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How do infantslearnto understandand producespolen language?Despitedecade®f intensve investi-
gation,the answerto this questionremainslargely a mystery This is, in part, becausealthoughthe use
of languageseemsstraightforvard to adult native speakrs, speectrecognitionandproductionpresenthe
infantwith numeroudifficult computationaproblemg(seeLively, Pisoni,& Goldinger 1994).Firstof all,
processingspeechs difficult bothbecauset is extendedin time andbecausét is subjectto considerable
variability acrossspeakrs and contexts. Moreover, even with an accuraterepresentatiof the underly-
ing phoneticcontentof a heardutterancemappingthis representatioontoits meanings difficult because
the relationshipof spolen wordsto their meaningds essentiallyarbitrary On the outputside, the infant
mustlearnto producecomprehensiblgpeechin the absencef ary directfeedbackrom caretakrsor the
ervironmentasto whatarticulatorymovementsarerequiredto produceparticularsoundpatterns.Finally,
the processesf learningto understandpeechandlearningto producet mustbe closelyrelated(although
certainly not synchronizedBenedict,1979) to ensurethat they eventually settleon mutually consistent
solutions.

In the currentwork, we formulatea generalframeavork for understandindiowv the infant surmounts
thesechallengesandwe presenticomputationasimulationof the framewvork thatlearnsto understanénd
producespolenwordsin the absencef explicit articulatoryfeedback.Our initial focusis on addressing
the relevant computationaissues;we postponeconsideratiorof how the approachaccountsor specific
empiricalphenomenantil the GeneraDiscussion.

The framavork, depictedin abstractform in Figure 1, is basedon connectionist/paradl distributed
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Figure 1. An abstractconnectionisframevork for phonologicaldevelopment. Ovals represengroups
of processingunits, and arravs represenmappingsamongthesegroups. The intermediateor “hidden”
representationshich mediatethesemappingsandthe specificsetsof connection@mongunit groups,are
omittedfor clarity (seeFigure2 for details).Although“Phonology”is alsoalearnedhiddenrepresentation,
andtherefordistedin parenthesed, it singledoutbecausé playsauniquerole in performingthefull range
of relevanttasks.Thedashedrravs indicatesourcef input—eitheracoustidnputfrom speectgenerated
by anadultmodelor by the systemitself, or semantidnput, assumedo be derived from othermodalities,
suchasvision.

processindPDP)principles,in which differenttypesof informationarerepresentedspatternsof actiity
over separategroupsof simple, neuron-lile processingunits. Within the framework, phonologicalrep-
resentationglay a centralrole in mediatingamongacoustic,articulatory and semanticrepresentations.
Critically, phonologicalrepresentationare not predefinedout are learnedby the systemunderthe pres-
sureof understandingind producingspeech.n this way, the approactsidestepshe perennialquestionof
what arethe specific“units” of phonologicalrepresentatiorfsee,e.g., Felguson& Farwell, 1975;Menn,
1978;Moskowitz, 1973; Treiman& Zukowski, 1996). Representationsf segments(phonemesandother
structuregonsetyime, syllable)arenothbuilt-in; rather therelesantsimilarity amongphonologicatepresen-
tationsatmultiple levelsemegesgraduallyoverthe courseof developmentalsoseelindblom, 1992;Lind-
blom, MacNeilage,& Studdert-kennedy 1984; Nittrouer, Studdert-kennedy & McGowan, 1989). Also
notethatthe systemlacksary explicit structurecorrespondingo words,suchaslogogengMorton, 1969)
or “localist” word units (Dell, 1986;McClelland& Rumelhart1981). Instead the lexical statusof certain
acousticand articulatorysequencess reflectedonly in the natureof the functionalinteractionsbetween
theseinputsand otherrepresentations the system,including semantic{seePlaut,1997;Van Orden&
Goldinger 1994;Van Orden,Pennington& Stone, 1990, for discussion).Although the currentwork fo-
cuseson the comprehensioand productionof singlewords,the generalapproactis inherentlysequential
and,thus,intendedo be extensibleto higherlevels of languagerocessing.

Using distributed representation®r words hasimportant—andseeminglyproblematic—implicatios
for bothcomprehensioandproduction.In the currentformulation,comprehensiomvolvesmappingtime-
varying acousticinput onto a more stablesemanticrepresentatiorfvia phonology),whereasproduction
involves generatingime-varying articulatoryoutputfrom a stablephonological‘plan” (possiblyderived
from semantics)The problemis asfollows. Distributedconnectionistnodelsarestronglybiasedby simi-
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larity; becauseinit activationsaredeterminedy aweightedsumof otheractivations,similarinput patterns
tendto causesimilar outputpatterns.This propertyis a boonin mostdomains,which arelargely system-
atic, becausét enablesffective generalizatiorio novel inputs(seee.g.,Plaut,McClelland,Seidenbe, &
Patterson,1996). It posesa particularchallengein the currentcontet, however, becauseof the lack of
systematicitypetweerthe surfaceformsof wordsandtheir meaningsacoustic/articulaty similarity is un-
relatedto semanticsimilarity. This challengds notinsurmountable—distriied connectionistnodelscan
learn arbitrary mappings,even for reasonable-sizedocahularies (e.g., a few thousandwords; seePlaut,
1997),althoughthey requirea large numberof training presentationso do so. Learningan unsystematic
mappingis even moredifficult, however, whenthe relevant surfaceinformationis extendedin time. For
example astheinitial portionof theacoustidnputfor aword comesn (e.g.,the /m/ in MAN), its implica-
tionsfor the semantic®of theword dependstronglyon the acousticdor thefinal portion of theword (e.g.,
thefinal /n/; cf. MAT, MAP, MAD, etc.). However, by thetime this final portionis encounteredhe initial
acousticarelonggone.

The obvious (if vague)answerto this problemis “memory’ The systemmustsomehw retainearlier
portionsof the input so thatthey canbe integratedwith later portionsin orderto mapa representationf
the entireword onto semantics.The critical questionsthough,are exactly how this is doneandhow it is
learned.On our view, the answergo thesequestionsareof fundamentalmportancegor understandinghe
natureof phonologicarepresentations.

To solwe this problem,we adopt(andadapttheapproachakenby St. JohnandMcClelland(1990,also
seeMcClelland,St.John,& Taraban1989)in confrontinga similar challengeaelatingto lexical andsyntac-
tic ambiguitiesin sentenceomprehensionthe informationthatresolhesa point of ambiguityoftencomes
muchlaterin a sentence.St. Johnand McClellandtraineda simplerecurrentnetwork to take sequences
of wordsforming sentenceasinput, andto derive aninternalrepresentationf the eventdescribedy the
sentencetermedthe Sentencé&sestalt Critically, the Sentencésestaltrepresentatiomvas not predefined
but waslearnedbasedon feedbackon its ability to generateppropriatehematicrole assignment$or the
event(via a “query” network). For our purposestherearetwo critical aspectf their approach.Thefirst
andmoststraightforvardis the useof arecurreninetwork architecturén whichtheprocessingf ary given
inputcanbeinfluencedby learnedjnternalrepresentationgf pastinputs. Theseconds moresubtlebut no
lessimportant.Fromthevery beginningof a sentencendfor every word within it, thecurrent(incomplete)
Sentencé&estaltrepresentatiowas pressuredo derive the correctthematicrole assignmentsf the entire
sentencelt was,of coursejmpossiblefor the network to befully accurateat earlystagesithin asentence,
for exactly the reasonsve have beendiscussingthe correctinterpretationof the beginning of a sentence
dependson later portionswhich have yet to occur Even so, the network could be partially accurate—it
couldatleastimprove its generatiorof thoseaspect®f therole assignmentthatdid notdependontherest
of the sentenceln doingso, it waspressuredo represeninformationaboutthe beginning of the sentence
within the Sentenceé5estalt,therebyindirectly makingit availableto biasthe interpretationof restof the
sentencasnecessaryln this way, the “memory” of the systemwasnot ary sortof buffer or unstructured
storagesystembut was driven entirely by the functionaldemandsf the taskandthe interdependencef
differenttypesof information.

Thesameapproactcanbeappliedatthelevel of comprehendinginglewordsfrom time-varyingacous-
tic input. As acoustidnformationaboutthe very beginning of theword becomesvailable,andthroughout
the durationof the word, the systemcan be trainedto activate the full semantiaepresentationf the en-
tire word (which, we assumejs madeavailable from othermodalitiesof input, suchasvision). As with
sentence-lesl comprehensiorthis cannotbe donecompletelyaccuratelybut thenetwork canbe pressured
to derive whatever semantidmplicationsarepossiblefrom the availableinputto thatpoint (e.g.,ruling out
somesemantideaturesandpartially activating others).Moreover, the network will activatethefull repre-
sentatiorassoonasthe word canbereliabledistinguishedrom all otherwords(i.e., its uniquenesgoint;
cf. Marslen-Wison’s 1987,Cohortmodel). This type of processindits naturallywith evidencesupporting
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theimmediay of on-linecomprehensioprocesseée.g.,EberhardSpivey-Knowlton, & Tanenhausl995;
Sediyy, Tanenhaus& Spivey-Knowlton, 1995).

Within our framework, phonology(like the Sentencésestalt)is a learned,internalrepresentatiothat
playsa critical role in mediatingbetweerntime-varying acousticinput and stablesemantiaepresentations
(seeFigure 1). In particular we assumethat a phonologicalrepresentatiomf an entire word builds up
graduallyover time underthe influenceof a sequenc®f acousticinputs, but that, at every stage the cur
rentapproximatioris mappedo semanticsn parallel. Notethat, althoughthe phonologicakepresentation
encodeghe pronunciatiorof an entireword simultaneouslyit mustnonethelessetainwhatever orderand
contentinformationin theoriginalacousticsignalis necessarfor deriving the correctsemantiadepresenta-
tion. In thisway, learnedphonologicakepresentationsompensatéor the detrimentakeffectsof sequential
inputin learninganunsystematiappingoy integratingandrecodingiime-varyinginformationinto amore
stableformat. Putsimply, phonologicatepresentationigstantiatehe“memory” necessarjo mapacoustics
to semantics.

Analogousissuesarisein the productionof articulatorysequencefrom a stablephonological‘plan”
(Jordan,1986). In this case the systemmustkeeptrack of whereit is in the courseof executingan artic-
ulation so asto apply the appropriatecontextual constraints.As an extremeexample,considerthe word
Mississippi/mistsipi/. Without clearinformationabouthaving completedboththe secondandthird sylla-
bles,thesystemmightverywell continueonwith /misisisist..../. Thus,bothcomprehensioandproduction
requirea recurrentnetwork architecturethatis capableof integrating information over time in mapping
time-varying surfaceformsto andfrom morestableinternal(phonologicalyepresentations.

Thereis, however, a more fundamentaproblemto solve regardingproduction. This problemstems
from the factthatthe environmentprovides no direct feedbackconcerninghe appropriateoutput patterns
for production(i.e., the articulationsnecessaryo producecertainsounds). In a sensethe systemmust
discaver whatsequencesf articulatorycommandsproducecomprehensiblepeech A critical assumption
in the currentapproachis thatthe procesf learningto generateaccuratearticulatoryoutputin produc-
tion is driven by feedbackfrom the comprehensiosystem—thats, from the acoustic,phonological,and
semanticonsequenced the systems own articulationg(alsoseeMarkey, 1994;Menn& Stoel-Gammon,
1995;Perlell, Matthies,Svirsky, & Jordan1995;Studdert-kennedy1993).Deriving this feedbacks made
difficult, however, by the factthat, whereagshe mappingfrom articulationto acousticss well-defined the
reversemappings one-to-mamp (Atal, Chang Mathews, & Tukey, 1978).Thatis to say essentialljthesame
acousticxanbe producedoy mary differentarticulatoryconfigurations.For example,if no exhalationis
allowed,thenary staticpositionof the tongueandjaw will resultin silence. Silencemapsto mary possi-
ble articulatorystates but eachof thosearticulatorystatesmapsonly to silence. From the perspectie of
controltheory the mappingfrom proximaldomain(articulation)to the distaldomain(acousticsjs termed
the forward mapping,whereaghe reverseis termedthe inverse mapping(seeJordan,1992,1996). When
the inversemappingis mary-to-one,asin this case,it constitutesa “motor equivalence”problem. This
problemmustbesolvedif thelink betweerarticulationandacousticss to supportthe acquisitionof speech
production.

Oursolutionto themotorequivalenceproblemis basednacomputationainethoddevelopedby Jordan
andRumelhar{1992)(seeMarkey, 1994 for analternatve approactbasednreinforcementearning).The
methodcapitalizeson thefactthat,althoughonecannotdeterministicallytranslatedistalto proximalstates
onecantranslatedistalto proximalerrors.! Thisis accomplishedby first learninganinternalmodelof the
physicalprocessethatrelatespecificarticulationgo theacousticghey producgrecallthatthearticulation-
to-acousticanapping,althoughcomplicated,is well-defined). This forward modelmustbe invertible in
the sensahatacousticerrorfor a given articulationcanbe translatedbackinto articulatoryerror—a natu-

IAlthoughwe will describelordanandRumelharts (1992)methodin termsof errorcorrectinglearning,it is applicableto ary
supervisedearningframework.
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ral instantiationof this would be back-propagatiowithin a connectionisnetwork (RumelhartHinton, &
Williams, 1986). Sucha modelcanbe learnedby executinga variety of articulations predictinghow they
eachwill sound,andthenadaptingthe modelbasedon the discrepanciedetweenthesepredictionsand
theactualresultingacousticsin theinfant,we assumehata articulatory-acoustiforward modeldevelops
primarily asa resultof canonicaland variegatedbabblingin the secondhalf of the first year (Fry, 1966;
Oller, 1980; seeVihman,1996, for review, andHoude,1997; Wolpert, Ghahramani& Jordan, 1995, for
empirical evidencesupportingthe existenceof forward modelsin humanmotor learning). Note that the
strongrelianceon learningwithin thecurrentapproactcontrastsharplywith accountsn whichthepercep-
tuomotorassociationgwolvedin speeclproductionareassumedo bespecifiednnately(e.g.,Liberman&
Mattingly, 1985).

Thelearnedforward modelplaysa critical role within our framework by providing the necessaryeed-
backfor learningspeectproduction(alsoseePerlell etal., 1995). Specifically theforwardmodelis usedto
convertacousticandphonologicafeedbacki.e, whetheranutterancesoundedight) into articulatoryfeed-
back,whichis thenusedto improve the mappingfrom phonologyto articulation.We assumehatlearning
to producespeechtakes placein the context of attemptsto imitate adult speechandattemptsto produce
intentionalutteranceslrivenby semantiaepresentationgn imitation, the systentirst derivesacousticand
phonologicalepresentationfor anadultutterancaluringcomprehensiofseeFigurel). It thenuseghere-
sultingphonologicarepresentatioasinputto generate sequencef articulatorygesturesThesegestures,
whenexecutedresultin acousticavhich arethenmappedackontophonologyvia thecomprehensiobys-
tem. Theresultingdiscrepanciebetweerthe original acousticandphonologicakrepresentationgenerated
by the adultandthosenow generatedy the systemitself constitutethe error signalsthat ultimately drive
articulatorylearning. In orderfor this to work, however, thesedistal errorsmustbe convertedto proximal
errors(i.e., discrepanciefn articulation). This is doneby propagatingphonologicalerror backto acous-
tics andthenbackacrosghe forward model(which mimicsthe actualphysicalprocessethatproducedhe
acousticdrom articulation)to derive error signalsover articulatorystates. Thesesignalsarethenusedto
adaptthe productionsystem(i.e., the mappingfrom stablephonologicalrepresentationsnto articulatory
sequencedp betterapproximatehe acousticsandphonologygeneratedy the adult. Intentionalnaming
involves similar processingexceptthat the initial input and the resultingcomparisonare at the level of
semanticsatherthanat acousticandphonology

In summaryin the currentwork we develop a framework, basedon connectionist/parkl-distributed
processingorinciples, for understandinghe interplay of comprehensiomnd productionin phonological
development. Comprehensioiis instantiatedas a mappingfrom time-varying acousticinput onto a more
stableinternal phonologicalrepresentatiorof the entire word which is mappedsimultaneouslyonto its
semantiaepresentationtn production the samephonologicakepresentatiosenesastheinputor “plan”
for generatindime-varyingarticulatoryoutput. Articulatory feedbacks not provideddirectly but is derived
by the systemitself from the consequencesf self-generatedpeectusinga learnedforward modelof the
physicalprocesseselatingarticulationto acoustics.

Theseprocessesanbeinstantiatedn termsof four typesof trainingexperiencesi) babbling in which
the systemproducesa rangeof articulationsandlearnsto modeltheir acousticconsequence£) compe-
hensionin which acoustidnput from anadultis mappedvia phonologyontoa semantiaepresentatior)
imitation, in whichthesystengeneratearticulationan anattempto reproduceheacousticandphonolog-
ical representation previously derived from anadultutteranceand4) intentionalnaming in which the
systemusesasemantiagepresentatiofperhapsierivedfrom vision) to generatarticulationsvia phonology
andthencompareghis semantiaepresentatioto the oneproducediy comprehensionf the systems own
utterance.

In theremaindepf this papeywe developacomputationasimulationof theframevork which, although
simplified, senesto establishthe viability of the approach We discusghe implicationsof the framevork
for avariety of empiricalfindingson phonologicadevelopmentn the subsequenBeneraDiscussion.
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Simulation

Given the considerablescopeof the framevork depictedin Figure 1, a numberof simplificationswere
necessarjo keepthecomputationalemand®f thesimulationwithin thelimits imposedby availablecom-
putationalresourcesThe mostfundamentabf thesewasthat,insteadof usingcontinuougime anda fully
recurrentnetwork (Pearlmutter1989), the simulationuseddiscretetime and a simple recurrentnetwork
(hereaftelSRN; Elman,1990)? This changeresultsin adrasticreductionin the computationatiemandf
thesimulationbecausegncethestatef context unitsareset,processingn anSRNis entirelyfeedforvard.
The dravbackof this simplificationis, of course thatwe cannotcapturethe truetemporalcompleities of
articulatoryandacoustiaepresentationsior their interactionswith phonologicabndsemantiaepresenta-
tions. In addition,variability dueto spealkr pitchandratewasnotincluded—thesareissueso beaddressed
by futurework.

In orderto reformulatethe generalfframenork in Figurel asan SRN, certainarchitecturachangesre
necessarySpecificallyin theframewvork, themappingetweerphonologyandsemanticgireassumedo be
bidirectionalandinteractve. Giventhatprocessingn anSRNmustbefeedforvard,theinputmapping(from
phonologyto semanticsand the output mapping(from semanticdo phonology)mustbe separategnd
implementedvith separateinits and connections Theresultingarchitecturglignoring hiddenand context
units) mapsoutputsemantics— outputphonology— articulation=- acoustics— inputphonology— input
semanticgwhere“=-" correspond$o theforwardmodel). It isimportantto keepin mind, howvever, thatthe
division of inputandoutputrepresentationfor phonologyandsemanticss notintendedo imply thatthese
representationare actually separaten child andadult speakrs—tothe contrary we claim thatthe same
representationanderly both comprehensiomnd production. Accordingly the functional correspondence
of the SRN architecturgo the more generalframevork is maintainedoy runningonly subsection®f the
network and by copying unit statesandtargetsas appropriate. This ensureghat, for both semanticsand
phonologytherepresentationsn theinputandoutputsidesof thenetwork areidentical.

Finally, theimplementatiordoesnotincludea physicalarticulatoryapparatushatproduceseal sound,
noranauditorytransducethatgenerateacoustianputsfrom sound.Ratheythesephysicalprocessewere
approximatedy coupledequationghatmapary combinationof valuesover a setof articulatoryvariables
onto a particularset of valuesover a setof acousticvariables(seebelon). Thesevaluesare what the
network’s articulatoryand acousticrepresentationencode. Considerablesffort was spentto make these
equationsasrealisticaspossiblewhile stayingwithin the constraintof computationaéfficiengy.

Despitethesesimplifications the implementedsimulationneverthelesembodies solutionto the fun-
damentatomputationathallenge®f speeclcomprehensioandproductiondiscussedbore. To theextent
thatit succeeds learningto understan@dndproducewords,it providessupportfor themoregeneraframe-
work andapproactto phonologicadevelopment.

Network Architecture

Figure 2 shavs the fully recurrentversionof the generalframevork, andthe specificarchitectureof the
implementedsimplerecurrentnetwork version. Therecurrentversion(Figure2a)is equivalentto Figurel
with theadditionof thegroupsof hiddenunitsandconnectionshatcarryoutthemappingsimongacoustics,
semanticsand articulation. The implementedversion (Figure 2b) hasa generalfeedforvard structure,
startingfrom the upperright of the network andcontinuingclockwiseto the upperleft. In addition,asan
SRN,thestatesof particulargroupsof unitsonthe previoustime steparecopiedto additionalcontet units

2An SRN differs from a fully recurrentnetwork primarily in that performanceerror is attributedto activationsonly for the
currentandimmediatelyprevioustime step,but notfurtherbackin time (seeWilliams & Peng,1990).Also, in anSRN,computing
the outputfor a giveninputinvolvesa single passthroughthe network whereasijn a fully recurrentnetwork, it typically involves
multiple iterationsasthe network settlesto a stablestate.
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Figure 2. Thearchitecturesf (a) afully recurrentversionof the generalframeavork in Figurel, and(b)

its instantiationasa simplerecurrentnetwork (SRN). Ovals representifferentgroupsof units (asdo the

groupsof small squaredor Acousticsand Articulation); the numberof unitsin eachgroupis indicated
in parenthesesEachsolid arrav represents standardorojectionof full connectiity from one group of

unitsto another Thethin dashedarrons in (b) represenprojectionsfrom “context” unitswhosestatesare

copiedfrom the previoustime step;for the sale of clarity, the projectionsaredepictedascomingfrom the

sourceof the copiedstategatherthanfrom separateontet units (which arenot shavn). Thethick dashed
arravs represenexternalinput: semantigatternsrom othermodalities(targetsfor comprehensiorinputs
for intentionalnaming),acoustidnputsequenceBom anadult,andtheacousticgeneratedby the systems

own articulations.

and,thus,areavailableto influenceprocessingn the currenttime step. It is by virtue of connectiongrom
thesecontet unitsthatthe network canlearnto be sensitie to non-localtemporaldependencieis thetask
(seeElman, 1990, for discussion).Note that the actualcontext units are not shavn in the figure; rather
the connectiongrom context unitsaredepictedasrecurrentor feedbackprojectiongshavn asthin dashed
arravs) from the sourceof the copiedactivations. Also notethatthereis oneexceptionto this: In addition
to a standargrojection(solid arron) from Articulation to the hiddenunitswithin the forward model,there
is alsoa feedforvard “context” projection(dashedarron). Thesetwo arrons areintendedto indicatethat
thepatternof activity over Articulationfrom boththe currentandprevioustime stepsareprovidedasinput
to theforward model. Functionallyequivalentgroupsthatweresplit for the purpose®f implementatioras
anSRN, but would beasinglegroupwithin afully recurrenimplementationarenamedwith thesubscripts
in andout for clarity (e.g.,Phonology,, Semantics,;).

During comprehensiomnd production,only Acousticsand Semantics,; receve externalinput, and
only Semanticg, hasexternally specifiedtargets. All of the remaininggroupsin the network, with the
exceptionof Articulation, are “hidden” in the sensehat their representationare not determineddirectly
by the training ervironmentbut develop underthe pressureof performingthe relevant tasksaccurately
Articulation hasan unusualstatusin this regard. It hasa predefinedepresentatioin the sensethat unit
activations have fixed and externally specifiedconsequence®r the resultingacousticsandit is driven
externallyduringbabbling(seebelown). Onthe otherhand,the network itself is givenno informationabout
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theimplicationsof this representationit mustlearnto generateéhe appropriateactivationsbasedsolely on
observinghe consequenceasf theseactivations(muchlike actionson amusicalinstrumenthave predefined
acousticconsequence$put a musicianmustlearnwhich combinationof actionsproducea particularpiece
of music).

Corpus

Thenetwork wastrainedon the 400 highest(verbal)frequeng monosyllabicmounsandverbsin the Brown
corpus(Kucera& Francis,1967)with at mostfour phonemegmean= 3.42). Words were selectedfor
presentatiorduring training in proportionto a logarithmicfunction of their frequeng of occurrence.As
the main goal of the currentsimulationwasto establishthe viability of the generalapproachlittle effort
was madeto structurethe vocahulary of the modelto correspondo the actuallanguageexperienceof
infantsand young children. The restrictionto monosyllablesvas for reasonsof simplicity and because
monosyllabledominatethe productionof childrenacquiring English (Boysson-BardiesYihman, Roug-
Hellichius, Durand,Landbeg, & Arao, 1992;Vihman,1993); note,however, therethereis nothingin the
currentimplementatiorthatprecludesapplyingit to multisyllabicor evenmultiword utterances.

Representations

The following descriptionsprovide a generalcharacterizatiorof the representationasedin the simula-
tion. Many detailshave beenomittedfor clarity, particularlywith respecto the articulatoryandacoustic
representationandthe mappingbetweenthem—sedPlautandKello (in preparation¥or full detailsand
equations.

Articulatory Representations. The articulatorydomainwas caned into discreteevents,roughly at
points of significantchangein articulation’ Eacheventwasrepresentedvith six articulatorydegreesof
freedombasedon configurationsof oral/facial musclesthat are more-orlessdirectly relevant to speech.
Eachdimensiorwasarealvaluein therange —1,1], correspondingp astaticstatein time. Threeconstraints
enterednto our choiceof dimensions:1) they neededo capturethe physicalsimilaritiesanddifferences
in producingdifferentphonemesn English,aswell asthe variationsin producingthe samephonemen
different contets; 2) they hadto lend themseles to engineeringhe equationsthat map articulationto
acousticsand3) they hadto be mostly independenbf eachother in termsof muscularcontrol, to avoid
complicationf building dependencieimito the network architecture.

Thesix articulatorydegreeof freedomareasfollows (thelabelsareusedn the examplerepresentations
shavn in Figure3 below):

1. Oral Constriction(ORC) This correspond$o themaximalamountof air flow for agivenarticulatory
state. It representghe combinedeffects of constrictingarticulatorssuchas the jaw and parts of
thetongue.In general vowels have low oral constriction,approximantdiave moderateconstriction,
fricativeshave high constriction,andstopshave completeconstriction.

2. NasalConstriction(NAC). Sincenasalconstrictionis primarily controlledby raisingandloweringthe
soft palate(Ladefoged1993),this dimensiondirectly correspondso the heightof the soft palate.

3. Placeof Constriction(POC) This correspondso the locationof the maximalpoint of constriction
for a given articulatorystate. Locationis codedfrom front to back,with the mostfront valueequal
to a labial POC,andthe mostbackvalue equalto a glottal POC. With moderateto high amounts
of oral constriction,POCcodesplaceof articulationfor consonant-lig articulations.With little oral
constriction articulationbecomesowel-like andPOChasno effect on acoustics.

3As pointedout above, discretizatiorof time wasa simplificationintroducedto permitthethe useof an SRN architecture We
believe thatcontinuousdynamicswould moreaccuratelycapturea numberof relevantphenomena.
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4. TongueHeight (HEI). This roughly codesthe maximal closenes®f the tongueto the roof of the
mouth,but only whenthereis little oral constriction.Tongueheightis directly relatedto theopenness
of avowel.

5. TongueBadkness(BAK). This is directly relatedto vowel backness As with tongueheight, it only
takeseffectwhenthereis little oral constriction.

6. \Woicing (VOC). This correspondso a combinationof glottal openingandvocal chord constriction,
giventhatour modelassumesonstanpulmonarypressurdor the sale of simplicity.

Eacharticulatorydegreeof freedomin the network wascodedby two unitswhoseactvities fell in therange
[0,1]. The valuefor eachdegreeof freedomwas codedby the signeddifferencebetweenthesevalues,
having a possiblerangeof [—1,1]. Note thatthe samevalue canbe codedby differentcombinationsof
unit actiities; the network canlearnto useary of these. Finally, the network representedboth the past
andcurrentarticulatoryeventin orderto capturearticulatorychangeinformationthathasconsequencesr
acoustics.

Acoustic Representations.  Aswith articulation theacoustiadomainwasdividedinto discretesvents.
We choseten“acoustic”dimensionsdasedn aspect®f the speectervironmentthataregenerallythought
to be relevantto speectperception.The choiceof dimensionsvasconstrainedy the samefactorsasthe
articulatorydimensiongseeabove). Theword acoustids quotedabove becauseglthoughsoundis certainly
the primary perceptual/propoceptive domainof speechpral dimensionsuchasjaw opennessilsoplay a
role. For example,nevbornspay specialattentionto certainmouthposturinggMeltzoff & Moore,1977),
andthree-to four-month-oldinfantsareawareof therelationbetweercertainfacialandvocalactiities (see
Locke, 1995, for review). We incorporatedherole of visualperception/propriagion by includingavisual
dimensionof jaw openness$n our acousticrepresentationln fact, our model provides a reasonfor why
infantsmight pay suchcloseattentionto the mouth: Visual speechhelpsto reducethe motor equivalence
problem thusfacilitatingthe acquisitionof boththe comprehensioandproductionof speech.

Anotherimportantaspectof our acousticrepresentatiolis that the dimensionswere normalizedfor
overall speakr variationssuchasrateandpitch (but randomvariationandcoarticulationvereincorporated;
seebelon). Researcherbave shavn thatinfantsasyoungastwo monthscannormalizefor speakr vari-
ation (Kuhl, 1983; Jusczyk,Pisoni,& Mullennix, 1992). Although this simplificationseemgseasonable,
we believe thatthe mechanisnfor spealer variability is an importantpart of understandingphonological
developmentandwe intendto incorporatehisinto futureversionsof themodel.

Unlike the articulatorydegreesof freedom,eachacousticdimensionhadan accompaying amplitude
value correspondindo the degreeto which informationon thatdimensiorwas presenin a givenacoustic
event. For example,first formantfrequenyg was an acousticdimension,yet not all acousticsignalshave
formantstructure(e.g.,a voicelesdricative suchas/s/). In this casethedegreesof freedomcorresponding
to formantswould be assignedrery low amplitudesn our encoding.

The ten acousticdimensionsare as follows (note that we have included here someaspectsof the
articulation-to-acesics mapping;furtherdetailis provided below):

1-3. First throughthird formantfrequencies Sincetheseare normalized they essentiallycodefre-
queng positionrelative to a particularformantanda particularspeakr. In generaltheamount
of periodicityin the putative acoustiovave form determineshe amplitudesof thesedimensions.

4—6. First through third formanttransitionsor derivatives Thesecodethe normalizedamountof
rise or fall in eachformatfrom the previous to the currentacousticstate. Their amplitudesare
identicalto thosefor the correspondindormantfrequeng.

7. Frication. This is a compositeof the frequeng, spreadandintensity of very high frequeng,
non-periodicenegy. Previousresearctsuggestshatall of thesemeasureplay arole in distin-
guishingdifferentfricative soundsalthoughtheexactrelationshipsareunclearnseelLiebermant
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Blumstein,1988,for review). We simplifiedmattersby collapsingthesevariablesnto oneacous-
tic dimension.Fricationis presentwhenoral and/ornasalconstrictionis slightly lessthanfully
constricted.

8. Burst Thisdimensioris asimplificationanalogouso frication: acompositeof acoustianeasures
thatareinvolvedin distinguishingplosive release®f differentplacesof articulation.Burstingis
preseniwvhena sufiiciently large positve changeoccursin oral or nasalconstriction.

9. Loudness This codesthe overall amountof acousticenegy in a given event (normalizedfor
speaker andstress) For example silencehasvery little or no enegy; fricativeshave little enegy;,
nasalshave significantlymore,andvowels have the most. The amplitudevaluefor loudnesds
redundanandthereforepermanentlysetto one.

10. JawopennessThisdimensiorreflectsthesizeof themouthopeningfor agivenarticulatorystate,
andwascomputedbasedon the amountandplaceof oral constriction. We chosejaw openness
becaussdt is relatively visible (andpresumablysalient),but sincea spealker cannotnormally see
their own jaw, this dimensionalsorepresentshe analogougproprioceptre signal. Sincethe jaw
is alwayssomevherealongthe continuumof opennesgheamplitudevaluewasunnecessargnd
thereforesetto one.

Eachof thetenacousticdimensionsvererepresenteth the network with a separatdankof twelve units,
laid out in one dimensioncorrespondingo the [—1,1] rangeof possibledimensionvalues. A specific
acoustiocvaluewasencodedy Gaussiarunit activity with meanequalto thevalueandfixedvariance.Unit
actvities weredeterminedy samplingthis Gaussiaratthe 12 equal-spacethtenalsindicatedby the unit
positionswithin thebank. Thetotal actiity (i.e.,theareaunderthe Gaussianyvassetto equaltheamplitude
of that acousticdimension. Whereasarticulationwas representedby both a pastand currentarticulatory
vectorin orderto capturechangeinformation, an acousticevent containsdimensionsthat directly code
changan time. Thereforethe network represented singleacousticaventthatchangedvertime.

Articulation-to-AcousticsMapping. Thetranslationfrom two articulatoryevents(pastandcurrent)
to anacoustieeventconsistedf tenequationspnefor eachacoustiddimensionsEachequationvaswritten
solelyin termsof oneor moreof the articulatorydegreesof freedom.Thefunctionsrangedirom primarily
linear andconsistingof oneor two variables to highly non-linearand consistingof four or five variables.
We will not presenthe detailsof the equationshere(seePlaut& Kello, in preparationput we outlinethe
majorrelationshipghey embodied.

1. Formantfrequeng is determinedprimarily by eithertongueheight and backnesspr by POC. In

addition,nasakonstrictiontendsto lowerthefirst formantfrequeng (Lieberman& Blumstein,1988).

2. Formanttransitionsarebasedn changen oraland/omasalconstrictionjn combinatiorwith change
in the dimensiongelevantto formantfrequencies.The relationshipbetweerplaceof articulationin
a plosive releaseandthe following vowel playeda majorrole in determiningtheseequationysee
Liberman,1996).

3. The amplitudesof the six formantdimensionsare basedon a combinationof voicing andboth oral
andnasalconstriction.

4. Thefricationandburstvaluesaredeterminedy placeof articulation. Theamplitudesf thesedimen-
sionsarebasedn current(and,for bursting,alsoprevious) oral andnasalconstrictionvalues.

5. Loudnesss determinedy a combinatiorof all six articulatorydegreesof freedom.

To illustratethe articulatoryandacousticrepresentationand the mappingbetweernthem, Figure 3 shavs
thesequencef eventscorrespondingo an“adult” utteranceof theword sPIN /spm/ (seethe“Adult Utter-
ances’subsectiorbelow for adescriptionof how suchsequencearegenerated).
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Articulation Acoustics
ORCEED
NAC
POC
/S/ HEI
BAC

Fl1 / DV F2 | DV F3 /| DV

/Pe/

FRI CATI ON L OUDNESS

/pr/

JAW OPEN

Fl1 / DV F2 | DV F3 /| DV

/1/

Fl1 /| DV F2 | DV F3 /| DV

Figure3. Thesequencef articulatory(left) andacoustiqright) eventscorrespondingo anadultutterance
of theword spiN. In thesimulation articulatorydegreesof freedomaresubjecto intrinsic variability within
permissiblerangesfor illustration purposesthis variability wasnot appliedto the depictedevents. These
eventswere,however, still subjectto bothpers&erative andanticipatorycoarticulation Eachacousticevent
is determinedy boththe currentandpreviousarticulatoryevent(which, for thefirst, is acopy of thecurrent
event). Seethetext for definitionsof eachunit group.
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Babbling. In ourtheoreticaframeavork, babblingsenesto trainaforwardmodelto learntherelation-
ship betweenarticulationandacoustics.The systemusesthis modelto corvert acousticerrorto articula-
tory errorto incrementallyimprove its own productionsduring imitation andintentionalnaming. A given
babblingepisodeconsistedf a string of articulationsgeneratedtochasticallyfrom a modelof babbling
behaior that combinedcanonicaland variggatedbabbling. This modelwasintendedto approximatehe
articulatoryeffectsof abiastowardsmandilular (jaw) oscillationin theoralbehaior of younginfants.This
oscillatorybiashasbeenproposedisa fundamentatonstrainion early speectdevelopmentDavis & Mac-
Neilage,1995;Kent, Mitchell, & Sancier1991;MacNeilagen press;MacNeilage& Davis, 1990)andis
consistentvith the centralrole of rhythmicbehaior in motordevelopmentmoregenerally(Thelen,1981;
Thelen& Smith,1994). The generatedrticulatorysequencegeflectedboth reduplicatedbabbling(to the
extentthatPOCremainedcconstantcrosghe articulatorystring) andvariegatedbabbling(to the extentthat
POCchanged).

Specifically eachinstanceof babblingwascomposeaf five articulatoryevents.Four of thesix degrees
of freedomin the first event of a sequencaveregiven randomvalues;the remainingtwo—oralandnasal
constriction—-wergandombut their probabilitieswere weightedtowardsthe endpoints(i.e., —1 and 1,
which correspondo completelyclosedandopenedrespectiely). Eachsubsequergventin asequencevas
generatedy samplingfrom a Gaussiarprobability distribution centeredaroundthe previous valuesfor 5
of the 6 degreesof freedom(producinga biastowardsgradualchange)pral constrictionwasstochastidut
weightedtowardsthe opposingsign of the previous value,thus exhibiting a biastowardsoscillation. The
resultingarticulatory sequenceonstitutedthe babblingutterancesisedto train the articulatory-acousti
forwardmodel,asdescribedelow.

Adult Utterances. Adult word utterancesvere derived from canonicalstrings of phonemesgach
endingwith anull or silentphonemeNotethat,althoughthecanonicaformswererepresentedsphonemes,
theresultingacousticeventsdid not have a 1-to-1 correspondenceith phonemegseebelon). Moreover,
eacharticulatoryevent underlyingan acousticpatternwas subjectto considerabléntrinsic variability and
wasshapedy multiple phonemeslueto coarticulatornyinfluences.

The procedurdor generatingan instanceof an adult utteranceof a word wasasfollows. The word’s
phonemestringwasfirst convertedinto asequencef articulatoryevents.Mostphonemesorrespondetb a
singlearticulatoryevent,althoughplosivesanddipthongsverecodedastwo events(exceptthatthe second,
“release”event of the first of two adjacenplosiveswasdeleted). The articulatoryevent(s)corresponding
to aphonemeneredefinedin termsarangeof permissiblevaluesover the articulatorydegreesof freedom.
Thecenterandsizeof eachrangewasestimatedrom therole andimportancehatagivendegreeof freedom
playsin producinga given phonemgbasedon phoneticresearctdravn largely from Ladefoged1993). A
specificutterancaevasgeneratedby randomlysamplingfrom a Gaussiaristribution centeren theranges
for eachphonemeandclippedattheendpointsTherandomlydeterminednitial valuesfor eacharticulatory
eventwerethenadjusteasedn bothperseerative andanticipatorycoarticulation For agivenevent,each
degreeof freedomwasfirst pulled towardsthe specificvaluesof previous events,with the strengthof this
pull scaledby the numberof intervening eventsandthe valuerangeof the perseerative influence. Then,
eachdeagreeof freedomwas pulled towardsthe canonicalvaluesof the subsequengvents(i.e., the range
midpoints,beforetheir valueswererandomlygenerated)scaledby the samefactors.Finally, the coarticu-
latedvalueswereforcedto bewithin their respectie ranges.Theresultingstring of articulatoryeventswas
inputto thearticulation-to-acostics equationgo generate stringof acousticevents.In generatinghefirst
acousticevent,thefirst articulatoryeventwasinterpretedasboththe currentandpreviousarticulatorystate,
analogoudo allowing for articulatorypreparatiorbeforebeginning an utterance.Note that, althoughthe
articulation-to-acesics equationaredeterministicadultutterancesf agivenword exhibitedconsiderable
variability dueto the randomsamplingof articulatorydegreesof freedomwithin the permissiblerangefor
eacharticulatoryevent. Moreover, individual tokensof the samephonemevaried both from this random
samplingandfrom the coarticulatoryinfluenceof surroundingphonemes.
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Semantic Representations. No attemptwasmadeto designsemantiaepresentationthatcapturethe
actualmeaningsof the 400 wordsin the training corpus. Rather artificial semanticrepresentationsere
developedwhich, while constitutingonly a very coarseapproximationto the richnessand variability of
actualword meaningnhonethelesembodiedhe coreassumption®ehindthe challenge®f comprehension
andproduction:namely thatsemanticsimilarity is unrelatedo acoustic/articulatorgimilarity.

Specifically the semanticrepresentationsf words were generatedo clusterinto artificial semantic
“categories” (Chauvin,1988;Plaut,1995,1997). Twenty differentrandombinary patternsveregenerated
over 50 semantideaturesin which eachfeaturehada probabilityp, = .2 of beingactive in eachprototype.
Twenty exemplarswerethengeneratedrom eachprototypepatternby randomlyalteringsomeof its fea-
tures;specifically eachfeaturehada probability of .2 of beingresampledvith p, = .2. The effect of this
manipulationis to male all exemplarswithin a catejory clusteraroundthe prototype,andfor all semantic
patterngo have anaverageof 10 active featureqrange6—16)out of atotalof 50. Theresultingd00semantic
patternsverethenassignedo wordsrandomlyto ensurehatthe mappinggrom acousticdo semanticgand
from semanticgo articulationwereunsystematic.

Training Procedure

As mentionedn the Introduction the systemundegoesfour typesof trainingexperiencesbabbling,com-
prehensionimitation, andintentionalnaming. Although eachof theseis describedseparateibelow, it is
importantto keepin mindthatthey arefully interleared duringtraining.

Babbling. Therole of babblingin our framewvork is to train an articulatory-acougt forward model;
theonly partof thenetwork involvedin this processs Articulation, Acoustics andthehiddenunitsbetween
them(seeFigure2). First, a particularsequencef articulationscorrespondingo an instanceof babbling
wasgeneratedasdescribedunder“Representationsabose). This sequencavasthenpassedhroughthe
articulation-to-acesics equationgo producea sequencef “actual” acousticpatterns. The articulations
alsosenedasinputto theforward model(seeFigure2), which generated sequencef predictedacoustic
patterns. The discrepang or error betweenthe actualand predictedacousticsat eachstep,measuredy
thecross-entpy* betweerthetwo patterngHinton, 1989),wasthenback-propagatethroughthe forward
modelandusedto adjustits connectiorweightsto improve its ability to predicttheacousticoutcomeof the
givenarticulations.In this way, the forward modelgraduallylearnedto mimic the physicalmappingfrom
articulatorysequencet acousticsequencegsinstantiatedy thearticulation-to-acostics equations).

Comprehension. Comprehensiomvolvesderiving the semantiaepresentatioof a word from a se-
guenceof acoustigatternsorrespondingo an“adult” utteranceof theword (generate@sdescribedinder
“Representationsabove). Given suchan utterancethe network wastrainedto derive the semantic®of the
word in the following way. Prior to the first acousticevent, the context units for Phonology, andfor the
hiddenunitsbetweenAcousticsandPhonology, (seeFigure2) wereinitialized to statesof 0.2. (Notethat
thereareno context unitsbetweenPhonology, andSemanticg—this meanghat,althoughthe patternof
actvity over phonologychangessacoustidnputcomesn, thisactivity mustmapto semanticsn parallel.)
Then,eachacousticeventwaspresenteduccessiely over Acousticsandtheactivationsof all unitsbetween
Acousticsand Semanticg, werecomputed.For eachevent, the resultingsemantigpatternwas compared
with the correctsemanticdor the word andthe resultingerror was propagatedackthroughthe network
to Acousticsto accumulateveightderivativesfor connectionsn this portion of the network (includingthe
connectiondrom context units). After processingeachevent, the actiities of the Phonology, units and
the Acoustics-to-Phonolgg, hiddenunits were copiedto their correspondingontext units, to influence
processingf thenext acousticvent. After thelastacousticeventwaspresentedcorrespondingo silence),
theaccumulatedveightderivativeswereusedto adjusttheweightsto improve comprehensioperformance

“Thecross-entrop betweera patternof activationover a setof unitsandtheir targetactivationsis givenby — Zl t; log,(a;) +
(1 —t¢;)log,s(1 — a;), wherea; is theactiity of uniti andt; is its target.
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on subsequenresentationsf the word. Becauseerrorwasbasedn the discrepang of thegeneratednd
correctsemanticfrom the very beginning of the acousticinput sequencethe network was pressuredo
derive informationaboutthe semantic®f theincomingword asquickly aspossible.

Imitation. Imitation involvesusinga phonologicakepresentatioderived from anadultutteranceas
inputto drive articulation,andcomparingheresultingacoustiandphonologicatepresentationsith those
of theadultutterancelmitation could,in generalpe basedon ary adultutteranceincludingthosewithout
ary clearsemanticreferent. However, for practicalreasongi.e., to avoid having a muchlarger training
corpusfor imitation than for comprehension)training episodesof imitation were yoked to episodesof
comprehensioim thesimulation.

Specifically after having processedn adult utteranceof a word for comprehensiorfseeabore), the
final phonologicalpatternover Phonology, was copiedto Phonology,; (seeFigure 2; recall thatthese
correspondo the samegroupin the generalframewvork). The phonologicalpatternthen sened as the
staticinput “plan” for generatingan articulatorysequenceAll of the context units betweenPhonology,,:
and Phonology, wereinitialized to statesof 0.2. The network thencomputedunit activationsup to and
includingArticulation. This articulatorypatternandthe onefor the previous step(which, for thefirst step,
wasidenticalto thecurrentpattern)weremappedhroughtheforwardmodelto generat@redictedacoustics.
At thesametime, thearticulatorypatternsvereusedio generat@nactualacousticeventvia thearticulation-
to-acousticequationsThediscrepanciebetweerthenetwork’s actualacousticsaandthosepredictedoy the
forward modelwereusedto adaptthe forward model,asduring babbling. In addition,the actualacoustics
weremappediy thecomprehensiosideof the network to generate patternof actiity over Phonology, .
The error betweenthe activationsgeneratedy the network andthosegeneratedy the adult werethen
calculatedbothat Phonology, andatAcoustics: Thephonologicakrrorwasback-propagatetb acoustics
(without incrementingweight derivatives) and addedto the acousticerror The combinederror wasthen
back-propagatethroughthe forward model (againwithout incrementingderivatives)to calculateerrorfor
thecurrentarticulatorypattern.This errorwasthenback-propagateh Phonology,; andweightderivatives
wereaccumulatedor the productionsideof the network. At this point, the relevant unit activationswere
copiedonto context units, and the patternover Phonology,; was usedto generatehe next articulatory
event. This procesgepeatedintil the network producedasmary articulatoryeventsastherewereacoustic
eventsin theimitatedadultutterancgn.h a moregeneraktratgy would beto continuearticulatinguntil a
numberof silentacousticaventsareproduced).

Intentional Naming. Thefinal typeof trainingexperiencencludedin our generabpproacho phono-
logical developmentis the intentionalgeneratiorof an utteranceon the basisof semanticdnput (perhaps
derivedfrom anothemodality). In the currentsimulation,however, the ability wastrainedonly indirectly.

Again,for reasonf efficiengy, intentionalnamingwasyokedto comprehensionAfter thenetwork was
trainedto comprehend givenword, thecorrectsemantigatternfor theword wasthenpresentedsaninput
patternover Semantics,; (this patternhadbeenassumedo be availableastamgetsover Semanticg,). This
input patternwasthenmappedoy the network to generatean outputpatternover Phonology,:. Theerror
betweerthis patternandthe oneover Phonology, codingthe entireadultutterancgagain,theseshouldbe
thoughtof asthe samegroup)wasthenback-propagatetb Semanticg,;, andthe correspondingveights
were adaptedo improve the network’s ability to approximatets own phonologicalrepresentationf the
adult’s utterancegiventhe correspondingemanticasinput. Notethatthetametsfor thetaskchangeasthe
network’s own phonologicalrepresentationsvolve during the developmentof comprehensiorthe output
sideof the systemmustnonethelestrackthis change Eventually boththe comprehensioandproduction
systemcorverge on beingableto mapthe samephonologicarepresentatiobothto andfrom semanticsin

*Notethatthe useof a directcomparisorbetweerthe acousticgeneratedby the adultandthosegeneratedy the network as-
sumesaconsiderablemountof pre-acousti®ormalization It shouldbe noted,however, thattrainingimitation usingcomparisons
only atthephonologicalevel resultsin only maginally worseperformancdéseePlaut& Kello, in preparation).
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fact, this training procedurevasintendedto approximatethe effects of bidirectionalinteractionsbetween
phonologyandsemanticsn afully recurrentversionof the system.

Oncethe systemhasthe capabilityof mappinga semantiaepresentatioontoa phonologicarepresen-
tation, training duringimitation enableghis phonologicabatternto be mappedo ananalogou®neonthe
input side,which canthenbe mappedo the correspondingemanticglueto training during comprehen-
sion. In this way, the network canbe testedfor its ability to mapa semanticpatternvia phonologyto an
articulatorysequenceavhich, accordingto its own comprehensiosystem,soundshe sameandmeanghe
sameastheintendedutterance The entiremapping(from Semantics,; to Semanticg,) wasnot, however,
explicitly trainedbecausehe resultingback-propagatedrror dervatives would be very small (dueto the
large numberof interveninglayersof units)andbecausehildrenseenrelatively insensitve to the semantic
plausibility of their own utterancege.g.,thefis phenomenonBerko & Brown, 1960;Dodd, 1975; Smith,
1973).

Testing Procedure

Thenetwork wastrainedon 3.5 million word presentationandbabblingepisodesAlthoughthis mayseem
like an excessie amountof training, childrenspeakup to 14,000words per day (Wagney 1985), or over
5 million wordsperyear For eachword presentationthe network wastrainedto comprehendhe word
andthento imitate theresultingacousticandphonology The network alsoproducedandlearnedfrom an
unrelatecbabblingsequenceAlthough,in actuality the onsetof babblingprecedeslearattemptsat imita-
tion, andfalls off asproductiorskill increaseghemodelengage# bothbabblingandimitationthroughout
training. Babblingand early word productiondo, in fact, overlapin time to a large degree(seeVihman,
1996),andthe phoneticinventorythatchildrenusewhenbeginningto producewordsis dravn largely from
theinventory of soundsgproducedduring babbling(Vihman& Miller, 1988). Moreover, somebabble-lile
utterancesnay resultfrom underelopedspeectskills during attemptsto imitate or intentionally produce
words. Suchattemptaonthelesgonstituteopportunitiesor learningthe relationshipbetweenrarticulation
andacousticsasmentionedabove, our network adaptdts forward modelduring both babblingandimita-
tion. As it turnsout, the performanceof the forward modelachiezes a reasonabléevel of accurag fairly
quickly, socontinuingto includebabblingepisodeshroughoutraining haslittle impacton performance.

After every 500,000word presentationsluring training, the network was evaluatedfor its ability to
comprehen@ndimitateadultspeechandto producecomprehensibletentionalutterancesBecausehere
was intrinsic variability amongadult utterancesthe network was testedon 20 instancesof eachof the
400 wordsin the training corpus. Performancen eachtask was basedon whethereachstimuluscould
be accuratelydiscriminatedrom all otherknown words, usinga best-math criterion over semanticand,
for imitation, alsoover phonology Specifically whenappliedto semanticsthe network wasconsideredo
comprehend word correctlyif its generatedemanticsnatchedhe correctsemanticgor thatword better
(in termsof normalizeddot product)thanthe semanticdor ary otherword in the training corpus. The
best-matclprocedureover phonologywasa bit morecomplicatedasthereareno predefinecphonological
representationfor words againstwhich to comparethe network’s utterance. Moreover, dueto intrinsic
variability, differentadultinstancef a word generatedsomevhat differentphonologicalrepresentations
during comprehensionAccordingly the best-matcleriterionwasappliedto phonologyby comparingthe
phonologicabatterngeneratedby the network’s utteranceof a word with the phonologicakepresentations
generatedby all 8000adultutterance$20 instance®f 400words)andconsideringhe network’s utterance
correctif thebest-matchingdultutterancevasoneof the 20 instance®f theword.

Much of the mostimportantevidenceon the natureof phonologicadevelopmentcomesrom ananaly-
sisof childrens speecterrors(Ingram,1976;Menn,1983;Smith,1973;seeBernhardi& Stembeger, 1997,
for review). Althougha comprehense accountof the systematicityandvariability of child speecherrors
remainsalong-termgoalof the currentapproachaninitial attemptcanbe madeby examiningthe natureof
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thenetwork’s errorsin comprehensiorimitation, andintentionalnaming. Specifically if the bestmatchto
the network’s utterancevasthe representationf a word otherthanthe stimulus,the network wasconsid-
eredto have madean error, which wasthenevaluatedfor phonologicalnd/orsemanticsimilarity with the
stimulus® Forthesepurposesanerrorwasconsideregphonologicallyrelatedf it differedfrom thestimulus
by anaddition,deletion,or substitutionof a singlephonemeandit wasconsideregemanticallyrelatedif

its assighedemantiqatterncamefrom the sameartificial cateyory (see“Representationsdbove).

Results

Dueto limitations on spacewe presenonly a subsebf the resultsderived from the network (seePlaut&
Kello, in preparationfor a more comprehense presentation).In particular we omit a full characteriza-
tion the performanceof the forward model. This modelis acquiredfairly rapidly, achieiing reasonable
performancewithin thefirst 1 million word presentationandbabblingepisodes.Moreover, its ability to
predicttheacousticconsequencead articulatoryeventsis ultimatelyvery accurateproducingananaverage
cross-entrop pereventof lessthan0.39 summedover the 120 Acousticunits (cf. 33.7at the beginning of
training). Wheninaccurateit tendsto produceGaussiaractvity over the acousticdbankswith greatewari-
ancethanin theactualacousticsignal,whichis a naturalindicationof reducecdconfidencen theunderlying
dimensiorvalue.

Correct Performance. Figure 4 shavs the correctperformanceof the network over the courseof
training on comprehensionimitation, and intentionalnamingusing the best-matctcriterion. First note
thatcomprehensioperformancémprovedrelatively rapidly, reaching84.3%correctby 1M (million) word
presentationsand 99.6%by 3.5M presentations.This level of performancds impressie given the lack
of systematicityin the mappingbetweenacousticandsemanticandthe considerabléntrinsic variability
of adultutterancesRelative to comprehensionrgompetencén productiondevelopedmoreslowly: When
evaluatedat semanticsthe network wasonly 54.2%correctat imitation by 1M presentationsalthoughit
did achieve 91.7%correctby 3.5M presentationsintentionalnamingwas slightly poorerthanimitation
throughoutraining, eventuallyreaching89.0%correct. This is not surprisingasthe taskinvolvesmapping
throughtheentirenetwork andwasnottrainedexplicitly.

Whenevaluatedat phonology imitation performancevas more accurate achiering 96.5%correctby
3.5Mword presentationsTherapidrisein best-matclimitation performancet phonologyat 0.5M presen-
tationsis dueto thefactthatphonologicakepresentationarerelatvely undifferentiatecat this point.

Overall, the network achiered quite goodperformancetbothcomprehensioandproduction.Thefact
thatcomprehensioprecedeproductionin the modelstemsdirectly from the factthatlearningwithin the
productionsystemis driven by comparison®ver representationwithin the comprehensiosystem. The
excellentperformancenimitation, particularlyat phonology demonstratethatfeedbackrom thecompre-
hensionsystemvia a learnedforward modelcanprovide effective guidancefor articulatorydevelopment.
The findingsprovide encouragingsupportfor the viability of our generalframeavork for phonologicalde-
velopment.

Error Analysis. To furthercharacterizéhe network’s performancewe analyzedhe errorsmadeby
the network underthe best-matckcriterion after 3.5M word presentations As describedabore, an error
responsavasconsideregemanticallyrelatedto thecorrect(target)wordif it belongedo thesamecateyory,
andphonologicallyrelatedif it differedfrom the targetword by the addition,deletion,or substitutionof a
single phoneme. Basedon thesedefinitions, errorswere classifiedas semantic(but not phonological),
phonolaical (but not semantic)mixedsemanticandphonological or miscellaneougneithersemantianor

This way of definingspeecterrorsallows for only word responsesyhich is clearlyinadequate Determiningnonword error
responsess problematichowever, because¢he acousticsequencegeneratedby the network cannotbe interpreteddirectly. Plaut
andKello (in preparationpddresshis problemby traininga separat@etwork to mapsequencesf acousticeventsontosequences
of phonemesanalogougo atrainedlinguistic listeningto andtranscribingspeech.
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Figure 4. Correctperformanceof the network in termsof a best-matclcriterion, on comprehensioiat
semantics)jmitation (at both phonologyand semantics)andintentionalnaming(at semantics)pver the
courseof training.

phonological,althoughmary sucherrorsexhibited phonologicalsimilarity that failed to satisfy our strict
definition).

Tablel presentshepercentagef erroroccurrencefor eachof theabove typesandfor eachtask,aswell
asthechanceatesof occurrencesf eacherrortype. Calculatingthe chanceprobabilityof a semanticerror
wasstraightforvard astherewerefive equiprobableategories. The chanceprobability for a phonological
error was determinedempirically by computingthe rate of phonologicalrelatednesamongall pairs of
trainedwords. The chancerateof a mixed errorwassimply the productof thesetwo probabilities(i.e., we
assumedhdependencaiventhatsemantigatternsvereassignedo wordsasphonemestringsrandomly).

In generalthe network shaved a strongbiastoward phonologicakimilarity in its errorscomparedvith
thechanceate,for bothcomprehensioandimitation (althoughthis is basedn relatively few errorsin the
formercase).Comprehensioandimitation alsoproducedsemanticerrorsbelov chancewhereagherates
for intentionalnamingwerewell abose chanceInterestinglytherateof mixederrorsin imitation, although
low, was almostfive timesthe chancerate, consistenwith a generalpreferencean productionfor errors
sharingboth semantia@andphonologicakimilarity with thetamget(seee.g.,Levelt, 1989).

Although comprehensiorrrorswererare,whenthey occurredthey typically involved the additionof
afinal plosive (mostcommonly/t/ or /d/) to yield a higherfrequeng word (e.g.,PASS /pas/ — PAST
/peest/), presumablbecauseitterance-finasilencewasmisinterpretedsthe closureeventof the plosive,
andthe systemis insuficiently sensitve to the acousticof therelease Thistypeof errorwasalsocommon
in imitation, presumablybecauséts feedbackduring trainingwasderived from comprehensionlmitation
also produceda numberof multi-changeerror which appearo be phoneticallyconditioned(e.g., GAVE
/gewv/ — CAME /kemm/), andsomeevidenceof clusterreduction(e.g., FLAT /flet/ — MATCH /meetf/),
althoughthe corpusprovidedvery few opportunitiedo obsere thelatter

At thephonemdevel, therewerefar moreerrorson consonantthanon vowelsand,amongconsonants,
arelatively highererrorrateon fricatives,affricates(e.g.,/tf/) and/g/ (asin RING). Theseerrorsinvolved
bothadditionsanddeletionswhenthey weredeletedthey wereoftenreplacedy aplosive. In fact, plosives
accountedor over half of the total numberof insertions.By contrasttheliquids /r/ and/1/ weredeleted
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Tablel
Error Ratesand Percentof Error Typesfor Various Tasks,and ChanceRates
Error Type

Task ErrorRate Semantic Phonological Mixed Misc.
Comprehension 0.45 14.1(0.71) 85.3(32.8) 0.0(0.00) 0.0(0.00)
Imitation 3.52 10.1(0.51) 74.3(28.6) 1.9(4.75) 13.7(0.18)
IntentionalNaming 11.0 40.9(2.05) 11.4( 4.4) 0.0(0.00) 47.7(0.62)
Chance 20.0 2.6 0.4 77.0

Note: Eachvaluein parentheses the ratio of the obsered error rate to the Chance
ratelisted at the bottomof the column. Performancavasmeasuredftertrainingon 3.5
million word presentations.“Error Rate” is basedon 20 instancesof adult utterances
of eachof 400words(8000total obsenrations)for comprehensioandimitation,andone
instancdor intentionalnaming(becaus¢henetwork’s own articulationsarenotsubjecto
variability). Comprehensioandintentionalnamingwereevaluatedatsemanticswhereas
imitation wasevaluatedat phonology

occasionallybut never inserted. Thesecharacteristicarein broadagreemenwith the propertiesof early
child speecterrors(e.g.Ingram,1976).

Althoughtheseerroranalysesare preliminary andaresignificantlylimited by allowing only word re-
sponsesthey suggesthat the currentapproachcan be appliedfruitfully to understandinghe natureof
childrens speecterrors.

General Discussion

Infantsfacea difficult challengein learningto comprehendand producespeech. The speechstreamis
extendedin time, highly variable,and (for monomorphemiavords)bearslittle systematiaelationshipto
its underlyingmeaning. Articulatory skill mustdevelop without ary direct instructionor feedback,and
comprehensioandproductionprocessemustultimatelybetightly coordinated.

Thecurrentpaperoutlinesa generaframeavork, basedn principlesof connectionist/pahal| distributed
processingfor understandindiow the infant copeswith thesedifficulties, and presentsan implemented
simulationwhich, althoughsimplified relative to the framework, nonethelesinstantiatests fundamental
hypothesesln particulay two key propertief theframevork andimplementationreflecta closeinterplay
betweercomprehensioandproductionin phonologicabdevelopment.Thefirst is thatbothcomprehension
andproductionare subsered by the sameunderlyingphonologicakepresentationsTheserepresentations
arenot predefinecbut emege underthe combinedpressure®f mediatingamongacoustic,semanticand
articulatoryinformation. Thesecondkey propertyis thatthe necessargrticulatoryfeedbackor theproduc-
tion systemis derived from thecomprehensiosystem.Specifically proximal (articulatory)erroris derived
from the distal (acousticandphonological)}consequencesf articulationvia a learnedarticulatory-acousti
forward model(alsoseeJordan,1996;Perlell et al., 1995). The simulationdemonstratethata modelin-
stantiatinghesepropertiexan,in fact,learnto copewith time-varying, variablespeechin comprehension,
andusetheresultingknovledgeto guideproductioneffectively in imitation andintentionalnaming.More-
over, its patternof errors,althoughnot matchingchild speecterrorsin detail, doesshaw the appropriate
generatrends suggestinghattheapproachmayprovide acomputationallyexplicit basisfor understanding
theorigin of sucherrors.

Thebulk of thecurrentpaperhasfocussedn the natureof thecomputationaproblemsgposeddy phono-
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logical development,and on the formulationof a particularapproachfor solving theseproblems. At this

stagein thework, relatively little attentionhasbeendirectedat relatingthe simulation,andthe moregeneral
framework, to specificempirical phenomenaoncerningphonologicaldevelopmentin infantsand young

children.In theremaindeof thepaperwe consideithreecatgyoriesof empiricalphenomena—theelation-

shipbetweercomprehensioandproductionthetime courseof speeclacquisitionandthephoneticcontent
of speecherrors—andaddressriefly how our approachmight accountfor somethe morecentralfindings

in each.While mary of thesepointsareaddressedirectly by the existing framevork andimplementation,
someof themconstituteémportantdirectionsfor futureresearch.

Relationship Between Comprehension and Production

Oneof the mostbasicfindingsin phonologicaldevelopmentis that skilled word comprehensioprecedes
skilled word production(Benedict,1979;Reznick& Goldfield,1992;Sryder, Bates,& Bretherton, 1981).
Thefinding haspromptedspeculatiorthata certainskill level of comprehensiois necessarjor production
skills to advance.Our modelembodieghis notionin termsof the maturity of phonologicakepresentations
that map acousticinput onto semantics. The internal representationmust begin to stabilizein compre-
hensiorbeforetheirinput to the productionsystembecomesisefulfor learningarticulation.Our approach
differsfrom Vihmans (1996)ideaof an“articulatoryfilter,” in whichthearticulatorysystenmediatesvhich
wordsthe child canperceve, rememberandthereforeproduce.Our framewvork holdsthatthe perception
andcomprehensionf speectcandevelop somevhatindependentlyf thearticulatorysystemalthoughthe
maturesystemmusteventuallymediatebothtaskswith the sameunderlyingphonologicafrepresentations.

Anotherfinding that pointstowardsa link betweendevelopmentin comprehensio@nd productionis
that the phoneticdistribution of late babbling(i.e., by 10 months)is influencedby the ambientlanguage
(Boysson-Bardiestal., 1992).Whenbgginningto imitateandspealkfrom intention,a child’s utterancesas
well asthoseof our network, will tendto soundlike babble(i.e., highly variableexplorationof articulation)
becausé¢helink betweerphonologyandarticulationhasnot yet developed.If theadultcharacterizethese
early attemptsat speechasbabble,thenindeedbabblingwill tendto have phoneticcharacteristicef the
ambientlanguageSimilarly, the phoneticcharacteristicef earlyword productionoverlapto alarge degree
with the characteristicof a given infant's babbling (Stoel-Gammor& Coopey 1984; Vihman, Maken,
Miller, Simmons,& Miller, 1985). Given that the instantiationof babblingin the currentmodelis not
influencedby the developingphonologicakepresentationshe modeldoesnot accountfor this finding, but
we planto addresst in future extensions.

Time Cour se of Speech Acquisition

A secondmajorareaof investigationin phonologicablevelopmentelateso theorderof acquisitionof vari-
ousspeectproductionskills. We considettwo findingsto beof particularimportance Thefirstis thatinfants
often have a smallrepertoireof “protowords” late in the babblingphasebut prior to true word production
(Menyuk & Menn,1979;Stoel-Gammor& Coopey1984;Werner& Kaplan,1984). Protawordsarechar
acterizedoy relatively stablepatternsf vocalizationthatsene to communicatdroaddistinctionsbetween
situations(e.g.,requestan objectversusrequestsocialinteraction). As discussedn the Introduction,dis-
tributednetworks have aninherenttendeng to mapsimilar input patternsonto similar outputpatternsthis
biasis overcomeonly graduallyin learninganunsystematiecnapping.In thecurrentcontet, thismeanghat
broadlysimilar semantigatternswill mapinitially ontosimilar phonologicabpatterns.If the phonological
patternsaresimilar enoughthey will beheardasthesameutterancdi.e.,a protovord).

The secondfinding is an exampleof the ubiquitousphenomenorf U-shapedearning: As the child
learngto producemorewords,productionof originally well-learnedvordsoftenregresseg¢vVihman& Velle-
man,1989). More generally articulationincreasesn variability anddecreases phoneticaccurag asde-
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velopmenprogresseslthoughthistrendreversesasarticulatoryskills approachmatureevels. This pattern
is generallyinterpretedasindicatinga shift from a whole-word systemto a moresystematicsegmentally-
basedone (seeJusczyk,1997;Vihman,1996). A numberof researcherge.g.,Jusczyk,1986;Lindblom,
1992; Studdert-Kennedy 1987; Walley, 1993)have pointedto the growth of receptive vocalulary asexert-
ing a powerful influenceon the degreeto which phonologicarepresentationsecomesegmental.Early on,
relatively undifferentiated,'wholistic” phonologicalkepresentationmay sufiice for discriminatingamong
thefew wordsknown to thechild. However, asthe numberandsimilarity of wordsthatmustberepresented
increaseghereis greatempressurdo developa moresystematiencodingof therelevantdistinctions.Inso-
farasthesamephonologicalepresentationsubsere bothcomprehensioandproduction(asin thecurrent
framework), the emegenceof moreseggmentalrepresentationthroughpressuresn comprehensioshould
alsomanifestin production.

Anotherclassof time-coursgphenomen@oncernghe orderin which skilled performances achiered
for variousphonologicalunits (e.g.,vowels, consonantsandconsonantlusters).A coarse-grainedxam-
ple is the finding that the proportionof consonantsn intentional/imitatre utterancess low early on, and
increasessthenumberof wordsproducedncreasegVihmanetal., 1985;Bauer 1988;Roug,Landbeg, &
Lundbeg, 1989). Our framevork doesnot accountfor this directly, but thereare two factorsthat bias
vowel-like articulationsduring early imitation andintentionalnamingin our model. First, our articulatory
representationsave a built-in biastowardsthe centervalueof eachdegreeof freedom mimicking a physi-
cal biasof leastarticulatoryeffort. This biascause®ral constrictionto be somavhatopen(i.e., vowel-like)
by default. Secondwhenthe modelbeginsto comparets own acousticawith thoseof the adult, it learns
quickly thatit mustvocalizein orderto producemosttypesof sounds.This coarsdearningprecedesearn-
ing themorecomplicatedarticulatoryrelationshipsnvolvedin producingconsonantsThe combinationof
thesetwo factorscreatesan early biastowardsvowel-like soundsduring imitation andintentionalspeech,
whichis overriddenasthe systemgainsgreatercontrolof the articulatorydegreesof freedom.

Another finergrainedexampleis thatlabialsareproducednoreoftenin thefirst word productionghan
in babbling(Boysson-Bardie#: Vihman,1991). In learningto producelabial consonantgcomparedvith
moreorally internalarticulations) jnfantscanusethe visual feedbackof labial articulationsin additionto
feedbackderived from acousticyseeVihman,1996). The acousticlevel of representatioin our model
includesa visualdimensionthatcorrespondso jaw opennessyhich is mostactive for labial articulations.
The additionalvisual informationfor labials shouldcausewordswith primarily labial articulationsto be
producedaccuratelysoonetthanotherwordsbecausehe error signalfrom labial productionds richerthan
from lessvisible articulations.

A similarfindingis thatchildrenmasteithe productionof stopsbeforefricativesandaffricates(Menn&
Stoel-Gammon1995). In the physicalmappingfrom articulationto acousticdn our model,the rangeof
oral constrictionvaluesthatproducedricationis muchsmallerthatthe rangethatproduceghe component
eventsof aplosive sound(i.e., closurefollowed by release) Secondmanditular oscillationduringbabbling
producesa biasfavoring closure-releassequencewhich approximateplosives. This, in turn, causeghe
forward modelto learnthe articulatory-acoudti relationshipfor plosives beforefricatives. The forward
modelwill thusprovide moreaccuratearticulatoryfeedbackfor plosivesthanfor fricativesasthe system
learnsto producewords.

Phonetic Content of Speech Errors

Detailedanalysesf speecherrorshave provided someof the mostimportantconstraintson theoriesof
phonologicallevelopmentPerhapshe mostbasicandwidespreadypesof errorsthatchildrenmale during
the early stagesof word productionare onesof simplification or reduction. Menn and Stoel-Gammon
(1995)listedthreesucherrortypesthatwe addressn this section:1) stopsaresubstitutedor fricatives;2)
consonantlustersarereducedo singleconsonantsand3) voicelessnitial stopconsonantaredeaspirated
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(e.g.,TOE is heardasDOE).

That plosivesare masteredeforefricatives (seeabore) is relevant to the first point. If the production
systemcannotactivatethe articulatoryrepresentationgreciselyenoughto producefricatives,thenplosives
arethelikely alternatve. With respecto consonanteduction,both acousticandarticulatoryfactorsmay
be involved. The acousticsimilarity of BOND and BLOND, for example,is very high, which meansthat
learningdistinctphonologicatepresentationfer themwill bedifficult. Thesimilarrepresentatiorthatsuch
contrastwill drive maybesuficiently distinctfor driving differentsemanticshut notdifferentarticulations.
On the articulatoryside, vowels and consonantgonstrainsomevhat complementarysetsof articulatory
degreesf freedom.Consequentlyconsonantlustergpermitrelatvely lesscoarticulation—antienceentail
greaterdifficulty—comparedvith transitionsbhetweerconsonantandvowels (alsoseeKent,1992). Also,
the biasto producesimpleover complex onsetanay, in part, be dueto their generallyhigherfrequeng of
occurrencean speech.Finally, the deaspiratiorof initial urvoiced stopsmay be explainedby articulatory
difficulty (i.e.,aleast-efort bias;seeabore).

Conclusion

In conclusion,we proposea distributed connectionisframevork for phonologicaldevelopmentin which
phonologyis alearnednternalrepresentatiomediatingbothcomprehensioandproductionandin which
comprehensioprovidesproductionwith errorfeedbackvia a learnedarticulatory-acoust forward model.
An implementatiorof the framework, in the form of a discrete-timesimplerecurrentnetwork, learnedto
comprehendimitate, andintentionallynamea corpusof 400 monosyllabicwords. Moreover, the speech
errorsproducedy thenetwork shaved similartendenciesisthoseof youngchildren. Althoughonly afirst
step,the resultssuggesthat the approachmay ultimately form the basisfor a comprehense accountof
phonologicaldevelopment.
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