie (1980),CELEX = frequeng from Baayenetal. (1993),KF =
frequeng from KuCeraandFrancis(1967).

Someof the studiesin Table 1 also included conditionsin which age of acquisitionwas
controlledandfrequeng varied,whichyieldedamixedpatternof results.MorrisonandEllis (1995)
foundafrequeng effectin lexical decision put notin naming;ageof acquisitioneffects,in contrast,
were found in both tasks. The fact that therewas an AoA effect but not a frequeng effect in
the namingtasksuggestedhatthe AoA effect could not be wholly dueto a frequeng confound.
However, this patternof resultsdid not replicatein a studyby GerhandandBarry (1998)usingthe
samestimuli; they obseredbothfrequeny andageof acquisitioneffectsin naming.The Morrison
andEllis (1995)dataalsoexhibitedanatypicalpatternn whichlexical decisionlatenciesverefaster
thannaminglatenciesfor the samewords (cf. Balota& Chumble, 1984; Forster& Chambers,
1973). In summary the factorial studiesleave opena window of uncertaintyasto whetherthe
obsered effectsweredueto differencesn ageof acquisitionor frequeng.

The secondmethdologyemplgyed in this areainvolves usingmultiple regressionto isolate
uniquevariancan responséatenciesassociatedith AoA (Brown & Watson, 1987;Butler& Hains,
1979;Lyonsetal., 1978;Morrison & Ellis, 2000). Thesestudiesreportedeffectsof AoA indepen-
dentof otherstimuluspropertiesncludingimageability familiarity andfrequeng. We conducted
a similar analysisusingthe datafrom the threelarge-scalestudiesof word namingandlexical de-
cision mentionedabove (Seidenbey & Waters,1989; Spieler& Balota,1997;Balotaet al., 2001)
and found similar results. For 528 of the wordsin thesestudies,thereare dataconcerningboth
frequeny (Zeno,1995)andAocA (Gilhooly & Logie, 1980). For all threedatasets,A0A andfre-
queng weresignificantly correlatedwith responsdatencies(Table 3); for the Spielerand Balota
(1997)andBalotaet al. (2001)databothfactorsaccountfor uniquevariance.

It is importantto avoid makinga “correlationis causation’errorin interpretingthesedata,

countsderived from eitherthe Celex or WFG databaseasa covariatein the analysef varianceeliminatedthe ageof
acquisitioneffectin the MonagharandEllis (in press)ata.
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Table3: Frequeng andAge of AcquisitionasPredictorsof NamingLatencies

Study Measure r UniqueVariance(%)
Spielerand WFG -.28 2.59%**
Balota,1997 AoA .28 2.35%**

Seidenbay and WFG -19 1.52**
Waters,1989 AOCA A7 .64

Balota,Pilotti WFG -49 9.20%**
andCortesesubmitted AoA 44 5.15%**

Note:f=p < .1;** =p < .01 ; *** = p < .001. WFG = Word frequeng from Zeno(1995)

Table4: CorrelationsAmong6 Standard_exical Measureand AcA

Variable AoA WFG IM FAM CON LEN

WFG -0.5141%**

IM -0.5861**  0.1073*

FAM -0.6740**  0.7203***  0.2026***

CON -0.3840***  0.0056 0.8082***  -0.0099

LEN 0.1984*** -0.0666 -0.1483** -0.0605  -0.1717**

N -0.1976**  0.1417**  0.1195** 0.1245** 0.1215**  -0.7142***

Note:* = p < .05,%x = p < .01,* xx = p < .001. WFG =log Zeno(1995)frequeny; IM =
imageability; FAM = familiarity (Gilhooly & Logie, 1980); CON = concretenesd;EN = number
of letters;N = Colthearts N.

however, becausdoth AoA andfrequeng arecorrelatedwith otherstimulusproperties.To illus-
trate, Table4 providesthe correlationsamongAoA, frequeng, Colthearts N, lengthin letters,and
ratedfamiliarity, imageability andconcretenes&lsofrom the Gilhooly & Logie, 1980,norms)for
the 528 words. Theseintercorrelationsnalke it difficult to isolateeffectsdueto ageof acquisition
perse.Someadditionalinformationis provided by assessintheamountof uniquevarianceassoci-
atedwith frequeng andageof acquisitionafterthe othermeasures Table4 have beenpartialled
out (Table 5). Theseresultsindicatethat whereadrequeng accountsfor a small but significant
amountof variance the ageof acquisitionmeasureloesnot’. Thesedatasuggesthat, ratherthan
therebeinganeffect of ageof acquisitionon skilled performancéndependentf otherstimulusfac-
tors, the agesat which wordsare learnedare determineddy factorssuchasfrequeng, length,and
imageability Thus,afterthesefactorsaretaken into accountthereis no residualeffect associated
with the ageof acquisitionmeasure.

Theresultsin Table5 differ from thosereportedoy Brown andWatson(1987)andMorrison
etal. (1997),who conductedsimilar analyseausing smallersetsof words and found significant

2The amountof uniquevarianceattributedto eithervariableis surprisinglysmall. Onefactorthat may be relevant
is thateffectsof lexical frequeny arereducedor eliminatedby exposureto neighboringwords. Wordsthat have mary
neighborge.g.,consistenbnes)do not shav strongfrequeng effectsin naming.Anotheris thatnamingis lesssensitve
to frequeny effectsthanothertasksbecauset only measuregime to initiate the responsefrequeng effectscanalso
shaw upin thingslike durationof thewholeutterancegBalota& Abrams,1995)andin the durationof onsetghatcontain
continuant§Kawamoto,Kello, Jones& Bame,1998).
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Table5: UniqueVarianceAccountedor by Frequeng andAoA Independendf OtherLexical Variables

Study Measure UniqueVariance(%)
Spielerand WFG 1.27**
Balota,1997 AOA .29

Seidenbay and WFG .69*

Waters, 1989 AOA .01

Balota,Pilotti WFG 2.94%**
andCortesesubmitted AoOA .34

Note:*** = p<.001;** =p<.01;* = p<.05;WFG = cumulatve frequeng from Zeno(1995),
AOA = ageof acquisitionfrom Gilhooly andLogie (1980)

effectsof ageof acquisitionindependentf frequeng. Thediffering resultsappeato berelatedto

differencedetweerthe WFG normsandthe Brown andCELEX normsusedin earlierstudies.The
WFG normsare basedon a larger sampleof texts thanthe Brown normsandthe sampleis more
diversethaneitherthe Brown or Celex samplesLike the AmericanHeritagenorms(Carroll etal.,

1971),the WFG sampleincludestexts from a broadrangeof readinglevels, including booksfor

school-agecthildren. Eachtext in the samplewas assigneda grade-leel basedon a readability
formula. Frequeng dataareprovidedfor eachword at eachgradelevel, rangingfrom first gradeto

college. For the analysepresentedbore, we usedthe sumof thesefrequenciesThefactthatthe

WEFG frequenciesorrelatemorehighly with responsdatencieghanthe othernorms(Table2) and
yield noresidualeffect of ageof acquisition(Table5) mayberelatedto theinclusionof thisbroader
rangeof texts.

Table6: Unique VarianceAccountedfor by AoA with DifferentSubsection®f the WFG NormsUsedas
Predictors

WFG Subsection

Study Predictor 2-13+  3-13+ 4-13+  5-13+ 6-13+  7-13+  8-13+  9-13+

SB  AoA .36 41 A4 ATt 50 54t 56t
Frequeng 1.26**  1.17*  1.01* .85* 84* 86* 78*

SW  AoA .04 .04 .06 .07 .08 10 10
Frequeny .98* 97+ .89* 83* 87+ 95+ 91*

BCP  AoA 39 A6t 52* 58* 63+ 68* 72

57
67*

A2
91~

.68*

Frequeng 2.43** 2.22%* 2.04** 1.92%* 1.97%* 2.10%* 2.11%* 2.18%

Note:t=p<.10;* = p<.05;** =p<.01;*** =p<.001;WFG= Zeno(1995)frequenyg counts;
2-13= Gradelevels2 (2ndgrade)to 13+ (University)in the WFG norms.SB = SpielerandBalota
(1997);SW = Seidenbay andWaters(1989);BCP = Balotaetal. (2001)

To examinethisissuefurther we conductedegressioranalysesisingdifferentsubset®f the
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Table7: CorrelationBetweenAoA andWFG Frequenyg at DifferentGradelLevels

GradelLevel
1 2 3 4 5 6 7 8 9 10 11 12 13 TOTAL
-68 -67 -63 -60 -53 -50 -47 -45 -43 -38 -35 -31 -17 -51

Note: All correlationssignificant,p <.001.

WEFG corpus.Specifically we examinedhow muchvarianceheWFGandAoA measureaccounted
for whenthe datafrom lower gradesvereexcluded(Table6). Theresultsfor all threeof thelarge-
scalebehaioral studiesexhibit a consistenpattern:asmoreof the datafrom lower grade-l@elsis
excluded,the amountof residualvariancedueto frequeng decreasewhile theamountassociated
with AoA increasesln two of thethreestudiesthe AoA effectreachesignificancewith datafrom
theyoungergradesxcluded,althoughthe amountof varianceaccountfor is very small.

Oneinterpretationof theseresultsis that thereis a small effect of age of acquisitionon
skilled performancenhich the WFG norms(but not Brown or Celex) pick up becausehe corpus
includedtexts for youngerreaders Wordsthatarelearnedearliermay tendto be usedmore often
in texts that are appropriatefor youngerreaders.Table 7 presentghe correlationsbetweenrated
ageof acquisitionand grade-leel frequenyg for the 528 words usedin previous analysesthere
arestrongnegatie correlationswvhich declinegraduallywith age. Thusit could be arguedthatthe
WEFG frequeng datafor thelower gradescovertly encodeageof acquisition.On this view, skilled
performancas affectedby two independentactors,ageof acquisitionandfrequeng of usagen
adultlanguagebothof which arecapturedby the cumulatve WFG frequeng measure.

Thereis a differentexplanationfor theseresults,however: unlike the Brown or Celex cor
pora,the WFG normsprovide estimate®f the cumulatie frequencieof words,thatis, how often
they have beenencountereaver a long period of time (e.g., sincean individual beganto read).
Cumulatve frequeng may be a betterpredictorof adult performancebecauset affectshow lex-
ical informationis representedh memory(asfor examplein the connectionisinodelsdiscussed
below). Onthisview, ageof acquisitionnormsaccountfor variancein skilled performancdecause
they index how frequentlywordswereusedat youngeragesjnformationthatthe Brown andCelex
normsdonotinclude.Thusthereis aneffectof cumulatve frequeng onskilled performancetather
thanseparateffectsof ageof acquisitionandadultfrequeng of usage The WFG normsprovide a
reliableestimateof cumulatve frequeny, leaving no residualeffect of ageof acquisitior?

In summarythedatain Table1 andthe correlationalanalysesuggesthatthe ageof acqui-
sition effectsobseredin previous studiesmay have beendueto confoundswith “adult” frequeng
(measuredby Kucera& FrancisandCelex) or cumulative frequeng (assesselly WFG). Onediffi-
culty in developinga well-controlledAoA experimentarisesfrom the strongcorrelationsbetween
AoA andotherlexical variablespresentedn Table4. Thesecorrelationanale it difficult to design

3It is importantto recognizehatthegrade-leel frequeny datain the WFG normsarenotliterally dataconcerninghe
gradegqor ages)twhich thetexts wereread.Rather they reflectthe assignmenof texts to gradelevelsusinga formula
thatweighsfactorssuchasnumberof wordspersentencandnumberof syllablesperword. Onthis measureCharlotte’s
Web and The Old Man and the Seaareboth assignedo the 4th gradereadinglevel, for example. Thus,the datafrom
the lower grade-leels reflecttexts that arelikely to be readby childrenat a given agebut alsotexts of approximately
similar structuralcompleity thatarereadatolderages.Onourview (supportedy themodelingpresentedbelow), these
normsarerelevantbecausehey provide estimate®f the cumulatve frequeng, ratherthanthe exacttiming, of exposures
to words.
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factorialexperimentsan which AoA is variedfor a sufficient numberof itemswith theseandother
factorscontrolled. The regressionanalysesuggesthat AOA may accountfor a small amountof

variancein skilled performanceébecausét is correlatedwith how often wordsarereadat younger
ages,datathat are not indexed by "adult" normssuchas Kuceraand Francis(1967) but which

contrikute to cumulative frequeng of exposure.

Theoreticalssues

Theabove discussioraddressedomemethodologicaissueghatarisein attemptingo isolate
ageof acquisitioneffects. The dataindicatea needto considemwhatstatisticssuchasestimatedage
of acquisitionandfrequeny measureandhow they relateto the mechanismshatunderlielexical
acquisitionand processing. The concept‘age at which a word is acquired”seemsclearenough
andintuitively differentfrom “frequeny of usagdan adultlanguagé. However, whereadrequeng
normsreflectapropertyof words(namely how oftenthey areused) ageof acquisitionnormsreflect
somethinglifferent,a behaioral event(learningaword by acertainage).This eventis very similar
to atasksuchasnamingaloud: onebehaior concernshow long it took to learnaword, the other
how long it takesto pronouncea word. This pointis particularlyclearwith respecto “objective”
measure®f AoA (Morrison et al., 1997) obtainedby determiningthe agesat which childrencan
namepicturedobjects. Justas studiesof word readinghave examinedthe factorsthat make some
wordseasierto namethanothers,ageof acquisitioncanbe consideredvith respecto the factors
thatcausesomewordsto belearnedearlierthanothers.

Amongthesefactorsis frequeng. In mary theories the frequeng with which a stimulusis
practicedor experiencedaffectshow earlyandwell it is learnedaswell asskilled performancelf
the ageat which a word is learnedis affectedby how oftenit is experiencedempirical estimates
of AoOA may covertly encoddrequenyg of occurrencaluringtheacquisitionperiod. Moveover, we
have alsoseenthat ageof acquisitionratingsare correlatedwith grade-leel frequenyg datafrom
the WFG norms, including datafrom higher gradeswell pastthe agesat which the wordswere
acquired. Thus, ageof acquisitionnormsappearto be relatedto frequenyg of occurrenceover a
multi-yeartime spanbeginningwith initial acquisition.

Seenin thislight, word frequeng, asstandardlyoperationalizedisingnormssuchasKucera
and Francis(1967), provides the remainingchronologicaldata concerninghow often words are
experiencedin adulthood. Theseobserations suggestthat both age of acquisitionand “adult”
frequeny normsreflecthow oftenwordsareencounteretbut at differentpointsin a developmental
continuumrangingfrom initial acquisitionto adulthood. The WFG normstake mattersone step
further providing estimatesabouthow often words are encounteredt multiple pointsalongthis
continuum,aswell asaboutcumulatve frequeng. Thus,ageof acquisitionandfrequeng seem
moreintrinsically relatedthanrecentdiscussionhave suggestedin effect, studiedike theonesin
Tablel attemptedo dissociatahe effectsof frequeng of exposureduringtwo widely-spacedime
spans.

Connectionistnodeling

Connectionistnodelsof readingthatemploy distributedrepresentationandgradualearning
from experienceprovide atheoreticaframenork for examiningeffectsof thefrequeng andtiming
of learningexperience®n performancde.g.,Harm& Seidenbag, 1999;Plautetal., 1996;Seiden-
beig & McClelland,1989). Suchmodelsillustratethreepointsrelevantto the AoA hypothesisFirst,
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frequenyg haspenasve effectson network performanceincludinghow quickly aword is learned
(“age of acquisition”)andlevel of skilled performance.Secondtheseeffectsareintrinsically re-
lated. Modelssuchas Seidenbay andMcClellands (1989) attemptto provide unified accountof
acquisitionandskilled performancen which the samecomputationaprinciplesapply throughout
the developmentalcontinuum. The effects of frequeng on learninga word and on skilled per
formanceare both realizedby changedo the weightsgoverning network performance.Thusthe
behaior of the systemreflectsthe cumulative effects of exposureto wordsover time. Finally, the
magnitudesof the effects of frequeng of exposurediffer dependingon the stateof the network,
which changesver time asknowledgeis acquired.As the modelpicks up on the similiarities that
hold acrosswords,and asthe weightsassumevaluesthat allow outputto be producedaccurately
(i.e., minimizeerror),the effectsof patternfrequeng decline.

Somepropertieof thesenetworksfavor theideathattherewill beanadwantageor wordsthat
arelearnedearlierin training (Ellis & LambonRalph,2000). (We assumédor theremainderof this
discussiorthatstimuli areequatedilongotherdimensions.Considem network suchasSeidenbay
andMcClellands in whichweightsareinitially setto randomvaluesandoutputunitstake valuesof
1 or 0. Theadjustmentsgo the weightsthat occurusingbackpropagatiomvith a logistic activation
function are proportionalto the activation of the unit accordingto theterma(1 — a), wherea is
the activation value. The adjustmentsrethereforelargestwhenthe actvationsarein the middle
of the logistic function (around.5), asoccurswhenthe network is initialized with small, random
weights. The adjustmentdbecomesmallerasthe weightsassumevaluesthat causeunit activations
to morecloselyapproximateghetargetvaluesof 1 or 0. Thus,thereis alossof plasticityassociated
with learningthe early-trainedpatterns.In effect, early-trainedpatternsdbecomeentrenchedn the
weights(seeMunro, 1986, for an early discussiorof this phenomenon)Both Ellis and Lambon
Ralph (2000) and Smith et al. (2001) emphasizéheseaspectf network behaior in explaining
ageof acquisitioneffects.

Thereis anotherfactorto consider however: the effectsof similaritiesacrosstraining pat-
terns. The mappingbetweenspelling and soundin English exhibits considerablesystematicity
Readingmodelssuchas Seidenbay and McClellands employed representationthat allowed the
weightsto encodetheseregularities. Thuswhatis learnedaboutone word carriesover to other
wordswith which it sharesstructure. This propertymodulateshe effects of exposureto a given
word. Until the modelbggins to encodethe systematicaspectof the mapping,performanceon
a patternis highly dependenbn how oftenit is trained. By later in training the weightsreflect
the structureof the entiretraining set, changingits behaior. Oncea word is learned,additional
repetitionshave little impact, creatinga discrepang betweenfrequeng of training and network
performanceFurthermorenen wordscanbelearnedwith little trainingif they sharestructurewith
known words.In thelimit anew word canbe pronouncedorrectlywith notraining,asin nonword
generalization.Thus,thereis aninitial advantagefor wordsthat aretrainedwith high frequeng,
but asthe modellearnsthereis lessandlessof a disadwantagefor latertraineditems. In effect the
entrenchmenof early-learnedvordsis reducedasthe modelpicks up on patternghathold across
words(seealsoMarchman& Bates,1994).

In summary the entrenchmenphenomenorin connectionisnetworks provides a basisfor
ageof acquisitioneffects, but other propertiesof the task and materialsto be learnedwill affect
whetherthereis along-lastingeffect on performanceasthe ageof acquisitionhypothesisuggests.

Usingthistheoreticaframeavork, theissueof AoA effectsin readingcanbeclarifiedby con-
sideringtwo factors,cumulativefrequencyandfrequencytrajectory Cumulatve frequeng refers
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to how oftenaword is presentedo the network from the beginning to the endof training. Thisis
a simplified analogueof how often peoplehave encountered word to the point at which perfor
manceis assessedFrequeng trajectoryrefersto how experiencewith a word is distributed over
time. Thus,a givencumulatve frequeng canbeassociatedvith differenttrajectories.

The AoA hypothesisthen,is the predictionthat frequeng trajectoryhasan effect on adult
performancendependenbf cumulatve frequeng. Specifically if the cumulatve frequenciesof
words (as well as other stimulus properties)are equated words for which most of the training
occursearly shouldshav an adwantageover wordswith othertrajectories.Wordsthat aretrained
moreoftenearlyin developmentwill in generabelearnedearlierthanwordsthataremainly trained
later;thusfrequeng hasaneffecton ageof acquisition.However, theageof acquisitionhypothesis
is thattherewill beafurthereffect of this early experienceon skilled peformance.

A measurssuchasKuceraandFrancis(1967)frequeng providesa poorestimateof cumu-
lative frequeng. Giventhenatureof thetexts usedto generatéhe corpus,it tendsto underestimate
thefrequencie®f mary low frequeng words,including onesthataremainly experiencedn child-
hood. The WFG normsprobablyprovide betterinformationaboutcumulatve frequeng, but this
is difficult to independentlyassessAge of acquisitionnorms,in contrast provide imperfectinfor-
mationaboutfrequeng trajectorybecaussomewordsthatarelearnedearly(e.g.,BOTTLE, CUP)
arealsousedfrequentlylaterin life whereasthers(e.g., TEDDY, BOOTIE) arenot.

Becausehe actualcumulatie frequenciesaandfrequeng trajectoriesof differentwordsare
not knowvn, and becausdrequeng normsand rated AoA provide imperfectestimateswe took
the approachof using simulationmodelingto explore the phenomena.Simulationalso allowed
controlover stimuluspropertieghatarenormally confounded.Thuswe could createconditionsin
whichit wascertainthatcumulatve frequeng andstimuluspropertiesverecloselymatchedwhile
manipulatingfrequeny trajectory providing a strongtestof the ageof acquisitionhypothesis.

Simulationl

In the first simulation,a modelwastrainedon a large corpusof words usingthe standard
techniqueof probabilisticallypresentingvordsduring training asa function of their estimatedre-
guenciesof occurrencgSeidenbay & McClelland, 1989). The critical dataconcerna subsetof
itemsfor whichwe manipulatedrequeng trajectorywhile keepingcumulatve frequeng constant.
Someof thesewords were more frequentearly in training comparedto later (Early condition),
whereastherwordsfollowed the complementaryrajectory(Late condition). By the endof train-
ing, however, cumulatve frequencie®f wordsin thetwo conditionswerethesame.In addition,the
samewordsappearedh both Early andLate conditionsacrosdifferentrunsof the model.

This modeldiffers from previous modelsof ageof acquisitioneffectsin animportantway:
thetaskwascloselyrelatedto the problemof learningthe spelling-soundcorrespondencesf En-
glish, informationthatplaysanimportantrole in the namingandlexical decisiontasksusedin the
behaioral studiesdiscussedbore. The input and output representationg/ere basedon English
orthographyandphonologyandthetraining corpus.alarge setof monosyllabiovords,instantiated
the quasirgular mappingsbetweenthe two (Seidenbay & McClelland, 1989). Previous simula-
tionshave utilized moreartificial tasksandstimuli thatdid not capturethisrich structure(discussed
furtherbelow). Simulationl thereforeprovidesmoredirectevidenceconcerninghe occurrencef
ageof acquisitioneffectsin reading.
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Methods

Architectue.

Thebasicarchitectureshavn in Figurel wasusedin all simulations.For Simulationsl and
2, modelswith 100orthographidinput) units,250phonologicaloutput)unitsand100hiddenunits
were used. In addition, the phonologicallayer had 20 hiddenunits which mediatedconnections
betweerthis layeranditself (cleanupunits;Hinton & Shallice,1991). The cleanupunitsdiffentiate
this modelfrom a simplefeedforward net suchasthe onestudiedby Seidenbey and McClelland
(1989). The network is given an input patternand activation spreadghroughthe network over a
seriesof time steps.Eachunit propagateactivationto the otherunitsto whichit is connectedThe
feedbaclconnectionbetweerthephonologicabndcleanupunitscreateatypeof dynamicakystem
calledan attractornetwork which settlesinto a stablepatternover time (seeHarm & Seidenbay,
1999, for additionaldetails).A furtherfeatureof the modelwasthateachtime stepwasdiscretized
into a seriesof momentswhich allows a unit’s activationto rampup gradually Thusthe learning
algorithm(continuousrecurrentbackpropagationghangeshe weightsin waysthatimprove accu-
ragy but alsohow quickly the network produceghe correctoutput(seeHarm,1998;Bishop, 1995,
for discussion).

Phonological Units

000000
A Hidden Units

OO OO0 0I0O OO
Orthographic Input Units

Figurel. Modelarchitecturausedin all simulations

CorpusandTraining. Thetrainingcorpusconsistedf 2,891monosyllabicmonomorphemic
words. 108 of thesewords were critical itemswhosefrequenciesvere manipulated as detailed
belowv. Theremaining2,783words (backgroundtems)were assignedrequenciesaken from the
Marcus,Santorini,and Marcinkiewicz (1993)norms,which arebasedon 43 million tokensfrom
TheWall StreetJournal®

4The Wall StreetJournalcorpushasbeenextensiely usedin sentencerocessingesearctandat the time we began
thisresearctit wasthelargestavailablecorpusof English. Thelexical samples somevhatskewedinsofar aswordssuch
asSTOCK, MARGIN, andINFLATION areoverrepresentedomparedo othercorpora.In our simulations the norms
wereonly usedto insurethatthe backgroundtemsin the training setwerepresentedvith a distribution of frequencies
similar to thatseenin naturallanguage Whenthe goalis to examinethe effectsof frequeng onindividual words,other
normssuchasZeno(1995)arepreferable.
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Thecritical itemsweredividedinto two lists of 54. Setsof 4 itemswerecreatedy exchang-
ing onsetsandrimes. The lists were counterbalanceduchthat, for example, FOIST and MIST
occurredon onelist andFIST andMOIST on the other Thuseachlist containedeachonsetand
rime in the quadruple put in differentcombinations.The modelwasrun ten timeswith different
initial randomweights(between0.1 and —0.1), analogougo replicationswith differentsubjects.
Eachlist occurredfive timesin eachtrajectory Thusthe sameitemsoccurredin both Early and
Late conditionsacrosssimulations.Thedatapresentedbelov areaveragesacrosghe 10 runsof the
model.

The Early andLatetrajectoriesveredesignedo provide a strongtestof the effectsof early
exposureon laterperformancethey werenotintendedo capturethe obseredtrajectoriesor indi-
vidual words,which aremorevariable. The frequencie®f the wordsin the Early andLate condi-
tions weremanipulatedasfollows. Training consistedf ten epochsof 100,000trials each.Early
itemswereassigned frequeng of 1000for thefirst threeepochsof 100,000training trials. For
the next four epochsthe frequeng was adjustedto 500, 100, 50 and 10 in succession.Finally,
for the last threeepochsthe frequeng wassetto one. The trajectoryin the Late conditionwas
the complemenbf the onein the Early condition. Late items startedat a frequeng of 1 for the
first 3 epochsfrequeng wasadjustedo 10,50, 100and500overthe next 4 epochsandit finally
reachedlL000for the lastthreeepochs.Thesefrequenciesarewithin the rangeof the raw Marcus
etal. (1993)frequenciesusedfor the backgroundtems. As with the frequenciesisedfor the non-
critical words, theseassignedrequenciesvere square-rootransformedanditemswere sampled
probabilistically This methodof compressinghe frequeng distribution allows the modelto learn
very low frequeng itemsafter a relatively small numberof trials (Plautet al., 1996). The actual
frequenciesvith which the critical itemswere presentedo the modelat eachepocharegivenin
Figure2. The meanfrequeng for Early itemsin the first epochwas41 andthe meanfrequenyg
of Lateitemsin this sameepochwas4. Frequenciesvereadjustedover time suchthatin the last
epoch the Lateitemshada meanfrequeng of 40 andthe Early itemshada meanfrequeng of 4.
Importantly by the endof training the Early and Late wordshad beentrainedequally often: the
cumulatve frequenciesveragedacrosstemswere198for Early wordsand196for the Latewords,
t(107) < 1.

On eachtrainingtrial, a word wasprobabilisticallyselectedor training andits orthographic
patternwasactivatedon the input units. Activation propagatedorwardfor 11 time ticks. On the
12thtimetick, errorwascomputecandtheweightsof the modeladjustedaccordingly Thelearning
algorithmcomputeserroron the basisof the differencebetweerthe desiredandobsened outputat
agiventimetick, aswell asthe stateof themodelatearliertime ticks. In this way, eachadjustment
of the weightsleadsto incrementallymore accurateas well asfastercomputationof the desired
output.

Resultsand Discussion

The models performancewnas assessedsing both accurag and sum squarederror (SSE)
measures.The models outputfor a word was scoredas correctif the outputfor eachphoneme
wascloserto the correctphonemehanany otherby euclideardistance. The SSEmeasuravasthe
sumof the squaredifferencedbetweerthe computedbutputandthe target. Thetwo measuresre
highly related;correctwordsproducdower errorscoreghanincorrectwords. However, amongthe
correctwords, differencedn SSEreflectthe relative difficulty of generatinga responsdsee,e.g.,
Seidenbay & McClelland,1989). Thus,the models performancecancontinueto improve afterit
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Figure2. Frequenyg trajectoriesof critical itemsin Simulationl
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Figure 3. Performancevertime for critical itemsin Simulation1

haslearnedo producethe correctresponseasin humanperformance.

At theendof training,the modelproducedcorrectoutputfor 98% of thetraining set. Errors
were almostall on low frequeng strangewordssuchas COUR PLAID andRHEUM, which are
thoughtto requireinput from the orthography— semantics— phonologypathway that was not
implementechere(Plautet al., 1996; Strain, Patterson& Seidenbag, 1995;Harm & Seidenbay,
2001).

For the smallerset of critical words, the model learnedto producecorrectoutput for all
itemswithin the first epoch. Mean sum squarederror for theseitems was calculatedafter each
epoch.As shawvn in Figure 3, therewasa small effect of frequeng earlyin trainingwhich rapidly
disappearedl-testsonthedifferencebetweerthemeansn theEarly andLateconditionsconfirmed
this: Error scoresweresignificantlylower for Early wordscomparedo Late afterthefirst epoch,
t(107) = 4.24,p < .001, andthis effect remainedsignificantafter 5 epochsz(107) = 2.09,p <
.05. By epoch6, whenthe frequeny trajectoriesbeganto cross,the effect was nonsignificant,
t(107) = 1.12,p > .1. At theendof training, whenthe cumulatve frequenyg of the two groups
was closely matched therewasalsono reliable differencebetweenconditions;in factthe means
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wereidentical,.50. At this pointall critical itemswerestill pronouncedorrectly

Thefirst simulationindicatesthatwith stimuluspropertiesequatedthereis an effect of fre-
gueng trajectoryearly in training, but this effect rapidly recedes.By the end of training, when
the cumulatve frequenciesre equatedthereis no residualeffect. Early in training, beforemuch
learninghasoccurred performances betteron wordsthataretrainedmoreoften. Thisis simply a
frequeny effect duringthe early phase.As training continues performancean the two conditions
corvergesto thesameevel.

Simulation2

Simulation2 was a replicationof the first simulationthat addressedwo concerns. First,
effects of the frequeng trajectory manipulationmight have beendifficult to detectbecausdhe
critical stimuli all containedspelling patternswith consistenspelling-soundccorrespondencedn
addition, the stimuli were constructedn quadruplesuchasFIST-MOIST-MIST-FOIST, insuring
thatevery word-bodyoccurredat leasttwice with the samepronunciation.In the type of network
studiedhere,learningof oneitem with a given spelling-soundgattern(e.g., FIST) carriesover to
otheritemscontainingthe samepattern(e.g.,MIST), reducingthe effects of exposureto theitem
itself (aneighborhoocekffect). Thenetresultwasthatall of thecritical wordswerelearnedelatvely
rapidly; therewasaneffectof frequeny of exposureearlyin trainingbut it wasobsenedonthesum
squarecerrormeasurenot how rapidly themodellearned(i.e., “age of acquisition”). We therefore
createdh new setof critical stimuli containingonly “strange”words(Seidenbeay, Waters Barnes&
Tanenhausl 984)which have atypicalspellingsandspelling-sounaorrespondence8ecausdhey
have few closeneighborsthesewordsshav larger effectsof frequeng bothin behaioral studies
(e.g.Seidenbay etal., 1984)andconnectionismodels(e.g.,Seidenbear & McClelland,1989).We
thereforeexpectedto seeeffectsof frequeng trajectoryon both SSEandhow quickly thesewords
werelearned.

A secondssueconcernghe processethatgave riseto the Figure 3 data. Onepossibilityis
thatthesedatareflecttwo complementaryage of acquisition”effects. Thusfar we have followed
the behaioral researchin emphasizinghe possibleeffect of early high frequeng exposureon
skilled performance Theremight alsobe a complementareffect of high frequeng exposurelate
in training, however. Thusthe similar levels of performancean the Early and Late conditionsat
the end of training might derive from two sources:an AoA effect and a receng effect (Lewis,
1999, found evidencefor bothin a face namingtask). We thereforeaddeda control condition
using a relatvely flat frequeng trajectory For this condition, a subsetof the critical itemsfrom
Simulation1 wereassignedheir normalfrequenciesandincludedamongthe backgroundstimuli.
After runningthe simulation,we isolateda large subsebf thesewordsthatmettwo conditions:(a)
theirfrequeng trajectoriesvereveryflat, and(b) their cumulatve frequenciesveresimilar to what
they werein Simulationl. Thustheflat trajectoryconditionactsasabaselineagainsihichthedata
from Simulationl canbe comparedAn effect of eitherthe Early or Latetrajectoryin Simulationl
would beindicatedby betterperformancehanin theflat trajectoryconditionat the endof training.

Finally, the flat trajectoryconditionwasalso usedto assessvhethercumulatve frequenyg
hasan effect on network performancendependentf trajectory by comparingthe resultsfor two
subset®f stimuli from theflat conditionwhosecumulatve frequenciesvereconsiderablydifferent.
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Methods

Thesamemodelandcorpuswereusedasin Simulationl. Thecritical itemsfrom the earlier
simulationwere included amongthe backgrounditems and assignedheir Marcuset al. (1993)
frequenciesanda differentsetof 48 critical itemswasselected.The main criterionfor the critical
itemswasthattheirbodiesnotbeassignedhe samepronunciatiorin otherwordsin thetraininglist;
thus,they includedwordssuchasBEIGE,PHLEGM andSCOURGE Thestimuli weredividedinto
two lists with the assignmenbf lists to training conditioncounterbalancedcrosswo simulations.
Themeancumulatve numberof presentationfor both Early andLatewordswas183.

Stimuli in the Flat trajectorycondition consistedof 95 of the critical stimuli in Simulation
1. Theseitemswereselecteecauseavhenpresentedhroughoutraining attheir standardviarcus
etal. (1993)frequeng, they arewell matchedo the critical itemsfor cumulatve frequeng. The
meancumulatve frequeng of thesewordswas200,comparabldo the cumulatie frequenciegor
thesewordsin the Early andLate conditionsin Simulationl (198and196,respeciiely).

Results

After 10 epochsthe modelgeneratedorrectphonologicakodesfor 98% of thetrainingset.
Performancen the critical itemswasassesseih termsof SSE,accurag, andhow quickly words
werelearned(i.e., “age of acquisition”’in modeltime). Becausdahe modelswereinitialized with
differentrandomweightsand becausavordswere selectedprobabilisticallyduring training, indi-
vidual runsof the modeldiffer slightly from oneanotherin termsof performanceincludingwhen
in training individual wordswerelearned. Analogousindividual differencesare seenin children.
For eachitem, ageof acquisitionwasdefinedasthe point at which 75% of the modelsgenerated
correctresponsesrThis criterionis similar to oneusedin the Morrisonetal. (1997)studyin which
theageatwhich childrenacquireda word wasdefinedastheageatwhich 75%of thesubjectscould
namea picturedobjectaccurately By this measurethe average‘age” at which Early itemswere
acquiredvasapproximatel\2.09epochswhereasheaverageagefor Lateitemswasapproximately
6.7 epochsThis differenceis significant,t(34) = 12.14. Notethatepochsaredefinedwith respect
to the total numberof training training trials on all items, including the 2,843backgroundwords,
not the numberof exposuredo individual words. The meannumberof trials to learnwordsin the
Early andLate conditionswere296 and250, respectiely. Thesedataindicatethatthe Early words
wereacquiredmorerapidly thanthe Late words,asexpected.|It took fewer exposuredo learnthe
Late words becausehey benefittedfrom prior learningof otherwords. Even for strangewords,
then,thereis generalizatiorbasedbn exposureto otherwords.

Accurag over the courseof trainingis depictedn Figure4A. As in the previous simulation,
theadvantagdor theearlyitemsdissipatedsthe cumulatve frequeng of theLateitemscorverged
onthatfor the Early items.Meanaccurayg for bothconditionswas85%atthe endof training. This
level of accurag is somevhatlower thanfor the consistentvordsin Simulationl; this finding is
consistentvith the view thatperformanceon the mostdifficult strangewordsnormallyrequiresin-
putfrom orthography— semantics—+ phonology Theerrorratedid notdiffer in thetwo frequeny
trajectoryconditions,however, ¢(47) < 1. Thus,althoughthe frequeng trajectorymanipulation
affectedthe“age” atwhichitemswereacquiredjt hadno residualeffect on accurag whenthe cu-
mulative frequeng of Early andLateitemscorvemed. Figure4B shavs thechangdn sumsquared
over time for Early andLateitems,whichis very similarto theaccurag graph.

Onefurther aspectof the datais worth noting: Toward the end of training the model be-
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Figure4. Performancevertime for Simulation2, A) errorrateandB) sumsquarecerror

ganto exhibit someunlearningof the Early words, asindicatedby the slowly rising scoresn this
conditionfor both measures.Protectingearly-acquiredvords from unlearningrequiresintermit-
tentre-exposureto theseitemsover time (Hetherington Seidenbeag, 1989). The Early trajectory
entaileda steepdeclinein frequenyg towardtheendof training. This property takenwith the prob-
abilistic natureof sampling resultedn too few exposurego maintainperformanceatthe maximum
level. We did not systematicallyexamineperformanceafter 10 epochspecausdt wasat this point
thatthe two conditionscorvergedon the samecumulatve frequenciesWe do know, however, that
asmallnumberof additionaltrainingtrials onthecritical itemsis sufficientto stoptheslow erosion
of performanceseenin Figure4. This behaior of themodelis broadlyconsistentvith humanper

formance knowledgeacquiredn childhoodmay degradeover time throughlack of use,but canbe
revivedwith modestadditionalexperience.

We now considerthe resultsfor the Flat trajectorycondition. This conditionaddressethe
concernthatthe resultsof Simulation1 might have derived from two complementanAoA effects:
onedueto high frequeng of exposureearlyin trainingandonedueto high frequeng of exposure
latein training. If this werecorrect,performanceat the endof trainingin boththe Early andLate
conditionsshouldbebetterthanin theFlatcondition,in whichfrequencieghangedrerylittle across
epochs.This resultwasnot obsered. Figure5 summarizeperformancen the Flat conditionand
onthesameitemsin the Early andLate conditionsfrom Simulationl.
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Figure6. Performancen high andlow cumulative frequeng itemswithin theflat condition

Resultsin the Flat conditioncloselyresembledhoseobtainedin the Early condition. Both
conditionsexhibited a small advantageearly in training comparedto the Late condition, but by
the endof training all conditionscorverged on the samelevel of performanceat the endof train-
ing. The meanSSEin the Flat conditionwas .48, comparedo .48 and.49in the Early andLate
conditionsrespectiely. No effect of frequeng trajectorywasobsered, F(1,93) < 1. Theearly
advantagen the Flat conditionreflectsthe factthatthe itemshada meanfrequeng of 20 presen-
tationsper 100,000,which washigherthanin the Late conditionover theseepochs.However, the
cumulatve frequeng of flat items (200) was not significantly differentfrom the Early and Late
itemsF(1,93) < 1.

Dataconcerningherole of cumulatve frequeng arepresentedn Figure6, which shavsthe
sumsquarederrorfor the highestandlowestfrequeng 25items. Themeancumulatve frequencies
for thesesubsetof theseitemsdiffer: 544 for the highestfrequeng wordsand60 for the lowest.
Cumulatve frequeng hasthe expectedeffect on performancewhich is betterfor high frequeng
words(.46) thanlow words(.55),#(47) = 3.22,p < .005. Notethatthesemeansaresubstantially
lowerthanthemeandor thecritical itemsin Simulation2. This suggestshatthefailuresto obsere
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AO0A effectswerenotdueto floor effectson thecritical items.
Discussion

Resultsfrom the Early and Late conditionswere consistenwith Simulationl. Therewas
a larger differencebetweentheseconditionsuntil well into training, which reflectsthe fact that
the critical words have few neighborsand thereforeperformancedoesnot benefitas muchfrom
training on otherwords. However, performancen the two training conditionsagaincorverged
asthe cumulatve frequenciesevenedout. Thusthe resultsof Simulation1 generalizeto stimuli
that have less consistentspelling-soundmappings. Performanceon wordsin the Flat condition
corvergedto the samelevel ason thesesamewordsin the Early andLate conditionsin Simulation
1, indicatingthat the resultsfor the Early and Late conditionsdid not reflecttwo complementary
typesof facilitation. Finally, therewasan effect of cumulatve frequeng in the Flat condition: at
the endof training performanceavasbetteron the wordswith highercumulatve frequencieghan
lower.

Theseresultssuggesthatwhereascumulatie frequeng hasanimpacton performancefre-
gueng trajectorydoesnot. The ageof acquisitionhypothesidestedn previousbehaioral experi-
mentswasthattherewould bearesidualeffect of earlyword learningon skilled adultperformance.
However, althoughwordsin the Early conditionwerelearnedmorerapidly thanwordsin the Late
condition,performancen thetwo conditionswasnearlyidenticalby the endof training.

Simulation3

To this point the resultssuggesthat when cumulatie frequenciesand stimulusproperties
are equatedacrossconditions,thereis little if ary effect of frequeng trajectory What matters
is how often a word is encounterednot the patternof encountersver time. Herewe consider
anotherfactorthatmay have contritutedto theseresults:thefactthatthetraining corpusconsisted
of wordsthatexhibit systematicelationshipsetweerorthographyandphonology Whatthemodel
learnsaboutoneword carriesover to otherwordsthatsharestructurewith it, reducingthe effectsof
lexical frequeny (Seidenbeg & McClelland,1989)andthustheeffectsof ary frequeng trajectory
manipulation.Theseneighborhoodffectswerelargerfor the consistentvordsusedin Simulation
1 thanfor the strangatemsusedin Simulation2; the consistentvordswerelearnedmorerapidly
andyieldedbetterasymptoticperformancehanthe strangewordseventhoughthe trajectoriesand
cumulatve frequenciesverevery similarin thetwo cases Althoughthe strangewordshave fewer
closeneighborstheir orthographic-phorogica correspondencesenotarbitrary;aword suchas
BEIGEis notpronouncedglorp;” it overlapswith moredistantneighborsuchasBINGE, BARGE,
WEIGH and mary otherwords amongthe backgroundstimuli. Thusthe systematicaspectsof
the orthography— phonologymappingmight have reducedrajectoryeffectseven for the strange
words.

Suggestie evidenceis provided by simulationsof ageof acquisitioneffects presentedy
Ellis andLambonRalph(2000). Feedforvard modelsweretrainedto producea transformatiorof
arbitrarybit vectors.In theirtrainingset,outputvectorsweregeneratedy randomlychangingl 0%
of the bits in theinput vector Ellis andLambonRalph(2000)obsered strongageof acquisition
effects,suchthatitemsthatwereintroducedearly hadanadwantageover late items,evenwhenthe
lateritemsweremuchhigherin cumulatve frequeng. Thenatureof the stimuli meantthatlearning
onary giventrial carriedlittle informationrelevantto otheritems. Underthis condition,therewasa



AGEOFACQUISITION 21

residualadvantagefor mappingghatbecameentrenchecaarlyin training. Ellis andLambonRalph
(2000) provide a thoroughdiscussiorof why this entrenchmenbccurs. In essencelearningthat
occursfor early-trainedtemsinvolves large weight changeghat reducethe models sensitvity to
error signalsgeneratedy the presentatiorof later items. Smith et al. (2001) provide a similar
analysisof the resultsof their simulation,which wasalsoconstructedso thatwhatwaslearnedon
onetrial did not carry over to othertrials.

Togetherthe resultsof Simulationsl-2 andthe Ellis and LambonRalph(2000)and Smith
etal. (2001)simulationssuggesthatthe natureof the input-outputmapping- specificallywhether
whatis learnedon onetrial predictsanything aboutothertrials — maybe crucialto producingAoA
effects. To investigatethis hypothesisywe deviseda training regime deliberatelyunlike the orthog-
raphy — phonologytranslationin English. Itemsfor the Early and Late trajectoryconditionsin
Simulation3 wereconstructeguchthat Early andLate itemshadminimal orthographicor phono-
logical overlap.In addition,we did notincludeary backgroundtems;thuswhatthe modellearned
dependedsolely on the propertiesof the critical stimuli. Theseconditionsaremorecomparabldo
the onesstudiedby Ellis andLambonRalphandSmithetal. (2001)°

Methods

The training set consistedof 68 words. Two lists were createdout of differentinvento-
ries of lettersand phonemes.Onelist includeditemssuchasCOB, COG, COR HOG, HOPR, and
TOG, whereaghe othercontainedtemssuchasBAD, BAN, BANE, PANE, PAN, andPAT. Some
phoneme®ccurredn bothlists (e.g.,/p/), but in differentpositionsin differentlists (e.g.,onsetand
coda).Themodels phonologicakepresentatiofHarmé& Seidenbdry, 1999)treatstheseasseparate
phonemesthuswhatis learnedaboutonset/p/ doesnot carryover to coda/p/. Thesimulationwas
run twice with lists assignednceto eachtrajectorycondition(Early, Late). In contrasto Simula-
tions 1-2, no otherwordswerepresentediuring training. Thus,the modelcouldlearnregularities
amongtheitemswithin atraining condition,but theseregularitiesdid not extendto theitemsin the
otherlist, andperformancevasnot modulatedoy exposureto ary non-criticalitems.

Dueto the smallersize of thetraining set,the modelsin Simulations3 and4 useda scaled
down architecturawith 29 orthographiainits,40 hiddenunitsand10 cleanupunits. The phonologi-
callayerwaskeptthesame Frequenyg trajectoriedor itemsin Simulations3 and4 weresimilarto
thosein Simulationsl and2. However, becausao “background’itemswerepresenttherangebe-
tweenlowest(9 per10000)andhighest(290per 10000)frequeng wordsis moredramatic.Thisis
becausdow frequentlyanitem is presentedlepend®n bothits log-compressettequenyg andthe
numberof otheritemsin thetrainingset.In theprevioussimulationsnearly3000wordswerebeing
trained,sothatevenitemswith very high frequenciesvereonly seen,on average about40 times
per100,000Ctrials. In this simulation,only 68 itemsweretrained,resultingin higherreal frequen-
cies,althoughthelog compresseffrequenciesisedto selectitemswerethe same.Also becausef
thesmallertraining set,fewer trainingtrials wererequired: The modelwastrainedfor 10 epochsof
10,000trials eachresultingin 100,000trainingtrials, asopposedo 1 million in Simulationsl and
2. The meancumulative frequeng of Early words (1474)wasnot differentfrom the cumulatve
frequeny of Latewords(1467),t(67) < 1.

>Thesimulationsin this articlewereactuallyconductedeforewe wereawareof the Ellis andLambonRalph(2000),
Smithetal. (2001)or MonagharandEllis (in press)simulations.
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Figure7. Performancevertime for critical itemsin Simulation3: A) errorrate,B) sumsquarecerror

Resultsand Discussion

Figure 7 presentghe accurag andmeanSSEdataover the courseof training. By the end
of trainingthe modelhadlearnedto producecorrectoutputfor all words. Whereasall of the Early
itemswerelearnedwithin thefirst 2 epochsthe Lateitemsdid notreachthis level until muchlater.
The meannumberof trials to learnthe Early wordswas 1.3 epochsvs 5.5 for the Late items, a
highly reliable difference,t(67) = 49.1. Again, thesenumbersreflectthe point in training asa
function of all trials for all items. Becauseso mary of the Early items were learnedwithin the
first epochthemeannumberof exposuredeforelearningwascomputedoy examiningthe models
performancet 1,000trial intenals. By this measurethemeannumberof exposurego agivenitem
beforeit waslearnedwas 242 for Early itemsand 270 for Late items. Note thatthis is different
from Simulation2, in which fewer actual exposureswere requiredfor the learning of the Late
items. In this simulation,knowledgeof the Early itemsseemedo impederatherthanaid learning
of the late items. The contrastprovidesa reminderof the extentto which learningspelling-sound
correspondenceawrmally depend®n exposureto neighbors.

In contrastto previous simulations,therewasa small but reliable advantagefor wordsthat
werepresentedrequentlyearlyin trainingin Simulation3, even afterthe cumulatie frequencies
in the Early and Late conditionscorverged. As shavn in Figure 7B, therewas an advantagefor
Early wordsthatwasmaintainedhroughl0 epochf training. A t-testonthemeanSSEattheend
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of training revealedthat error wasreliably greaterfor Late words (1.13), than Early words(.74),
t(67) = 10.08,p < .001.

The critical differencebetweenthe simulationsconcernghe natureof the stimuli andthus
themappingbetweerinputandoutputcodes.Simulationsl and2 usedalarge corpusof wordsthat
exhibit the regularitiesbetweenspelling and soundcharacteristiof English orthography These
regularitiesmodulateheeffectsof frequeng of exposureto agivenword, yieldingnoresiduakeffect
of frequeny trajectoryon skilled performance This resultobtainswhenotherstimulusproperties
andcumulatve frequenciesrecontrolled.

In Simulation3, the normalregularitiesin the mappingbetweerspellingandsoundwerenot
maintainedbecauseve eliminatedthe backgroundtemsandcreatechonoverlappingstimulussets.
Whatthemodellearnedaboutonewordin atraininglist carriedoverto otherwordsonthesamdist,
but notto wordson the otherlist. Giventhis sharpdissociatiorbetweerthe stimuluscharacteristics
of Early andLatewords,therewasanadwantagefor the early-trainedtems.

Simulation4

Simulation3 strongly suggestshat the natureof the mappingbetweerninput andoutputde-
termineswhetherfrequeng trajectoryaffectsperformanceHowever, this simulationdifferedfrom
the earlieronesin a numberof otherways(e.g.,the numberof units; size of the training corpus).
We thereforeranafinal simulationusingthe sameproceduressin Simulation3, but usingstimuli
which, like the onesin Simulationsl1-2, containoverlappingorthographicand phonologicalpat-
terns.

Methods

The sameitemsfrom Simulation3 were used,but ratherthan segregateitems suchthatno
letteror phonemavasrepeatedn the samepositionbetweerlists, we organizedthelists sothatno
letteror phonemenccurredon onelist but notthe other For exampleHUB, HUG, LUCK, PAT, and
MAD wereon List 1, whereaHUCK, LOG, LUG, MATE, andPAD wereon List 2. Cumulatve
frequeny of Early (1474)andLate (1467)wordswasmatched(67) = 1.12,p > .2.

Resultsand Discussion

Asin Simulation®2 and3, Earlyitemswerelearnedquickly (1.7 epochsWwheread atewords
requiredmoretraining to be accuratelynamed(3.7 epochs). This differenceis reliablet(67) =
9.8,p < .001 . Thisis reflectedin the changein accurag over time, shavn in Figure 8A. Also
notethataccurag on both Early and Late itemsreachedl00% by the 6th epoch;thus, although
frequeny trajectoryhadthe expectedeffect on AoA, it had no residualeffect on accurag. The
models ability to generalizefrom Early to late itemsmeantthat even thoughit took muchlonger
in termsof training epochsfor the Late itemsto be learned,they were producedcorrectly after
mary fewer trials per word: the meannumberof exposuresto producecorrectoutputwas 262
for Early itemsand 52 for Late. As shavn in Figure 8B, sum squarederror on the Late words
decreasednoreslownly thanfor the Early words,but performanceén thetwo conditionseventually
converged. The SSEwasnot differentbetweerEarly (1.13)andLate (1.13)items¢(67) < 1 atthe
endof training. As in Simulationsl-2, therewasno residualeffect of frequeny trajectorywhen
cumulatve frequenciesverematched Error declinedmuchmorerapidly for the Latewordsin this
Simulation (Figure 9A) thanin Simulation3 (Figure 8A). This is becausdearningon the Early
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Figure8. Performancevertime for critical itemsin simulation4: A) errorrate,B) sumsquarecerror

itemstransferredto performanceon Late items, whereasn Simulation3, learningon Early and
Lateitemswasindependent.

Becausehis simulationwasidenticalin every otherrespecto Simulation3, theresultsindi-
catethatthefactorrelevantto producinga frequeng trajectoryeffectin Simulation3 wasthe lack
of overlapbetweerEarly andLatewords.

GenerabDiscussion

Studiesof ageof acquisitioneffectshave raisedimportantquestionsabouttheeffectsof early
experienceon later learning. An effect of age of acquisitionon skilled readingwould call into
guestionthe resultsof mary previous behaioral studiesandmodelsin which this factorwas not
investigated.The potentialtheoreticalimportanceof this phenomenoraswell asmethodological
andtheoreticakconcernded usto examineit further Examinationof the materialsusedin previous
studiessuggestedhatthey did not provide strongevidencefor aneffect of ageof acquisitioninde-
pendenbf othermeasuresf frequeng with which AoA wasconfoundedTheregressioranalyses
provided evidencethat age of acquisitionratingsmay accountfor a small amountof variancein
skilled performancewith otherfactorsstatisticallycontrolled,but via the fact thatthey arecorre-
latedwith how oftenwordsareusedpre-adulthood.Thustherewasno effect of AoA independent
of cumulatve frequeng, asindexedby the WFG norms.
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The resultsof Simulationsl and 2 are consistentwith theseconclusionsand provide evi-
denceconcerninghe computationamechanismshat give rise to the behaioral phenomenaThe
simulationsprovide a strongtestof the AoA hypothesisbhecausdhe cumulatve frequenciesand
frequeny trajectorieswereknown, and propertiesof early andlate stimuli were equatedexactly.
Thetraining corpuswasa large, representate sampleof monosyllabicwords, which exhibit the
statisticalregularitiescharacteristiof the orthography— phonologymappingin English. There
wasaninitial advantagefor wordspresentednorefrequentlyearlyin training, but no residualef-
fect of earlylearningon skilled performance.This wastrue for bothwordswith highly consistent
spelling-sounccorrespondencesSimulation1) andwords with atypical spellingsand pronuncia-
tions(Simulation2). Theadwantagefor early-trainedvordsis washedut asthe modelpicksup on
the similaritiesthat hold acrosswords. This occursmorerapidly for wordssuchasLAST whose
componenspellingpatternsaarepronounceaonsistenthacrossnary wordsthanfor strangewvords
suchasBEIGE which have fewer closeneighbors.In both caseshowever, early andlate trained
wordsconvergedto thesamdevel of performancesthe numberof exposuresvenedout. This be-
havior canbetracedto basicpropertiesof connectionistnodels(Seidenbey & McClelland,1989).
Knowledgein thesemodelsis encodedn weightson connectionsamongunits, which reflectthe
cumulatve effects of exposureto all words. Changedo the weightsthat occurwhena word is
trainedalsobenefitwordswith whichit overlaps.Thisleaveslittle roomfor earlywordsto maintain
anadwantagepecauseheweightsthatsupportthemalsofacilitatelearninglaterlearnedwords.

Simulations3 and4 provided further evidenceconsistentwith this analysis. In Simulation
3, we removed the overlap betweenearly and late trainedwords and obsered a reliable “age of
acquisition”effect: therewasanadwantagefor early-trainedvordsthatwasmaintainedhroughout
thecourseof training. In thiscase)earningof thelateitemswasimpededoy themodels knowvledge
of theearly-learnedvords.Finally, in Simulation4, we reintroducedhe overlapbetweerearlyand
late trainedwordsandthe ageof acquisitioneffect waseliminated,further demonstratinghatthe
critical factorthatgave riseto the AoA effectsin Simulation3 wasthe lack of overlapamongthe
earlyandlate patterns.

In summary both the behaioral dataand the simulationsare consistentwith the conclu-
sion that whereaghereis an effect of cumulative frequeng on readingperformancethereis no
independengffect of theageatwhich wordsarelearned.

ConditionsThatCreateAge of AcquisitionEffects.

In the remainderof this article we considerothertypesof conditionsand tasksfor which
ageof acquisitioneffectsarelikely to be more prominent. Our Simulation3 andthe simulations
previously reportedby Ellis andLambonRalph(2000),Smithetal. (2001),andMonagharandEllis
(in presskll suggesthatageof acquisitioneffectswill occurundersomecircumstancesAlthough
thesesimulationsdiffer in detail,they shareanimportantproperty: giventhe natureof the stimuli
andnetwork architecturewhatwaslearnedaboutearly-trainedpatternsdid not carry over to later
trained patterns. Early-trainedpatternsbecameentrenchedyielding a persistentadwantageover
latertrained patterns. Our main point is that the conditionsthat give rise to theseeffects are not
characteristiof readingan alphabeticorthographybut are potentiallyrelevant to othertasks. To
seethis clearly, it is necessaryo examinesomedetailsof the simulations.

The Ellis and Lambon Ralph (2000) simulationsinvolved a simple feedforward network.
Theinput andoutputlayerseachconsistedbf 100 units,andtherewere50 hiddenunits. Theinput
stimuli consistedof randombit patternscreatedby activating a random20% of the units on the
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inputlayer Themodelwastrainedto copy theinputontotheoutput,but with 10%of thebit values
changedrandomlydeterminedn adwance).Two aspect®f the simulationsunderliethe strongage
of acquisitioneffectsthat were obsened. Onehasto do with the natureof the patternsthatwere
trainedandthe otherwith the natureof the mappingbetweernnput andoutput.

The importantproperty of the training patternsis that, unlike wordsin naturallanguages,
they did not exhibit arich internalstructure.The statisticalstructureof thelexicon reflectsthe fact
thatthereareconstrainton the orderingof lettersandphonemesinddifferencesn thefrequencies
with which theseelementsccurandco-occur Much of this structureultimately derivesfrom con-
straintsimposedby speectperceptiorandproduction;for example,certainsequencesf phonemes
areruled out becausehey cannoteasilybe articulated;the relatve frequencief patternsarede-
terminedin partby easeof articulation;andsoon. Theseconstraintarealsoreflectedn alphabetic
writing systemsecauséehey arecodesfor representingpeechln contrastthe stimuliin the Ellis
andLambonRalphsimulationwere constructedo thatthe probability thatarny givenunit wason
wasindependenof the probabilitiesfor all otherunits. Underthis condition,whatis learnedabout
one patterndoesnot carry informationaboutother patterns.Using an architecturewith a smaller
numberof hiddenunits thaninput or output units promotesthe discovery of subrgularitiesthat
hold acrosspatterns(asoccurs,e.g.,with words). If theseregularitiesdo not exist, however, the
modelcanonly learnthetaskby memorizingindividual patternsgventhoughthe mappingis prima
faciehighly consistentUndertheseconditions early-trainedpatterndoecomeentrenchedthelarge
initial weightchangeghatfavor thesepatternsaredifficult for latertrainedpatterngo overcome.

The natureof the mappingbetweeninput and output codesalso promotedpatternmemo-
rizationin thesesimulations.Thefactthatthe mappingbetweeninput andouputinvolved random
changedo 10% of the bits meantthat the model could not generalizefrom early-trainedpatterns
to latertrainedonesaccurately The mappingbetweennput and outputcodescontaineda partial
regularity (90% of the input bits mappedonto the correspondingutputbit) but the inconsistent
elementsvererandomandthereforeunlearnablexceptby memarization.

The Smith et al. (2001) simulationwassimilar in thatthe stimuli wererandombit patterns
that were not internally structured. Their modelwasalsotrainedto copy the input to the output
througha smallernumberof hiddenunits, but without therandomchangedo 10% of thebits. Like
Ellis and LambonRalphs model, Smith et al.s performedthe task by memorizingthe training
patternsandagainexhibited entrenchmenodf early-learnegatterns.

The Monaghanand Ellis (in press)simulationalso conformsto this analysis,althoughit
differs from the other simulationsin interestingways. The simulationagaininvolved a simple
feedforvardnetwork. Unlikethesimulationsdiscusse@bove, thetrainingpatternsveredesignedo
capturesomeaspect®of lexical structure. Theinputandoutputlayersweredividedinto threeslots,
analogougo a CVC syllablic structure.Within eachslot therewereten bit patterng“phonemes”)
that were repeatedacrossstimuli in the training set. Thustherewere constraintson which units
couldandcouldnotbesimultaneoushactivated;whatwaslearnedaboutoneoccurrencef apattern
over thewhole setof input units could carry over to otherpatternswith which it overlapped-i.e.,
thosecontainingthe same‘phonemes.

MonaghanandEllis alsomanipulatedhe consisteng of the mappingfrom input to output.
In abehaioral experiment.they foundthatwhereasvordswith inconsistenspelling-soundatorre-
spondenceproducedan ageof acquisitioneffect, wordswith consistentorrespondencedid not.
The stimuli in this studywerediscussedarlier; thereis someevidencethat the effect wasdueto
frequeny ratherthanageof acquisition. In the simulationof theseeffects, the consisteng of the
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mappingfrom inputlayerto outputwasvaried.On 80% of thetrials, the modelwastrainedto copy
theinput; on the other20%the input the “consonants’werecopiedbut the “vowel” wasrandomly
assignedo oneof the other9 possiblevowels. The consistenpatternsdid not producean ageof
acquisitioneffect, whereagheinconsistenpatterngdid.

Theresultsfor theconsistentonditionarelik e thosewe obseredin Simulationsl: no ageof
acquisitioneffect whenthe stimuli overlapin structure.Theresultsfor inconsistenpatternsappear
to conflictwith theresultsof Simulation2, in which we did not obsenre anageof acquisitioneffect
for wordswith atypical (“inconsistent”) spelling-soundcorrespondenced-owever, the differing
resultsaretraceableto propertiesof the stimuli. Our modelwastrainedon a large setof words;
thecritical stimuli werea subsebf “strange”wordsthatcontainatypicalspelling-soundorrespon-
dences.The modelingindicatesthatthesewordsnonethelessverlapsuficiently with otherwords
in the corpusto washouttheinitial advantagefor early-trainedtems.

MonagharandEllis’ inconsistenstimuli werewordlike patternsn which the “vowel” was
randomlymappedonto othervowelsfor 20% of theitems. Giventhearbitrarynatureof thesemap-
pings,the modelcould only performthe taskby memorizingthe patterns.As in otherconditions
in which patternamustbe memorizedtherewasa strongageof acquisitioneffect. It is important
to notethatthis degreeof arbitrarinesss not seenin Englishwords, even strangeones. Although
vowel graphemen Englishmaponto multiple phonemesthe rangeof possibilitiesis constrained.
No vowel graphemenapsontoall possiblevowels (Venezly, 1970);typically theirregular pronun-
ciationis a smallnumberof phoneticfeaturesaway from the “regular” pronunciation. ThusHAVE
isirregular, but/ae/ like/el/ is afront, unroundedrowel, notamoredistantvowel suchas/ou/. This
generabpatternis alsoobseredwith otherirregularly-pronouned vowels;for example, EA maybe
pronouncedasin BEAD, BREAD andBREAK, all of which containmid-to-highfront, unrounded
vowels (/i/, /e/ and/ell respectiely). A word like BEIGE is “strange”in the sensdhatit lacksim-
mediateneighborsput the El — /el/ mappingis supportedy otherwordsin thelexicon (WEIGH,
EIGHT, HEIR). Finally, althoughvowel graphemesnap onto multiple phonemesn English,the
pronunciationsaretypically cuedby surroundingetters. The regularitiesthat exist over the units
termedrimes (or “word-bodies”)have beenextensvely studied,but thereare partial regularities
involving otherpartsof wordsaswell (Kessle& Treiman,2001).In MonagharandEllis’s stimuli,
thealternatve pronunciation®f vowelswereassignedndependentlyf context.

Theseexamplesillustrate only someaspectof the statisticalstructureof wordsin English.
The importantpoint is thatthe charactersticsf the stimuli in the MonaghanandEllis simulation
werequitedifferent,eventhoughthesimulationwasintendedo berelevantto consisteng effectsin
English. Their stimuli producedarge ageof acquisitioneffectsbecausehey lackedtheredundang
of Englishwords.

In summaryall of the simulationsof ageof acquisitioneffectsareconsistentvith the same
conclusion:AoA effectsdependon the natureof the mappingbetweencodes specificallywhether
what is learnedaboutearly-learnedpatternscarriesover to later patterns. Whenthe stimuli and
task afford this type of learning, the network doesnot have to memorizeindividual patterns;it
encodegegularitiesacrosspatternswhich allow the modelto generalize washingout the initial
advantagédor early-trainedvords. Simulationsl and2 provide themostdirectevidenceconcerning
sucheffectsin reading,insofar asthe modelwastrainedon a large corpusof wordsexhibiting the
spelling-sounanappingsharacteristiof English.Whenthestimuli andtaskdo notafford thistype
of learning(the Ellis andLambonRalph(2000)andSmithetal. (2001)simulationsandMonaghan
& Ellis’sinconsistentondition),thenetwork is forcedto memorizepatternsyielding anadwantage
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for early-trainedones.In this light it is interestingio considerour Simulation3, in which the Early
and Late items overlappedamongthemseles, but not acrosdlists. In this case,the modelcould
generalizérom one Early item to another andfrom one Late item to anothey but the orthogonal
natureof the lists madeit suchthat the Late items as a group were learnedsuboptimally— the
representationdevelopedto supportthe Early itemsimpededacquisitionof the Lateitems.

It shouldbe notedthat our simulationsdid not addressll aspectf lexical processingand
socannotbetaken asshaving thatsucheffectscannotoccur The simulationsinvolved knowledge
of orthographic— phonologicalcorrespondenceandwe have arguedthatthey areconsistentvith
behaioral studiesof ageof acquisitioneffectsthatusedtasks suchasnamingandlexical decision,
in which this knowledgeplays an importantrole. The simulationssuggesthat the ageat which
this knowledgeis acquiredhaslittle impacton skilled performanceThe original ageof acquisition
hypothesigBrown & Watson,1987;Morrison& Ellis, 1995)however, concernedhe effect of the
ageatwhichwordsareacquiredn spolenlanguageanaspecbf lexical learningoursimulationgdid
not address Acquiring a spolen word vocalulary involveslearningmappingsbetweerphonology
and semantics. Skilled readingoften involves computationsrom orthographyto phonologyto
semanticgsee.e.g.,VanOrden,JohnstonandHale (1988),for behaioral evidenceandHarmand
Seidenbay (2001),for acomputationaiodel). Hencetheageatwhich childrenlearnedohonology
to semanticsnappingsouldhave aresidualimpactonthe orthography— phonology— semantics
computation Noneof the simulationsof ageof acquisitioneffects,includingour own, addresghis
possibility

This issueneedsto be examinedin future research.Two points shouldbe noted,however.
First, we have presentedvidencethattheresultsof existing behaioral studiescanbe explainedin
termsof theimpactof lexical factorssuchasfrequeng, imageabilityandlengthon word reading.
Thus,it is not clearif thereis anageof acquisitioneffect to be explainedfurther Secondproper
ties of the phonology— semanticsnappingmale it unlikely to be the sourceof effectsof ageof
acquisitionon reading. The mappingbetweenthesecodesis largely arbitraryfor monomorphemic
words;wordsthatoverlapwith the soundof theword CAT do notoverlapwith it in meaning.Thus
what is learnedaboutthe phonology— semanticanappingfor CAT doesnot carry information
that facilitateslearningthe mappingfor SAT or FAT. Given the computationabnalysispresented
above, this might seemlike a conditionthat would promotea strongageof acquisitioneffect in
spolen languageacquisition,which in turn could affect readingvia the sharedphonology— se-
manticspathway. However, othercharacteristcsf the phonology— semanticsnappingneedto be
takeninto account.First, the mappingbetweerphonologyandsemanticss not entirely arbitrary;
thereare partial regularitiesamongmary monomorphemiavords (e.g., correlationsbetweenthe
phonologicalcharacteristicef wordsandtheir grammaticaklass;Kelly, 1992); moreimportantly
inflectionalandderivationalmorphemesnake consisten{thoughquasirgular) contrikutionsto the
meaningf mary words(Seidenbay & Gonnerman2000). Secondboth phonologyandseman-
ticsarethemseleshighly structuredthewordsof alanguageccugy restrictedregionsof themuch
larger spaceof possiblephonologicaforms or meanings All of thesepropertieswill facilitatethe
learningof mappingsetweerphonologyandsemanticsn mary typesof connectionishetworks,
reducingeffectsof theagesatwhichwordsarelearnedasin the simulationspresentedbove.

Whidh Typesof Knowledg Yield Age of AcquisitionEffects?

Onouraccountthekey issueregardingageof acquisitioneffectsconcernghe natureof the
stimuli andtaskbeinglearned. The researcldiscussedn this article, like the behaioral studies
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discussedbove, focusedon the useof information concerningorthographic-phieological corre-
spondences English. The analysesf previous studies,the theoreticalanalysisof the problem,
andtheresultsof the simulationsall suggesthat AoA effectsarelikely to be minimalin this do-
main. However, the modelingled to the identificationof otherconditionsthat give rise to ageof
acquisitioneffects. The questionthenis whethertheseconditionsare characteristiof othertypes
of humanlearning. This issueneedso be consideredurther usingboth behaioral andmodeling
approaches.

Oneobviousquestionis whetherthereareageof acquisitioneffectsin readingnonalphabetic
writing systemsuchasChinese Written Chineseasxhibits lessconsisteng in the mappingbetween
written symbols(charactersandtheir pronunciationsChinesenvordsareusuallytaughtasarbitrary
associationbetweenwritten wordsandmeaningsa processequiringseveralyearsfor themastery
of afew thousandcharactersTheremaybea lastingadwantagdor early-learnedvordsin Chinese
becauseof the more arbitrary natureof the mapping. This unresoled empirical questionneeds
to be addressedarefully Many of the early-learnedvords are nonarbitraryin thatthey contain
charactershatprovide partial cuesto pronunciation.The sameneedto controlfor othercorrelated
properties(e.g.,frequeng) will alsoarise. This is illustratedby recentstudiesof AoA effectsin
readingKanji, the Chinesecharactershatare partof Japaneserriting. Yamazaki Ellis, Morrison,
andLambonRalph(1997)reporteddataindicatinganAoA effecton Kanji naming;however, further
analysedy Yamada,Takashimaand Yamazaki(1998)suggesthatotherfactorsmay be at work.
They foundthatthe easewith which naive studentsouldlearnthe pronunciation®f the characters
in questionwas also a strong predictorof naminglatengy. Thusthe effect seemsto be dueto
stimulusfactorsotherthanageof acquisition.

AoA effectshave beenobsered in sereral tasksotherthanreading. Many of thesestudies
arealsosubjectto themethodologicatoncernsve have raised but thefindingsaresuggestie. One
taskthat probablyyields genuineAoA effectsis learningthe namesassociateavith faces.Moore
and Valentine(1998) studiedthis using facesratedfor both subjectve frequeng and AoA. The
earlieracquiredfacesverenamedmorequickly thanlateracquiredfaceswith subjectve frequeng
controlled. Moore andValentine(1999)alsofoundthat AoA effectsin facenamingwerestronger
thanthosein namereading.Lewis (1999)found similar effectswith facesfrom long-runningsoap
operaswheremore objective controlsof the time at which individuals camein andout of public
awarenessverepossible WhereasMoore andValentineattributedthe effectsto ageof acquisition,
Lewis interpretedthem as effects of cumulatve frequeng. Although further researchs needed,
the effectsare consistentvith the theorypresentedhere. Unlike words,face-namepairsprovide a
strongtestof the AOA hypothesishbecausehe earlieracquiredtemsdo not vary predictablyalong
otherdimensionghatmake themeasierto learnor recognize Asidefrom partialphonologicakeg-
ularitiesin namegender(CassidyKelly, & Sharoni,1998)andvariousnational/ethniaegularities
(onerarely meetsan Italian namedwWong, for example),matchingnamego facesis essentiallyan
arbitrarymappingin thatwhatis learnedearly doesnot carry over to lateritems.

Recentstudiesof Dutch by Brysbaert,Lange,and Van Wijnendaele(2000) and Brysbaert,
Van Wijnendaele,and De Deyne (2000) also yielded resultsconsistentwith our account. They
foundlargereffectsof AOA in Dutchon associatgeneratiorandsemantiaclassificatiortasksthan
on word naming. Word associationfiave an arbitrary learnedcomponent.The high association
betweerpairssuchasBREAD-BUTTER or HUSBAND-WIFE cannotbe simply dueto overlapin
meaningbecausether pairsthat overlapin meaningto a similar degreearenot ashighly associ-
ated(e.g.,BREAD-CAKE; HUSBAND-MAN). Moreover, both associategenerationand seman-
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tic classificationtasksinvolve using knowledge aboutword meanings,not merely orthographic-
phonologicalcorrespondencesThe relationshipbetweenform (orthographyor phonology)and
meaningis muchlesssystematichantherelationshipbetweerorthographyandphonology;words
that overlapin spellingtendto overlapin soundbut notin meaning. Thusthe ageof acquisition
effectsobsered in thesetasksmay be relatedto the useof this information. Furtherresearctis
neededhowever, to determinemore definitively whetherageof acquisitionhasan effect on the
orthography— semanticor phonology— semanticanappings.Furthermoreary taskthatuses
word meaningss opento difficultiesestablishinghe chainof causality:Are early AOA wordseasy
becauseahey areearly or arethey early becausdhey are easy? This problemwill requiresome
ingeniousmethodologicalnnovationsbeforeit canbe solved.

Finally, considerthe problemof learninga secondanguagelt is well knovn thatsomeas-
pectsof languagdearningareeasierfor childrenthanfor adults(Johnsor& Newport, 1989;Flege
etal., 1999). The secondanguagdearningsituationis onein which whatis learnedearlyin ex-
perience(the first language)s not highly predictive of whatis to be learnedin the laterphase(the
secondlanguage).Assumingthat both languagesnalke useof overlappingneuralstructuregsee
Peraniet al., 1998, for aninterestingdiscussion)t follows that secondanguagdearningshould
be disadwantaged.On this view, so-called‘sensitive period” effectsare actually extremecasesof
AoA effects—failuresto learnin laterlife which reflectthe entrenchmenotf early-learnegatterns
—andnot maturationathangesn the neuralsubstratesupportinganguageacquisition,ashasbeen
classicallypresumedLennebeg, 1967;Neville & Bavelier, 2000). Furtherprogressn understand-
ing how early experiencanteractswith learninglaterin life will befacilitatedby examiningtasks
in which sucheffectsarelikely to be mostpowerful, and by further exploring the computational
mechanismsinderlyingthesetasks.

Conclusions

The purposeof our researchwasto examineageof acquisitioneffectson skilled reading,a
topicwith potentiallybroadtheoreticalmplicationsthathasbeenthefocusof considerableesearch.
Ironically, the main conclusionto be dravn from our researchs thatageof acquisitioneffectsare
likely to occur but for tasksotherthanreadinganalphabetiorthographyAge of acquisitioneffects
reflectalossof plasticity associateavith successn masteringa task,a phenomenothatoccursin
mary typesof learningandspecies.The zebrafinch’s successn acquiringits characteristicsong
imposessignificantconstraintson its ability to acquireadditionalvocal behaior (Doupe& Kuhl,
1999). Similarly, the child’s successn acquiringthe phonologicalinventory or syntaxof a lan-
guagemayconstrairits ability to learnotherlanguageg¢Johnsor& Newport,1989;Werker & Tees,
1984). Issuesconcerningthe natureandlimits of plasticity in differentdomainsandtheir neural
andcomputationabasesarecentralonesin cognitive neuroscienceConnectionistnodelsprovide
a computationaframework for understandinglasticityin termsof the natureof the materialto be
learnedandhow whatis to belearneds affectedby whathasalreadybeenlearned.The entrench-
mentphenomenoidiscusse@bove is oneoutcomethatoccursin suchnetworksandwe have taken
a steptoward specifyingthe conditionsthatgive riseto it. Underotherconditions,otheroutcomes
areobsered;in thereadingcasestudiedhere laterlearningis facilitatedby prior knowledgerather
thanrestrictedoy it. In thecatastrophiinterference&caseg(McCloskey & Cohen,1989),latersuccess
in learningresultsin forgettingof earliermaterial. Gaininga deepemunderstandingf theprinciples
thatgoverntheentiresetof outcomesandhow they relateto thevarioustasksthathumangperform,
is animportantgoalfor futureresearch.
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Appendix— Stimuli for All Simulations

List 1
bail
bay
belt
bench
bent
blimp
board
broil
cap
car
cheat
clip
cog
core
crass
curse
face
feast
fill
fine
fist
flit
float
grab
grin
grist
hand

Simulationl
List2 Listl
beast hatch
beet hound
bill maze
bin moist
bit mope
bleat pare
bound pinch
brag pool
cab quit
care seem
cart sene
chimp skirt
clam  slam
coat street
cool stuck
crab stunt
fail swift
fat tab
felt tart
fin tight
flirt tin
flog toil
foist train
grace trick
grass twill
grill vat
haze  wipe

List 2
hoard
hunt
main
match
mist
par
pipe
purse
quench
sift
sight
skit
slip
stand
stick
stray
swene
tag
tap
teem
tent
tore
trope
truck
twist
vine
winch
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Simulation2
List 1 List 2
ache aisle
beige  bough
broad brooch
caste  chaise
chic choir
clique  coup
draught ewe
friend  gaffe
gauge ghoul
hearth  heir
hymn
month  myrrh
pear phlegm
pint plaid
plaque psalm
queue realm
rheum rogue
scheme scoupge
sav shoe
sieve ski
sponge sword
touch  vague
valse veldt
womb  young
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Simulation3
List1 List2
bad cob
ban  cog
bane cop
bat cub
bate flog
bid flop
bide hog
bin hop
bit hub
bite huck
fad hug
fade log
fan luck
fat lug
fate  plop
fin pluck
fine plug
fit roll
mad rug
made slob
man  slop
mane sop
mat  stop
mate stub
mid stuck
mit sub
mite  suck
pad tog
pan toll
pane top
pat troll
pin truck
pine  tub

pit tuck
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Simulation4
List1 List2
bad ban
bane bat
bate bid
bide bin
bit bite
cob cog
cop cub
fad fade
fan fat
fate  fin
fine  fit
flog flop
hog hop
hub huck
hug log
luck  lug
mad made
man  mane
mat  mate
mid mit
mite  pad
pan  pane
pat pin
pine  pit
plop  pluck
plug roll
rug slob
slop sop
stop  stub
stuck sub
suck tog
toll top
troll truck

tub

tuck
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