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At leasttwo processingoutesin thebrainareinvolved in pronouncingwrittenwords:aseman-
tic routethatderivesthepronunciatiorvia meaningandaphonologicalroutethatdervesit via
spelling-sond correspondenceSimulationsinvolving partialdamageo anisolatedsemantic
route(Plaut& Shallice,1993)provide acomprehense accounbf theratherpeculiarcombina-
tion of symptomsxhibitedby patientswith deepdysleia, includingtheoccurrencef semantic
errors(e.g.,readingrRIVER as"“ocean”), their co-occurrencevith visualerrors,andinfluences
of imageabilityor concretenessn correctanderror performanceFurthermorewhenaversion
of the modelis retrainedafter damage(Plaut, 1996), the degree and variability of its recos-
ery and generalizatiorare qualitatvely similar to the resultsof somecognitive rehabilitation
studies.Theresultschallengeraditionalassumptiongboutthe natureof the mechanismsub-
servingword reading,andillustrate the value of explicit computationakimulationsof normal
andimpairedcognitive processesThey alsosuggesthatconnectionismodelingcanprovide a
framework for generatingpecifichypothesesboutstratgiesfor rehabilitation.

Cognitive neuropsychologgattemptdo relatethe patternsof impairedandpresered
abilities of brain-injuredpatientsto modelsof normalcognitive functioning,with the
goalsof explaining the behaior of the patientsin termsof the effectsof damagen
the model, and of informing the modelbasedon the obsered behaior of patients
(Coltheart,1985;Ellis & Young,1988;Shallice,1988). A majormotivationfor mary
researcheris thata moredetailedanalysisof the normalmechanismandthe way it
is impairedin particularpatients shouldleadto the designof moreeffective theragy
to remediateheseimpairmentgHoward & Hatfield, 1987; Riddoch& Humphres,
1994; Seron& Deloche,1989). Moreover, the patternsof recovery exhibited by pa-
tients placeadditionalconstraintson modelsof normalandimpairedcognitive pro-
cessing.The purposeof this chapteris to illustratein a particulardomain—reading
viameaning—hw computationaprinciplesfrom connectionisor paralleldistributed
processingPDP)researcltanprovideinsightinto thenatureof normalcognitive pro-
cesseshow they canbreakdown following braindamagehow they canrecover, and
how to designtherajy to maximizethisrecovery.

Perhapshe mostdetailedattemptsat relatingthe behaior of damagedtonnec-
tionist networksto that of brain-injuredpatientshasbeenin the domainof acquired
readingdisorders(see, e.g., Hinton & Shallice,1991; Mozer & Behrmann,1990;
Patterson Seidenbeg, & McClelland,1989;Plaut,McClelland, Seidenbey, & Pat-
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terson,1996;Plaut& Shallice,1993).Thisis in partbecausénvestigation®f reading
in both cognitive psychologyandneuropsychologyColtheart,1987) have produced
arich andoften counterintuitve setof empiricalfindings.

Prior to the late 1960%, the major distinctionamongacquireddyslexic patients
was simply whetherthe readingdeficit was accompaniedy a deficit in writing—
alexia with agraphia—omhetherit occurredin isolation—ale&ia without agraphia,
or pure alexia (Dejerine,1892). Little attemptwasmadeto distinguishamongdif-
ferenttypesof readingdeficits until Marshalland Newcombe(1966; 1973) identi-
fied a numberof separateypesof acquireddyslexia basedon the typical patternsof
errorsthat patientsmadein readingaloud. In particulatr surfacedysleia involved
phonologicalconfusionsn the procedureby which wordsaresounded-oubasedon
typical spelling-sounccorrespondence®.g., SEW —“sue”), whereasdeepdyslexia
involved semanticconfusions,in which words were often misreadas semantically
relatedwords(e.g.,DINNER —“food”).

Marshalland Newcombe(1973) explainedthe existenceof thesedistinct types
of dyslexia in termsof damageo a “dual-route” modelof normalreading(alsosee
Coltheart,1978; 1985; Coltheart,Curtis, Atkins, & Haller, 1993; Meyer, Schwan-
eveldt, & Ruddy 1974;Morton & Patterson,1980;Paap& Noel,1991).In Marshall
andNewcombesmodel,writtenwordscanbe pronouncedhrougheitherof two path-
ways. Thefirstis aphonolaical pathway thattranslatesrom spellingto soundusing
grapheme-phonemeorrespondencéGPC)rules. This pathway enablespeopleto
readword-like nonsenséetterstrings(e.g.,MAVE) aswell asso-calledregular words
thatobey standardspelling-soundtorrespondencegg.g.,GAVE). The secondwvay of
pronouncingwvordsis via asemantigathway in which aword s first recognizedand
assigne@gmeaningvhichis thenusedo accesdts pronunciation.Thesemantigath-
way enablegpeopleto readso-calledexceptionwordsthat violate the standardGPC
rules(e.g.HAVE). Accordingto Marshalland Newcombe,surfacedyslexic patients
have a selectve impairmentof the semantigathway, suchthattheir errorsreflectthe
isolatedoperationof the phonologicalpathway. Corversely deepdyslexia reflects
the isolated—andaccordingto more recenttheories(seeShallice,1988), partially
impaired—operationf thesemantigathway following severedamageo the phono-
logical pathway.

Considerabldurther researchhasexaminedthe characteristicof both surface
anddeepdyslexia in moredetail. The chapterby PattersonPlaut,McClelland, Sei-
denbeg, BehrmannandHodgeqthisvolume)articulatesandprovidesempiricalsup-
port for an accountof surfacedyslexia basedon connectionisimplementationsof
the phonologicalpathway (Plautet al., 1996). The currentchapterfocuseson deep
dyslexia and,moregenerally on the breakdevn andrecovery of the operationof the
semantigathway.
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Figure1: A connectionisframework for lexical processing.Adaptedfrom Seidenbey and McClelland
(1989).

1 A Connectionist Framework for Lexical Processing

Seidenbay and McClelland (1989) presenteda connectionistframework for lexi-
cal processinghathassomesimilarities with—but also someimportantdifferences
from—standardiual-routetheory Within theframework, depictedn Figurel, ortho-
graphic,phonologicalandsemantidinformationis representedsdistributedpatterns
of activity over groupsof simpleneuron-like processingunits. Within eachdomain,
similar wordsarerepresentetdy similar patternsof activity. Transformationg@mong
domainsareaccomplishedia cooperatie andcompetitive interactionsamongunits,
includingintermediateor hiddenunitsthatmediatebetweertheorthographyphonol-
ogy, and semantics. In processingan input, units interactuntil the network as a
whole settlesinto a stablepatternof activity—termedan attractor—corresponding
to its interpretationof the input. Unit interactionsare governedby weightson con-
nectionsbetweenthem which collectively encodethe systems knowledgeand are
learnedthroughexposureto written words,spolenwords,andtheir meanings.
Althoughthis frameavork may seemreasonablat a generallevel, it actuallyre-
flectsaradicaldeparturfrom traditionaltheorizingaboutlexical processingpartic-
ularly in two ways. First, thereis nothingin the structureof the systemthat cor
respondgo individual words per se suchasa lexical entry or “logogen” (Morton,
1969). Rather wordsaredistinguishedrom nonwordsonly by functionalproperties
of the system—thavay in which particularorthographicphonologicalandsemantic
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patternsof activity interact(alsoseeVan Orden,Pennington& Stone,1990). Sec-
ond, althoughthe systemis composedf a phonologicaland a semanticpathway,
thesepathwaysoperateaccordingto very differentprinciplesandhave very different
functional propertiesthan the analogougathwaysin traditional dual-routemodels
(e.g.Coltheartet al., 1993). In particular the phonologicalpathway doesnot apply
GPCrulesthatsucceednly for regularwordsandnonwords. Rather it learnsto map
orthographyto phonologyfor all typesof stimuli (including exceptionwords)based
onasensitvity to spelling-sounaonsistencyGlushlo, 1979). Thedegreeof mastery
achieved by the phonologicalroute for itemsit finds mostdifficult—low-frequeng
exceptionwords—will generallynot be perfectandwill dependon a numberof fac-
tors, including the strengthof contribution from the semanticduring learning(see
Pattersoretal., thisvolume,andPlautetal., 1996).

2 Impaired Reading Via Meaning in Deep Dyslexia

As suggestecabarlier, patientswith deepdyslexia (seeColtheart,Patterson,& Mar-
shall, 1980) seemto have a serereimpairmentof the phonologicalpathway. This
is indicated,in part, by the factthatthey arevirtually unableto readpronounceable
nonwords (e.g.,MAVE). They alsohave impairmentsin readingwordsthat suggest
additionalpartialdamageo thesemantigathway. In particular deepdyslexics make
semanticerrorsin oral reading(e.g.,readingCAT as“dog”), alongwith purevisual
errors(e.g.,CAT —“cot”), mixedvisual-and-semantierrors(e.g.,CAT —"rat”), and
even mediatedvisual-then-semantierrors(e.g.,SYMPATHY —“orchestra”,presum-
ably via symphony Thelikelihoodthataword is readcorrectlydepend®nits part-
of-speech(nouns> adjectives > verbs > function words) andits concretenessr
imageability(concretejmageablenvords > abstract]essimageablewords). Perfor
manceon additionaltests,suchasauditorycomprehensiomandpicture-word match-
ing, suggestshatthe secondarydamageo the semantigpathway may occurbefore,
within, or aftersemanticgShallice& Warrington,1980).

Hinton andShallice(1991)reproducedhe co-occurrencef semantiandvisual
errorsin deepdyslexia by damaginga network thatmappedrthographyto semantics
(seeFigure 2a). During training, the network learnedto form attractorsfor word
meaningqusing a separateset of semantic‘clean-up” units), suchthat patternsof
semanticfeaturesthat were similar to a known word meaningwere pulled to that
exact meaningover the courseof settling. Following damagethe semanticactivity
causedy aninputwould occasionallyfall within theattractorbasinof aneighboring
(related)word, giving riseto a semanticerror. Visualerrorsalsooccurreddueto the
network’s inherentbias towards similarity: visually similar wordstendto produce
similar initial semanticpatternswhich canleadto a visual error if the basinsare
distortedby damageseeFigure2b).
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Figure 2: (a) A depictionof the network usedby Hinton and Shallice (1991) to model deepdysleia,
correspondingdo a portion of the semantigpathwayof the Seidenbey andMcClelland (1989)framewnork
in Figurel. Setsof connectionsare labeledby the initials of the connectedyroupsof units (e.g., =1
for connectiongrom the Graphemaunitsto the Intermediateunits). (b) How damagdo attractorgdashed
oval) can causeboth semanticand visual errors. The currentpatternsof activation in orthographyand
semanticareeachrepresentedsapointin amulti-dimensioal statespacen whichtheactivationof each
unit is codedalong a separatalimension(for corvenience,only two dimensionsare depicted). Adapted
from Hinton andShallice(1991)andPlautandShallice(1993).
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Plautand Shallice (1993) extendedtheseinitial findingsin a numberof ways.
They establishedhe generalityof the co-occurrenceof error typesacrossa wide
rangeof simulations,showving thatit doesnot dependon specificcharacteristic®f
the network architecturethelearningprocedurepr the way responsesaregenerated
from semanticactivity. A particularlyrelevantsimulationin this regardinvolved an
implementationof the full semanticpathwvay—mappingorthographyto phonology
via semantics—using deterministicBoltzmannMachine(Hinton, 1989;Petersor&
Anderson,1987). Lesionsthroughoutthe network gave rise to both visual and se-
manticerrors,with lesionsprior to semanticgproducinga biastowardsvisual errors
andlesionsafter semanticgproducinga biastowardssemanticerrors(relative to the
“chance”distribution; seeFigure3). Thus,thenetwork replicatedboththequalitative
similarity and quantitatve differencesamongdeepdyslexic patients. The network
also exhibited a numberof othercharacteristicof deepdyslexia not consideredy
Hinton andShallice(1991),including the occurrenceof visual-then-semantierrors,
greaterconfidencein visual as comparedwith semanticerrors, and relatively pre-
senedlexical decisionwith impairednaming.

PlautandShallice(1993,alsoseePlaut,1995)carriedout further simulationsto
addresghe influencesof concretenesen the readingperformanceof deepdyslexic
patients. As previously mentioned,deepdyslexic patientsperform betterat read-
ing concrete high-imageablevords comparedwith abstractlow-imageablewvords.
Strangelytheeffectsof concreteness—semantiosariable—interactith visualsim-
ilarity in errors,suchthatabstractvordsaremorelik ely thanconcretewvordsto pro-
ducevisualerrors,andtheresultingresponsetendto be moreconcretehanthestim-
ulus(e.g.,SCANDAL —"“sandals”Barry & Richardson1988).Theseeffectscouldnot
beaddressedsingtheoriginal Hinton andShalliceword setbecausé containsonly
concretenouns.

Accordingly, PlautandShallice(1993)designeda versionof thetaskof reading
via meaningthatwould allow the effectsof concretenesand visual similarity to be
investigateddirectly. Twenty pairs of four-letter words were chosensuchthat one
memberof the pairwasconcretethe otherwasabstractandthetwo differedby only
a singleletter (e.g.,ROPE andROLE). The critical differencebetweenthe concrete
andabstractwvordsrelatedto their semantiaepresentations?lautand Shallices ap-
proachto capturingthis distinctionwasbasedn parton Jones’'(1985)demonstration
thatwordsvary greatlyin theeaseawith which predicatesiboutthemcanbegenerated.
For example,morepredicatesanbegeneratedor basic-level wordsthanfor subordi-
nateor superordinatevords(Rosch,Mervis, Gray, Johnson& Boyes-Braem1976).
Jonesshavedthatthereis a very high correlation(0.88) betweerease-of-predication
ratingsandimageability (which also correlateshighly with concretenessynd that
the relative difficulty of parts-of-speecln deepdyslexia mapsperfectly onto their
orderedmeanease-of-predicatioscores.He amguedthat the effectsof both image-
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Figure3: (a) Thearchitectureof the deterministicBoltzmannMachine(DBM) implementedby Plautand
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ability andpart-of-speecln deepdyslexia canbe accountedor by assuminghatthe
semanticpathway is sensitie to ease-of-predicationPlautand Shalliceinstantiated
this distinctionby assigningconcretevordsmoresemantideaturegpredicatesjhan
abstractvords: anaverageof 18.2versus4.7 out of 98 possiblefeaturesrespectiely.
Thefirst 67 of the semantideaturesverebasednthoseusedby Hinton andShallice
(1991)andappliedonly to the concretewords; The remaining31 featureqe.g.,has-
duration, relates-locationquality-difficulty) appliedprimarily to abstractwords but
occasionallyto concretevordsaswell. Theorderingof thefeaturesand,in particular
the separatiorof concreteandabstracfeatureswereirrelevantto the simulation.

Note thatit would be misleadingto interpretthe assignmenof morefeatureso
concretewords asa literal claim aboutsemanticrepresentationgjiven that abstract
words can certainly make rich and substantiakontributionsto meaning. Rather a
moreappropriaténterpretatiorof the manipulatiorrelateso thedegreeof variability
acrosscontets in the semanticgyeneratedy differenttypesof words. As Safran,
Bogyo, Schwartz, and Marin (1980, p. 400; seealso Schwanenflugel,1991) have
pointedout,

A concretevord—areferencdaermlik e “rose”—hasa coremeanindittle
alteredby contect (aroseis arose).... Themeaning®f abstracivords,
on the otherhand,tendto be more dependenbn the contexts in which
they areembedded.

A similar contrastappeargo hold amongdifferent parts-of-speech—foexample,
betweemounsandverbs(Gentney1981). Thus,the useof fixed semantiaepresen-
tations containingfewer featuresfor abstractwords shouldreally be consideredan
approximationof a morerealisticsimulationin which abstractvordshave fewer se-
manticfeatureghatare activatedconsistentlyacrossa variety of contets. In fact, if
a connectionishetwork weretrainedto generatgronunciationdrom suchvariable
semanticrepresentationst would cometo rely on just thosefew featuresthat are
consistentlypredictie of the correctresponsdseeMcClelland& Rumelhart, 1985,
for illustrationsof this property). The PlautandShallicesemantiadepresentationsan
bethoughtof ascontainingonly thesepredictive features.
PlautandShallice(1993)traineda network with back-propagatiothroughtime
(Rumelhart,Hinton, & Williams, 1986)to maporthographyto phonologyvia these
semanticrepresentations.To enablethe network to learn semanticattractors,the
architectureincluded semantic‘clean-up” units muchlike thosein the Hinton and
Shallice(1991)network (shavn in Figure2a). Becausebstractvordshave far fewer
semantideaturesthey arelessableto engagehis semanticlean-upmechanisnef-
fectively to form strongattractorsduring training. Thesewords mustthereforerely
moreheaily onthedirectmappingfrom orthographyto semanticsywherevisualin-
fluencesare strongest.As a result, lesionsto this pathway reproducethe effects of
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Figure 4: Differencesbetweenconcreteand abstractwordsin (a) correctperformance and (b) visual
error rates, after 1000 moderatelesionsto the “direct” pathwayfrom orthographyto semanticgsolid
lines) in the Plautand Shallice (1993) concrete/abstraatetwork, and after 1000 severe lesionsto the
“clean-up”pathwaythatimplementedhe semantiattractorgdashedines). Plottedvaluesaredifferences
(concrete-abstract);positive values(towardsthe right) reflectgreatercorrectperformanceor visual er
ror ratesfor concreteascomparedvith abstractwords. The solid lines correspondo the patternof deep
dysleia; thedashedinescorrespondo the patternof concretevord dyslexia. Adaptedfrom Plaut(1995).

concretenesandtheir interactionwith visual errorsfound in deepdysleia: better
correctperformancdor concreteover abstractvords,atendenyg for errorresponses
to be moreconcretehanstimuli, anda higherproportionof visual errorsin response
to abstractomparedvith concretewvords(seethe solidlinesin Figure4).

Surprisingly severelesionsto connectionswithin the clean-upmechanisnthat
implementedthe semanticattractorsproducedthe oppositeeffect: abstractwords
were now readbetterthan concretewords, and concretewords producedmore vi-
sualerrorsthandid theabstractvords(seethedashedinesin Figure4). Thisreversal
arisesbecausepnderthis type of lesion, the processingdf mostconcretewordsis
impairedbut mary abstractwordscanbereadsolely by the direct pathway. In fact,
thereis asingleknown exceptionto theadvantagegor concretevordsshovn by deep
dyslexic patients:patientCAV with conceteword dysleia (Warrington,1981). CAV
failed to readconcretewordslike MiLK and TREE but succeededt highly abstract
wordssuchasAPPLAUSE, EVIDENCE, andINFERIOR. Overall, abstractwordswere
more likely to be correctly readthan concrete(55% vs. 36%). In complementary
fashion,63% of hisvisualerrorresponseseremoreabstracthanthe stimulus.Fur
thermore the hypothesisf severe damageto semanticattractorsis consistentwith
otheraspectof his performance:CAV’s readingdisorderwas quite severeinitially,
and he also shaved an advantagefor abstractwordsin picture-word matchingwith
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auditorypresentationsuggestingeveremodality-independerdamageat thelevel of
thesemanticsystem.

The doubledissociationbetweenreadingconcreteversusabstractwordsin pa-
tientswasinterpretedby Warringtonandothers(e.g.,Morton & Patterson,1980)as
implying thatconcreteandabstracsemanticarerepresentedeparatelyn the brain.
The PlautandShallice(1993)simulationdemonstratethat sucha radicalinterpreta-
tion is unnecessarythe doubledissociationcanarisefrom damageo differentparts
of adistributednetwork, in which partsproces$othtypesof itemsbut developsome-
whatdifferentfunctionalspecializationshroughlearning(seePlaut,1995 for further
resultsanddiscussion).

Overall, the Plautand Shallice(1993) simulationsof deepdyslexia (and of the
single,enigmaticcaseof concreteword dyslexia) provide strongsupportfor charac-
terizingthe operationof the semantigathway, andlexical semantigrocessingnore
generallyin termsof adistributednetwork like thatin Figurel, which learnsto form
attractorgfor word meaningslt shouldbe pointedout, however, thatit is possibleto
modelanalogoughenomendy usinglocalistword unitsto implementthe semantic
attractorgseeMartin, Dell, & Schwartz,1994;Martin, Safran, & Dell, 1996,andthe
chapterby Dell, Schwartz, Martin, Safran, & Gagnon this volume). The advantage
of thefully distributedapproachn thecurrentcontet is thatthe propertiesof normal
andimpairedsemantigrocessin@riseout of the samecomputationaprinciplesthat
operatdan therestof thelexical system.

3 Rehabilitating Reading Via Meaning

A computationallyexplicit theoryof normalandimpairedcognitive processinghould
aidin attemptdo remediateheimpairmentgyHoward& Hatfield,1987).In acomple-
mentaryfashion,accountingor the patternsof recovery exhibited by brain-damaged
patientsundegoing specifictreatmentanprovide a stringenttestof cognitive theo-
ries. However, relatively few remediationstudieshave beenbaseddirectly on cog-
nitive analysesandwhile thesehave beenrelatively successfulthe specificcontri-
bution of the cognitive model—typicallya box-and-arrev diagram—isoftenunclear
(seeRiddoch& Humphrgs, 1994;Margolin, 1992;Seron& Deloche,1989).
ColtheartandByng (1989)undertooka seriesof remediatiorstudieswith a sur
facedyslexic patient,EE, with left temporal-parietalamagedueto afall. Ontheba-
sisof anumberof preliminarytests they determinedhat EE hada specificdeficitin
deriving semanticgrom orthographyIn onestudy they gave EE 485high-frequenyg
wordsfor oral readingandthe 54 words he misreadwere dividedin half randomly
into treatedand untreatedsets. For wordsin the treatedset, EE studiedcardsof the
writtenwordsaugmenteavith mnemonicgor theirmeaningsAs aresult,hisreading
performancenthetreatedwordsimprovedfrom 44%to 100%correct. Surprisingly
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the untreatedvordsalsoimproved, from 44% to 85% correct;thatis, the improve-
menton untreatedvords was 73% as much ason treatedwords. This generalized
improvementwasspecificto theinterventionbecaus&E’s performancen thewords
wasstablebothbeforeandaftertheragy. Two otherstudieswith EE producedoroadly
similar results.Overall, ColtheartandByng foundexcellentrecovery of treatedtems
and substantialgeneralizatiorto untreatedtems (also seeWeeles & Coltheart,in
press).

Unfortunately suchpromisingresultsarenotalwaysfoundin rehabilitationstud-
ies, eventhosewith very similar typesof patients.ScottandByng (1989)treateda
surfacedyslexic patientfor homophoneonfusiondn reading(e.g., TAIL/TALE) and
producedmprovementon treateditemsand, to a lesserextent, untreatedtems, but
found no generalizatiorto his writing of the sameitems(alsoseeBehrmann1987).
BehrmanrandLieberthal(1989)traineda globally aphasigatientwith semantidm-
pairmentson asemanticateyory sortingtask. They foundimprovementon untreated
itemsonly within somecategoriesand minimal generalizatiorto itemsin untreated
catgyories.Finally, Hillis (1993)carriedout anextensive rehabilitationprogramwith
a patientwho hadbothorthographi@andsemantiampairments.The patientwasable
to learntrainedtasks(e.qg.,lexical decision,naming)but shovedvirtually no general-
izationto untrainedtasks.

Why somepatientsimprove while othersdo not is not entirely clear Further
more,even in thosepatientswho do improve andshowv generalizationthe causeof
this generalization—irtermsof changego the underlyingcognitive mechanismin-
ducedby treatment—isunknovn. An explanationof thesefindings shouldaccount
notonly for theoccurrencef generalizatiorin somepatientsandconditions but also
for its absencen others. As Hillis (1993) pointsout, whatis neededs a theory of
rehabilitationthat providesa detailedspecificatiorof theimpairedcognitive system,
how it changesn responsgo treatmentandwhatfactorsarerelevantto the efficacy
of thetreatment.

Early connectionistesearci{Hinton & Plaut,1987;Hinton & Sejnavski, 1986)
demonstratethatsimplenetworkstrainedon unstructuredaskscan,whenretrained
after damagegxhibit rapid recovery on treateditemsandgeneralizationio untreated
items. Plaut (1996) extendedthesefindingsto apply directly to understandinghe
basisand variability of recovery in patients,and to provide a platform for testing
hypothesesn how to selectitemsfor treatmento maximizegeneralizedecovery.

In onesimulation,areplicationof the HintonandShallice(1991)network shavn
in Figure 2awassubjectedo damageeithernearorthography(to the grapheme-to-
intermediateconnectionspr within semanticgto the semantics-to-cleanugonnec-
tions)andretrainedon half of thewords. This retrainingproducedapidimprovement
on treatedwordsandsubstantiabeneralizatiorto untreatedvordsonly afterlesions
within semanticswhen retraining after lesionsnearorthography improvementon
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Figure5: Improvementon treatedanduntreatedtemswhenretraininga networkthatmapsorthographyto

semanticafter (a) lesionswithin semanticgto the semantics-to-cleanugnnectionshavn in Figure2a),

andafter (b) lesionsnearorthographyto the grapheme-to-intermeatie connections)Adaptedfrom Plaut
(1996).

treatedwords was erratic and there was no generalizatiorto untreatedwords (see
FiguresSaandb). This differencewasdueto the relative degreeof consistencyn

the mappingperformedat differentlevels of the network. Within semanticssimilar
words requiresimilar interactions so that the weight changesausedby retraining
on somewordswill tendalsoto improve performanceon other, relatedwords(i.e.,

the optimalweight changegor wordsaremutually consistent).By contrast,similar
orthographigpatterngtypically mustgeneratevery differentsemanticpatterns.As a
result,whenretrainingafterlesionsnearorthographythe weightchangedor treated
itemsareunrelatedo thosethat would improve the untreatedtems,andthereis no
generalization.Thesefinding provide a basisfor understandinghe mechanismsf

recovery andgeneralizationn patientsandmay helpexplaintheobsenedvariability

in theirrecovery.

In asecondsimulation,Plaut(1996)usedanartificial versionof thetaskof map-
ping orthographyto semanticso investigatevhethergeneralizationvasgreatemwhen
retrainingon typical versusatypical category exemplars(e.g., ROBIN VS. GOOSE).
Somevhatsurprisingly althoughretrainingon typical exemplarsproducedyreatetre-
coveryontreatedtems,retrainingon atypicalexemplargproducedyreateigeneraliza-
tion to untreatedtems(seeFigure6). Thesefindingsmake senseagiventheadequag
with which setsof typical versusatypicalexemplarsapproximateherangeof seman-
tic similarity amongall of thewords. Semanticallytypical wordsaccuratelyestimate
the centraltendenyg of a cateyory, but provide little information aboutthe waysin
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Figure6: (a) A depictionof the relationshipin semanticspacebetweenthe prototypeof a category and

typical versusatypicalexemplarsin thatcategyory. (b) Generalizatiorfrom retrainingafterlesionsof 25%

of the intermediate-to-sem#ns connectionsasa function of the semantictypicality of the treatedand
untreatedsets.Adaptedfrom Plaut(1996).

which catggory memberscanvary. By contrast,eachatypicalword indicatesmary
morewaysin which memberscandiffer from the prototypeandyet still belongto
the categyory. Thus,collectively, the semantiaepresentationsf atypicalwordscover
moreof thefeaturesneededy the entiresetof wordsthando the representationef
moretypical words. At the sametime, the averageeffects of retrainingon atypical
wordsprovidesareasonablestimateof thecentraltendeng of the category, yielding
generalizatiorto typical words (asfound in humancategory learningby, e.g.,Pos-
ner & Keele,1968). In this way, the simulationgenerated novel predictionabout
how to selectitemsfor treatmensoasto maximizegeneralizedecovery.

In afinal simulation,Plaut(1996)usedthe failure of the network to replicatethe
error patternof recovering deepdyslexic patientsto constrainthe underlyingtheory:
that the improvementof thesepatientsmustbe due, at leastin part,to somerecor-
ery of functionin the (unimplementedphonologicabathway. Therelevantempirical
finding is thatdeepdyslexia canresole into phonologicadyslexia (Beauwis & Der-
ouesre, 1979). The definingcharacteristiof phonologicaldyslexic patientsis that
they have aselectve impairmentin readingnonwordscomparedvith readingwords.
Althoughsuchpatientsdo not make semanticerrors they canbe quitesimilarto deep
dysleic patientsin otherrespects.In fact, Glosserand Friedman(1990, also see
Newcombe& Marshall,1980)arguedthat deepand phonologicaldyslexic patients
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fall on a continuumof severity of impairment,with deepdyslexia atthe mostsevere
end. Moreover, Friedman(1996,alsoseeKlein, Behrmanng& Doctor, 1994)hasar-

guedthatthe symptomsn deepdyslexia resole in a particularorderover the course
of recovery, reflectingthe continuumof impairment. The occurrenceof semanticer

rorsis thefirst symptomto resole, constitutinga someavhatarbitrarytransitionfrom

deepto phonologicaldysleia). The concretenessffectis the next symptomto re-

solve, followedby the part-of-speeckffect, thenthevisualandmorphologicakrrors,
andonly lastly, theimpairednonword reading.A similar patternof recosery hasbeen
documentedn deepdysphasigatientswho make semanticerrorsin repetition(see
Martin, Dell, & Schwartz,1994; Martin, Safran, & Dell, 1996,andDell et al., this

volume).

Plaut(1996)measuredhechangedn thedistributionof errortypesbroughtabout
by retraininganorthography-to-semanticetwork afterdamage Ratherthanseman-
tic errorsbeingthefirst to dropout, visualandunrelatederrorswereeliminatedearli-
est. Semanti@andmixedvisual-and-semantierrorswereeliminatedonly at the very
end of retraining. Thus, the changesn the patternof errorsproducedby the net-
work in recovery to nearnormallevelsof correctperformancédailedto reproducehe
transitionfrom deepto phonologicaldyslexia obsenedin patients.This discrepang
betweerthebehaior of thenetwork andthatof patientscanbeunderstoodf recovery
in the patientsinvolvesmorethanrelearningin the semanticroute alone. In partic-
ular, the findingssuggesthat, within the currentapproachthe transitionfrom deep
to phonologicaldyslexia mustalsoinvolve someimprovementin the operationof the
phonologicalpathway (or in phonologyitself). Suchimprovementwould producea
greatereductionin semanticerrorsrelative to othertypesof errorbecausevenpar
tial correctphonologicalinformationaboutthe stimuluswould be sufficient to rule
outmostsemanticerrors(Newcombe& Marshall,1980).

Oneclearindicator of the operationof the phonologicalroute is the ability to
readpronounceableonwords,assuchitemscannotbe readvia semanticsThus,the
above explanationis supportedy the obsenationthat, for mary deep/phonological
patientsastheir ratesof semantierrorsdroppedo nearzero,their nonword reading
performancemproved. For example,oninitial testing,patientGR (Glosser& Fried-
man, 1990) made11% semanticerrorsand readcorrectly 5% (1/20) of nonwords.
Sevenmonthdater, hemadeno purelysemantierrors(although3%werevisual-and-
semantic),concurrently his nonword readinghadimprovedto 44% (22/50). Similar
resultshave beenfound with a numberof other patients(e.g.,DV, Glosser& Fried-
man,1990; EG, Laine, Niemi, & Marttila, 1990; but seePlaut,1996,for discussion
of apossibleexception:RL, Klein etal., 1994). Thus,while the behaior of thenet-
work on its own fails to accountfor the resolutionof deepto phonologicaldyslexia,
its performancaes consistentvith a moregeneralaccountin which the phonological
routealsocontributesto the natureof therecovery in thesepatients.
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In summary the Plaut (1996) simulationsdemonstratehat the investigationof
relearningafter damagen connectionisnetworks canprovide insightinto the basis
andvariability of recovery of theimpairmentf brain-damagegatientscangenerate
interestinghypothesesn how to designtheragy to remediatdheseimpairmentsand
can contribute valuabletheoreticalconstraintson our understandingf normaland
impairedcognitive processing.

4 Conclusions

The currentwork adoptsa perspectre on lexical processingn which distributedrep-
resentation®of orthographic,phonological,and semanticinformation interactand
mutually constraineachother in the processof settling on the bestinterpretation
andresponsdor a giveninput. The succes®f connectionistmplementation®f the
phonologicalpathway—from orthographyto phonology—inmodelingnormal and
impairedword reading(Plautet al., 1996; Seidenbay & McClelland, 1989) stems
in large partfrom the fact that connectionishetworks are biasedto give similar re-
sponseso similarinputs.For this very reasonthough,mappingswithin the semantic
pathway—fromorthographyto semantic¢o phonology—pose particularchallenge
to suchnetworks asthereis no systematiaelationshipbetweenthe surfaceforms of
(monomorphemicjvordsandtheir meanings.

Critically, eventhoughvery differentproblemsarebeingsolvedwithin thephono-
logical and semanticpathways, the samecomputationabrinciplesare effective for
both. In particular learningandprocessingn distributedconnectionishetworksare
sensitive to thefrequencywith which particularitemsarepresentedor training, their
similarity to otheritemswithin eachdomain,andthe consistencyf their mappings
betweendomainswith thoseof otheritems. Nonethelessin meetingthe different
demandsof the two pathways, the principlesgive rise to ratherdifferentfunctional
properties.When appliedwithin the phonologicalpathway, connectionisnetworks
embodyingtheseprinciplesgive rise to the empirical patternof interactionbetween
word frequeng andspelling-soundconsisteng obsered in the naminglatenciesof
skilled readersandin the namingaccurag of surfacedyslexic readergseePatterson
et al., this volume). When appliedwithin the semanticpathway, networks learnto
form attractors for familiar word meaningsunderdamagetheseattractorgive rise
to semanticerrorsandtheir co-occurrencevith visual errors,and effectsof image-
ability/concretenesssexhibited by deepdyslexic patients.Moreover, the degreeof
generalizedecovery following retrainingof the damagedemantigpathway depends
onthe degreeof consisteng of the optimalweightchangedor treatedanduntreated
items—whichdependon the specificlocationof damagewithin the network andthe
itemsselectedor treatment.

Taken together the replicationof the diversesetof empirical findingsin both
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normalandimpairedreadingoy networksembodyingacommonsetof computational
principlesprovidesstrongevidencethatthe sameprinciplesapply within the normal
andimpairedhumanreadingsystem.
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