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At leasttwo processingroutesin thebrainareinvolved in pronouncingwrittenwords:aseman-
tic routethatderivesthepronunciationvia meaning,andaphonologicalroutethatderivesit via
spelling-sound correspondences.Simulationsinvolving partialdamageto anisolatedsemantic
route(Plaut& Shallice,1993)provide acomprehensive accountof theratherpeculiarcombina-
tion of symptomsexhibitedby patientswith deepdyslexia, includingtheoccurrenceof semantic
errors(e.g.,readingRIVER as“ocean”), their co-occurrencewith visualerrors,andinfluences
of imageabilityor concretenessoncorrectanderrorperformance.Furthermore,whenaversion
of the model is retrainedafter damage(Plaut,1996), the degreeandvariability of its recov-
ery andgeneralizationarequalitatively similar to the resultsof somecognitive rehabilitation
studies.Theresultschallengetraditionalassumptionsaboutthenatureof themechanismssub-
servingword reading,andillustratethevalueof explicit computationalsimulationsof normal
andimpairedcognitive processes.They alsosuggestthatconnectionistmodelingcanprovide a
framework for generatingspecifichypothesesaboutstrategiesfor rehabilitation.

Cognitive neuropsychologyattemptsto relatethepatternsof impairedandpreserved
abilitiesof brain-injuredpatientsto modelsof normalcognitive functioning,with the
goalsof explaining the behavior of the patientsin termsof theeffectsof damagein
the model,andof informing the modelbasedon the observed behavior of patients
(Coltheart,1985;Ellis & Young,1988;Shallice,1988).A majormotivationfor many
researchersis thata moredetailedanalysisof thenormalmechanism,andtheway it
is impairedin particularpatients,shouldleadto thedesignof moreeffective therapy
to remediatetheseimpairments(Howard& Hatfield,1987;Riddoch& Humphreys,
1994;Seron& Deloche,1989). Moreover, thepatternsof recovery exhibitedby pa-
tientsplaceadditionalconstraintson modelsof normalandimpairedcognitive pro-
cessing.Thepurposeof this chapteris to illustratein a particulardomain—reading
via meaning—how computationalprinciplesfrom connectionistor paralleldistributed
processing(PDP)researchcanprovideinsightinto thenatureof normalcognitivepro-
cesses,how they canbreakdown following braindamage,how they canrecover, and
how to designtherapy to maximizethis recovery.

Perhapsthemostdetailedattemptsat relatingthebehavior of damagedconnec-
tionist networks to thatof brain-injuredpatientshasbeenin the domainof acquired
readingdisorders(see,e.g.,Hinton & Shallice,1991; Mozer & Behrmann,1990;
Patterson,Seidenberg, & McClelland,1989;Plaut,McClelland,Seidenberg, & Pat-
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terson,1996;Plaut& Shallice,1993).This is in partbecauseinvestigationsof reading
in bothcognitive psychologyandneuropsychology(Coltheart,1987)have produced
a rich andoftencounterintuitivesetof empiricalfindings.

Prior to the late 1960’s, the majordistinctionamongacquireddyslexic patients
was simply whetherthe readingdeficit wasaccompaniedby a deficit in writing—
alexia with agraphia—orwhetherit occurredin isolation—alexia without agraphia,
or pure alexia (Dejerine,1892). Little attemptwasmadeto distinguishamongdif-
ferent typesof readingdeficitsuntil MarshallandNewcombe(1966;1973) identi-
fied a numberof separatetypesof acquireddyslexia basedon the typical patternsof
errorsthat patientsmadein readingaloud. In particular, surfacedyslexia involved
phonologicalconfusionsin theprocedureby which wordsaresounded-outbasedon
typical spelling-soundcorrespondences(e.g.,SEW

� “sue”), whereasdeepdyslexia
involved semanticconfusions,in which wordswere often misreadas semantically
relatedwords(e.g.,DINNER

� “food”).

MarshallandNewcombe(1973)explainedthe existenceof thesedistinct types
of dyslexia in termsof damageto a “dual-route”modelof normalreading(alsosee
Coltheart,1978; 1985; Coltheart,Curtis, Atkins, & Haller, 1993; Meyer, Schvan-
eveldt,& Ruddy, 1974;Morton & Patterson,1980;Paap& Noel,1991). In Marshall
andNewcombe’smodel,writtenwordscanbepronouncedthrougheitherof twopath-
ways.Thefirst is aphonological pathwaythattranslatesfrom spellingto soundusing
grapheme-phonemecorrespondence(GPC) rules. This pathway enablespeopleto
readword-likenonsenseletterstrings(e.g.,MAVE) aswell asso-calledregular words
thatobey standardspelling-soundcorrespondences(e.g.,GAVE). Thesecondway of
pronouncingwordsis via asemanticpathway in whichaword is first recognizedand
assignedameaningwhichis thenusedto accessits pronunciation.Thesemanticpath-
way enablespeopleto readso-calledexceptionwordsthatviolate thestandardGPC
rules(e.g.HAVE). Accordingto MarshallandNewcombe,surfacedyslexic patients
haveaselectiveimpairmentof thesemanticpathway, suchthattheir errorsreflectthe
isolatedoperationof the phonologicalpathway. Conversely, deepdyslexia reflects
the isolated—and,accordingto morerecenttheories(seeShallice,1988),partially
impaired—operationof thesemanticpathwayfollowing severedamageto thephono-
logical pathway.

Considerablefurther researchhasexaminedthe characteristicsof both surface
anddeepdyslexia in moredetail. Thechapterby Patterson,Plaut,McClelland,Sei-
denberg,Behrmann,andHodges(thisvolume)articulatesandprovidesempiricalsup-
port for an accountof surfacedyslexia basedon connectionistimplementationsof
the phonologicalpathway (Plautet al., 1996). The currentchapterfocuseson deep
dyslexia and,moregenerally, on thebreakdown andrecovery of theoperationof the
semanticpathway.
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Figure1: A connectionistframework for lexical processing.Adaptedfrom Seidenberg andMcClelland
(1989).

1 A Connectionist Framework for Lexical Processing

Seidenberg and McClelland (1989) presenteda connectionistframework for lexi-
cal processingthathassomesimilaritieswith—but alsosomeimportantdifferences
from—standarddual-routetheory. Within theframework,depictedin Figure1,ortho-
graphic,phonological,andsemanticinformationis representedasdistributedpatterns
of activity over groupsof simpleneuron-like processingunits. Within eachdomain,
similar wordsarerepresentedby similar patternsof activity. Transformationsamong
domainsareaccomplishedvia cooperativeandcompetitive interactionsamongunits,
includingintermediateor hiddenunitsthatmediatebetweentheorthography, phonol-
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 interactionsaregovernedby weightson con-
nectionsbetweenthem which collectively encodethe system’s knowledgeand are
learnedthroughexposureto written words,spokenwords,andtheirmeanings.

Althoughthis framework mayseemreasonableat a generallevel, it actuallyre-
flectsa radicaldeparturefrom traditionaltheorizingaboutlexical processing,partic-
ularly in two ways. First, thereis nothing in the structureof the systemthat cor-
respondsto individual wordsper se, suchasa lexical entry or “logogen” (Morton,
1969).Rather, wordsaredistinguishedfrom nonwordsonly by functionalproperties
of thesystem—theway in whichparticularorthographic,phonological,andsemantic
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patternsof activity interact(alsoseeVanOrden,Pennington,& Stone,1990). Sec-
ond, althoughthe systemis composedof a phonologicaland a semanticpathway,
thesepathwaysoperateaccordingto very differentprinciplesandhave very different
functional propertiesthan the analogouspathways in traditionaldual-routemodels
(e.g.Coltheartet al., 1993). In particular, the phonologicalpathway doesnot apply
GPCrulesthatsucceedonly for regularwordsandnonwords.Rather, it learnsto map
orthographyto phonologyfor all typesof stimuli (includingexceptionwords)based
onasensitivity to spelling-soundconsistency(Glushko,1979).Thedegreeof mastery
achieved by the phonologicalroutefor itemsit finds mostdifficult—low-frequency
exceptionwords—will generallynot beperfectandwill dependon a numberof fac-
tors, including the strengthof contribution from the semanticduring learning(see
Pattersonetal., thisvolume,andPlautetal., 1996).

2 Impaired Reading Via Meaning in Deep Dyslexia

As suggestedearlier, patientswith deepdyslexia (seeColtheart,Patterson,& Mar-
shall, 1980)seemto have a severe impairmentof the phonologicalpathway. This
is indicated,in part,by the fact that they arevirtually unableto readpronounceable
nonwords(e.g.,MAVE). They alsohave impairmentsin readingwordsthat suggest
additionalpartialdamageto thesemanticpathway. In particular, deepdyslexicsmake
semanticerrorsin oral reading(e.g.,readingCAT as“dog”), alongwith purevisual
errors(e.g.,CAT

� “cot”), mixedvisual-and-semanticerrors(e.g.,CAT
� “rat”), and

even mediatedvisual-then-semanticerrors(e.g.,SYMPATHY
� “orchestra”,presum-

ably via symphony). Thelikelihoodthataword is readcorrectlydependson its part-
of-speech(nouns � adjectives � verbs � function words) and its concretenessor
imageability(concrete,imageablewords � abstract,lessimageablewords). Perfor-
manceon additionaltests,suchasauditorycomprehensionandpicture-word match-
ing, suggeststhat thesecondarydamageto thesemanticpathway mayoccurbefore,
within, or aftersemantics(Shallice& Warrington,1980).

HintonandShallice(1991)reproducedtheco-occurrenceof semanticandvisual
errorsin deepdyslexia by damaginganetwork thatmappedorthographyto semantics
(seeFigure 2a). During training, the network learnedto form attractorsfor word
meanings(using a separatesetof semantic“clean-up” units), suchthat patternsof
semanticfeaturesthat were similar to a known word meaningwere pulled to that
exact meaningover the courseof settling. Following damage,the semanticactivity
causedby aninputwouldoccasionallyfall within theattractorbasinof aneighboring
(related)word, giving riseto a semanticerror. Visualerrorsalsooccurreddueto the
network’s inherentbias towardssimilarity: visually similar words tend to produce
similar initial semanticpatternswhich can lead to a visual error if the basinsare
distortedby damage(seeFigure2b).
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Figure 2: (a) A depictionof the network usedby Hinton and Shallice(1991) to model deepdyslexia,
correspondingto a portionof thesemanticpathwayof theSeidenberg andMcClelland(1989)framework
in Figure1. Setsof connectionsare labeledby the initials of the connectedgroupsof units (e.g.,G � I
for connectionsfrom theGraphemeunitsto theIntermediateunits). (b) How damageto attractors(dashed
oval) can causeboth semanticandvisual errors. The currentpatternsof activation in orthographyand
semanticsareeachrepresentedasapoint in amulti-dimensional statespacein whichtheactivationof each
unit is codedalonga separatedimension(for convenience,only two dimensionsaredepicted).Adapted

from HintonandShallice(1991)andPlautandShallice(1993).
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PlautandShallice(1993)extendedtheseinitial findings in a numberof ways.
They establishedthe generalityof the co-occurrenceof error typesacrossa wide
rangeof simulations,showing that it doesnot dependon specificcharacteristicsof
thenetwork architecture,thelearningprocedure,or theway responsesaregenerated
from semanticactivity. A particularlyrelevantsimulationin this regardinvolvedan
implementationof the full semanticpathway—mappingorthographyto phonology
via semantics—usingadeterministicBoltzmannMachine(Hinton,1989;Peterson&
Anderson,1987). Lesionsthroughoutthe network gave rise to both visual andse-
manticerrors,with lesionsprior to semanticsproducinga biastowardsvisualerrors
andlesionsaftersemanticsproducinga biastowardssemanticerrors(relative to the
“chance”distribution;seeFigure3). Thus,thenetwork replicatedboththequalitative
similarity andquantitative differencesamongdeepdyslexic patients. The network
alsoexhibited a numberof othercharacteristicsof deepdyslexia not consideredby
Hinton andShallice(1991),includingtheoccurrenceof visual-then-semanticerrors,
greaterconfidencein visual as comparedwith semanticerrors,and relatively pre-
servedlexical decisionwith impairednaming.

PlautandShallice(1993,alsoseePlaut,1995)carriedout furthersimulationsto
addressthe influencesof concretenesson the readingperformanceof deepdyslexic
patients. As previously mentioned,deepdyslexic patientsperform betterat read-
ing concrete,high-imageablewordscomparedwith abstract,low-imageablewords.
Strangely, theeffectsof concreteness—asemanticvariable—interactwith visualsim-
ilarity in errors,suchthatabstractwordsaremorelikely thanconcretewordsto pro-
ducevisualerrors,andtheresultingresponsestendto bemoreconcretethanthestim-
ulus(e.g.,SCANDAL

� “sandals”Barry& Richardson,1988).Theseeffectscouldnot
beaddressedusingtheoriginalHintonandShalliceword setbecauseit containsonly
concretenouns.

Accordingly, PlautandShallice(1993)designeda versionof thetaskof reading
via meaningthatwould allow the effectsof concretenessandvisual similarity to be
investigateddirectly. Twenty pairs of four-letter wordswere chosensuchthat one
memberof thepairwasconcrete,theotherwasabstract,andthetwo differedby only
a single letter (e.g.,ROPE and ROLE). The critical differencebetweenthe concrete
andabstractwordsrelatedto their semanticrepresentations.PlautandShallice’s ap-
proachto capturingthisdistinctionwasbasedin partonJones’(1985)demonstration
thatwordsvarygreatlyin theeasewith whichpredicatesaboutthemcanbegenerated.
For example,morepredicatescanbegeneratedfor basic-levelwordsthanfor subordi-
nateor superordinatewords(Rosch,Mervis,Gray, Johnson,& Boyes-Braem,1976).
Jonesshowedthatthereis avery highcorrelation(0.88)betweenease-of-predication
ratingsand imageability(which alsocorrelateshighly with concreteness),and that
the relative difficulty of parts-of-speechin deepdyslexia mapsperfectlyonto their
orderedmeanease-of-predicationscores.He arguedthat the effectsof both image-
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Figure3: (a) Thearchitectureof thedeterministicBoltzmannMachine(DBM) implementedby Plautand
Shallice(1993). (b) Error ratesproducedby lesionsto eachmainsetof connectionsin theDBM network
shown in (a). “Chance”is thedistribution of errortypesif responseswerechosenrandomlyfrom theword
set. Its absoluteheightis setarbitrarily—onlytherelative ratesareinformative. Resultsareaveragedover
lesiondensitieswhich producedan overall correctresponseratebetweenapproximately20% and80%.

Adaptedfrom PlautandShallice(1993).
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ability andpart-of-speechin deepdyslexia canbeaccountedfor by assumingthatthe
semanticpathway is sensitive to ease-of-predication.PlautandShalliceinstantiated
this distinctionby assigningconcretewordsmoresemanticfeatures(predicates)than
abstractwords:anaverageof 18.2versus4.7outof 98possiblefeatures,respectively.
Thefirst 67of thesemanticfeatureswerebasedonthoseusedby HintonandShallice
(1991)andappliedonly to theconcretewords;Theremaining31 features(e.g.,has-
duration,relates-location,quality-difficulty) appliedprimarily to abstractwordsbut
occasionallyto concretewordsaswell. Theorderingof thefeaturesand,in particular,
theseparationof concreteandabstractfeatures,wereirrelevantto thesimulation.

Notethat it would bemisleadingto interprettheassignmentof morefeaturesto
concretewordsasa literal claim aboutsemanticrepresentations,given that abstract
wordscancertainlymake rich andsubstantialcontributionsto meaning. Rather, a
moreappropriateinterpretationof themanipulationrelatesto thedegreeof variability
acrosscontexts in the semanticsgeneratedby differenttypesof words. As Saffran,
Bogyo, Schwartz, and Marin (1980, p. 400; seealso Schwanenflugel,1991) have
pointedout,

A concreteword—areferencetermlike“rose”—hasacoremeaninglittle
alteredby context (a roseis a rose). . . . Themeaningsof abstractwords,
on the otherhand,tendto be moredependenton the contexts in which
they areembedded.

A similar contrastappearsto hold amongdifferent parts-of-speech—forexample,
betweennounsandverbs(Gentner, 1981).Thus,theuseof fixedsemanticrepresen-
tationscontainingfewer featuresfor abstractwordsshouldreally be consideredan
approximationof a morerealisticsimulationin which abstractwordshave fewer se-
manticfeaturesthatareactivatedconsistentlyacrossa varietyof contexts. In fact,if
a connectionistnetwork weretrainedto generatepronunciationsfrom suchvariable
semanticrepresentations,it would cometo rely on just thosefew featuresthat are
consistentlypredictive of the correctresponse(seeMcClelland& Rumelhart,1985,
for illustrationsof thisproperty).ThePlautandShallicesemanticrepresentationscan
bethoughtof ascontainingonly thesepredictivefeatures.

PlautandShallice(1993)traineda network with back-propagationthroughtime
(Rumelhart,Hinton, & Williams, 1986)to maporthographyto phonologyvia these
semanticrepresentations.To enablethe network to learn semanticattractors,the
architectureincludedsemantic“clean-up” units much like thosein the Hinton and
Shallice(1991)network (shown in Figure2a).Becauseabstractwordshavefar fewer
semanticfeatures,they arelessableto engagethis semanticclean-upmechanismef-
fectively to form strongattractorsduring training. Thesewordsmustthereforerely
moreheavily on thedirectmappingfrom orthographyto semantics,wherevisual in-
fluencesarestrongest.As a result, lesionsto this pathway reproducethe effectsof
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Figure 4: Differencesbetweenconcreteand abstractwords in (a) correctperformance,and (b) visual
error rates,after 1000 moderatelesionsto the “direct” pathwayfrom orthographyto semantics(solid
lines) in the Plaut and Shallice(1993) concrete/abstractnetwork, and after 1000 severe lesionsto the
“clean-up”pathwaythatimplementedthesemanticattractors(dashedlines).Plottedvaluesaredifferences
(concrete� abstract);positive values(towardsthe right) reflectgreatercorrectperformanceor visual er-
ror ratesfor concreteascomparedwith abstractwords. Thesolid lines correspondto thepatternof deep
dyslexia; thedashedlinescorrespondto thepatternof concreteworddyslexia. Adaptedfrom Plaut(1995).

concretenessandtheir interactionwith visual errorsfound in deepdyslexia: better
correctperformancefor concreteover abstractwords,a tendency for errorresponses
to bemoreconcretethanstimuli, andahigherproportionof visualerrorsin response
to abstractcomparedwith concretewords(seethesolid linesin Figure4).

Surprisingly, severelesionsto connectionswithin the clean-upmechanismthat
implementedthe semanticattractorsproducedthe oppositeeffect: abstractwords
were now readbetterthanconcretewords, andconcretewordsproducedmore vi-
sualerrorsthandid theabstractwords(seethedashedlinesin Figure4). Thisreversal
arisesbecause,underthis type of lesion, the processingof mostconcretewords is
impairedbut many abstractwordscanbereadsolelyby thedirectpathway. In fact,
thereis asingleknown exceptionto theadvantagefor concretewordsshown by deep
dyslexic patients:patientCAV with concreteword dyslexia (Warrington,1981).CAV
failed to readconcretewordslike MILK andTREE but succeededat highly abstract
wordssuchasAPPLAUSE, EVIDENCE, and INFERIOR. Overall, abstractwordswere
more likely to be correctly readthanconcrete(55% vs. 36%). In complementary
fashion,63%of hisvisualerrorresponsesweremoreabstractthanthestimulus.Fur-
thermore,the hypothesisof severedamageto semanticattractorsis consistentwith
otheraspectsof his performance:CAV’s readingdisorderwasquitesevereinitially,
andhealsoshowed an advantagefor abstractwordsin picture-word matchingwith
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auditorypresentation,suggestingseveremodality-independentdamageat thelevel of
thesemanticsystem.

The doubledissociationbetweenreadingconcreteversusabstractwordsin pa-
tientswasinterpretedby Warringtonandothers(e.g.,Morton & Patterson,1980)as
implying thatconcreteandabstractsemanticsarerepresentedseparatelyin thebrain.
ThePlautandShallice(1993)simulationdemonstratesthatsucha radicalinterpreta-
tion is unnecessary:thedoubledissociationcanarisefrom damageto differentparts
of adistributednetwork, in whichpartsprocessbothtypesof itemsbut developsome-
whatdifferentfunctionalspecializationsthroughlearning(seePlaut,1995,for further
resultsanddiscussion).

Overall, the PlautandShallice(1993)simulationsof deepdyslexia (andof the
single,enigmaticcaseof concreteword dyslexia) provide strongsupportfor charac-
terizingtheoperationof thesemanticpathway, andlexical semanticprocessingmore
generally, in termsof adistributednetwork like thatin Figure1, which learnsto form
attractorsfor word meanings.It shouldbepointedout,however, that it is possibleto
modelanalogousphenomenaby usinglocalistword units to implementthesemantic
attractors(seeMartin,Dell, & Schwartz,1994;Martin,Saffran,& Dell, 1996,andthe
chapterby Dell, Schwartz,Martin, Saffran,& Gagnon,this volume).Theadvantage
of thefully distributedapproachin thecurrentcontext is thatthepropertiesof normal
andimpairedsemanticprocessingariseout of thesamecomputationalprinciplesthat
operatein therestof thelexical system.

3 Rehabilitating Reading Via Meaning

A computationallyexplicit theoryof normalandimpairedcognitiveprocessingshould
aid in attemptsto remediatetheimpairments(Howard& Hatfield,1987).In acomple-
mentaryfashion,accountingfor thepatternsof recovery exhibitedby brain-damaged
patientsundergoingspecifictreatmentcanprovide a stringenttestof cognitive theo-
ries. However, relatively few remediationstudieshave beenbaseddirectly on cog-
nitive analyses,andwhile thesehave beenrelatively successful,the specificcontri-
bution of thecognitivemodel—typicallya box-and-arrow diagram—isoftenunclear
(seeRiddoch& Humphreys,1994;Margolin, 1992;Seron& Deloche,1989).

ColtheartandByng (1989)undertooka seriesof remediationstudieswith a sur-
facedyslexic patient,EE,with left temporal-parietaldamagedueto a fall. On theba-
sisof anumberof preliminarytests,they determinedthatEE hada specificdeficit in
deriving semanticsfrom orthography. In onestudy, they gaveEE485high-frequency
wordsfor oral readingandthe 54 wordshe misreadweredivided in half randomly
into treatedanduntreatedsets.For wordsin the treatedset,EE studiedcardsof the
writtenwordsaugmentedwith mnemonicsfor theirmeanings.As aresult,hisreading
performanceonthetreatedwordsimprovedfrom 44%to 100%correct.Surprisingly,
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the untreatedwordsalsoimproved, from 44% to 85% correct;that is, the improve-
menton untreatedwordswas73% asmuchason treatedwords. This generalized
improvementwasspecificto theinterventionbecauseEE’sperformanceonthewords
wasstablebothbeforeandaftertherapy. Two otherstudieswith EEproducedbroadly
similar results.Overall,ColtheartandByngfoundexcellentrecoveryof treateditems
and substantialgeneralizationto untreateditems (also seeWeekes& Coltheart,in
press).

Unfortunately, suchpromisingresultsarenotalwaysfoundin rehabilitationstud-
ies,even thosewith very similar typesof patients.ScottandByng (1989)treateda
surfacedyslexic patientfor homophoneconfusionsin reading(e.g.,TAIL/TALE) and
producedimprovementon treateditemsand,to a lesserextent, untreateditems,but
foundno generalizationto his writing of thesameitems(alsoseeBehrmann,1987).
BehrmannandLieberthal(1989)trainedagloballyaphasicpatientwith semanticim-
pairmentsonasemanticcategorysortingtask.They foundimprovementonuntreated
itemsonly within somecategoriesandminimal generalizationto itemsin untreated
categories.Finally, Hillis (1993)carriedout anextensiverehabilitationprogramwith
apatientwhohadbothorthographicandsemanticimpairments.Thepatientwasable
to learntrainedtasks(e.g.,lexical decision,naming)but showedvirtually nogeneral-
izationto untrainedtasks.

Why somepatientsimprove while othersdo not is not entirely clear. Further-
more,even in thosepatientswho do improve andshow generalization,the causeof
this generalization—intermsof changesto the underlyingcognitive mechanismin-
ducedby treatment—isunknown. An explanationof thesefindingsshouldaccount
notonly for theoccurrenceof generalizationin somepatientsandconditions,but also
for its absencein others. As Hillis (1993)pointsout, what is neededis a theoryof
rehabilitationthatprovidesa detailedspecificationof theimpairedcognitive system,
how it changesin responseto treatment,andwhat factorsarerelevantto theefficacy
of thetreatment.

Early connectionistresearch(Hinton & Plaut,1987;Hinton& Sejnowski, 1986)
demonstratedthatsimplenetworkstrainedon unstructuredtaskscan,whenretrained
afterdamage,exhibit rapidrecovery on treateditemsandgeneralizationto untreated
items. Plaut (1996)extendedthesefindings to apply directly to understandingthe
basisand variability of recovery in patients,and to provide a platform for testing
hypothesesonhow to selectitemsfor treatmentto maximizegeneralizedrecovery.

In onesimulation,areplicationof theHintonandShallice(1991)network shown
in Figure2a wassubjectedto damageeithernearorthography(to the grapheme-to-
intermediateconnections)or within semantics(to the semantics-to-cleanupconnec-
tions)andretrainedonhalf of thewords.Thisretrainingproducedrapidimprovement
on treatedwordsandsubstantialgeneralizationto untreatedwordsonly after lesions
within semantics;when retrainingafter lesionsnearorthography, improvementon
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Figure5: Improvementontreatedanduntreateditemswhenretraininganetworkthatmapsorthographyto
semanticsafter(a) lesionswithin semantics(to thesemantics-to-cleanupconnectionsshown in Figure2a),
andafter(b) lesionsnearorthography(to thegrapheme-to-intermediateconnections).Adaptedfrom Plaut

(1996).

treatedwordswas erratic and therewas no generalizationto untreatedwords (see
Figures5a andb). This differencewasdueto the relative degreeof consistencyin
the mappingperformedat differentlevelsof thenetwork. Within semantics,similar
words requiresimilar interactions,so that the weight changescausedby retraining
on somewordswill tendalsoto improve performanceon other, relatedwords(i.e.,
the optimalweight changesfor wordsaremutually consistent).By contrast,similar
orthographicpatternstypically mustgeneratevery differentsemanticpatterns.As a
result,whenretrainingafter lesionsnearorthography, theweightchangesfor treated
itemsareunrelatedto thosethatwould improve the untreateditems,andthereis no
generalization.Thesefinding provide a basisfor understandingthe mechanismsof
recoveryandgeneralizationin patients,andmayhelpexplain theobservedvariability
in their recovery.

In asecondsimulation,Plaut(1996)usedanartificial versionof thetaskof map-
pingorthographyto semanticsto investigatewhethergeneralizationwasgreaterwhen
retrainingon typical versusatypical category exemplars(e.g., ROBIN vs. GOOSE).
Somewhatsurprisingly, althoughretrainingontypicalexemplarsproducedgreaterre-
coveryontreateditems,retrainingonatypicalexemplarsproducedgreatergeneraliza-
tion to untreateditems(seeFigure6). Thesefindingsmakesensegiventheadequacy
with whichsetsof typicalversusatypicalexemplarsapproximatetherangeof seman-
tic similarity amongall of thewords.Semanticallytypicalwordsaccuratelyestimate
the centraltendency of a category, but provide little informationaboutthe ways in
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Figure6: (a) A depictionof the relationshipin semanticspacebetweenthe prototypeof a category and
typical versusatypicalexemplarsin thatcategory. (b) Generalizationfrom retrainingafter lesionsof 25%
of the intermediate-to-semantics connections,asa function of the semantictypicality of the treatedand

untreatedsets.Adaptedfrom Plaut(1996).

which category memberscanvary. By contrast,eachatypicalword indicatesmany
moreways in which memberscandiffer from the prototypeandyet still belongto
thecategory. Thus,collectively, thesemanticrepresentationsof atypicalwordscover
moreof thefeaturesneededby theentiresetof wordsthando therepresentationsof
moretypical words. At the sametime, the averageeffectsof retrainingon atypical
wordsprovidesareasonableestimateof thecentraltendency of thecategory, yielding
generalizationto typical words(asfound in humancategory learningby, e.g.,Pos-
ner & Keele,1968). In this way, the simulationgenerateda novel predictionabout
how to selectitemsfor treatmentsoasto maximizegeneralizedrecovery.

In afinal simulation,Plaut(1996)usedthe failureof thenetwork to replicatethe
errorpatternof recoveringdeepdyslexic patientsto constraintheunderlyingtheory:
that the improvementof thesepatientsmustbe due,at leastin part, to somerecov-
eryof functionin the(unimplemented)phonologicalpathway. Therelevantempirical
finding is thatdeepdyslexia canresolveinto phonologicaldyslexia (Beauvois& Der-
ouesńe, 1979). The definingcharacteristicof phonologicaldyslexic patientsis that
they haveaselective impairmentin readingnonwordscomparedwith readingwords.
Althoughsuchpatientsdonotmakesemanticerrors,they canbequitesimilar to deep
dyslexic patientsin other respects.In fact, Glosserand Friedman(1990,also see
Newcombe& Marshall,1980)arguedthat deepandphonologicaldyslexic patients
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fall on a continuumof severity of impairment,with deepdyslexia at themostsevere
end.Moreover, Friedman(1996,alsoseeKlein, Behrmann,& Doctor, 1994)hasar-
guedthatthesymptomsin deepdyslexia resolve in aparticularorderover thecourse
of recovery, reflectingthecontinuumof impairment.Theoccurrenceof semanticer-
rorsis thefirst symptomto resolve,constitutingasomewhatarbitrarytransitionfrom
deepto phonologicaldyslexia). The concretenesseffect is the next symptomto re-
solve,followedby thepart-of-speecheffect,thenthevisualandmorphologicalerrors,
andonly lastly, theimpairednonwordreading.A similarpatternof recoveryhasbeen
documentedin deepdysphasicpatients,who make semanticerrorsin repetition(see
Martin, Dell, & Schwartz,1994;Martin, Saffran, & Dell, 1996,andDell et al., this
volume).

Plaut(1996)measuredthechangesin thedistributionof errortypesbroughtabout
by retraininganorthography-to-semanticsnetwork afterdamage.Ratherthanseman-
tic errorsbeingthefirst to dropout,visualandunrelatederrorswereeliminatedearli-
est.Semanticandmixedvisual-and-semanticerrorswereeliminatedonly at thevery
end of retraining. Thus, the changesin the patternof errorsproducedby the net-
work in recovery to nearnormallevelsof correctperformancefailedto reproducethe
transitionfrom deepto phonologicaldyslexia observedin patients.This discrepancy
betweenthebehavior of thenetwork andthatof patientscanbeunderstoodif recovery
in the patientsinvolvesmorethanrelearningin the semanticroutealone. In partic-
ular, the findingssuggestthat,within thecurrentapproach,the transitionfrom deep
to phonologicaldyslexia mustalsoinvolvesomeimprovementin theoperationof the
phonologicalpathway (or in phonologyitself). Suchimprovementwould producea
greaterreductionin semanticerrorsrelative to othertypesof errorbecauseevenpar-
tial correctphonologicalinformationaboutthe stimuluswould be sufficient to rule
out mostsemanticerrors(Newcombe& Marshall,1980).

One clear indicatorof the operationof the phonologicalroute is the ability to
readpronounceablenonwords,assuchitemscannotbereadvia semantics.Thus,the
above explanationis supportedby theobservationthat, for many deep/phonological
patients,astheir ratesof semanticerrorsdroppedto nearzero,their nonword reading
performanceimproved.For example,on initial testing,patientGR (Glosser& Fried-
man,1990)made11% semanticerrorsand readcorrectly5% (1/20) of nonwords.
Sevenmonthslater, hemadenopurelysemanticerrors(although3%werevisual-and-
semantic);concurrently, his nonword readinghadimprovedto 44%(22/50).Similar
resultshave beenfoundwith a numberof otherpatients(e.g.,DV, Glosser& Fried-
man,1990;EG, Laine,Niemi, & Marttila, 1990;but seePlaut,1996,for discussion
of a possibleexception:RL, Klein et al., 1994).Thus,while thebehavior of thenet-
work on its own fails to accountfor theresolutionof deepto phonologicaldyslexia,
its performanceis consistentwith a moregeneralaccountin which thephonological
routealsocontributesto thenatureof therecovery in thesepatients.
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In summary, the Plaut(1996)simulationsdemonstratethat the investigationof
relearningafterdamagein connectionistnetworkscanprovide insight into thebasis
andvariability of recoveryof theimpairmentsof brain-damagedpatients,cangenerate
interestinghypotheseson how to designtherapy to remediatetheseimpairments,and
cancontribute valuabletheoreticalconstraintson our understandingof normaland
impairedcognitiveprocessing.

4 Conclusions

Thecurrentwork adoptsaperspectiveon lexical processingin whichdistributedrep-
resentationsof orthographic,phonological,and semanticinformation interactand
mutually constraineachother in the processof settling on the best interpretation
andresponsefor a giveninput. Thesuccessof connectionistimplementationsof the
phonologicalpathway—from orthographyto phonology—inmodelingnormal and
impairedword reading(Plautet al., 1996;Seidenberg & McClelland,1989)stems
in largepart from the fact that connectionistnetworks arebiasedto give similar re-
sponsesto similar inputs.For thisvery reason,though,mappingswithin thesemantic
pathway—fromorthographyto semanticsto phonology—poseaparticularchallenge
to suchnetworksasthereis no systematicrelationshipbetweenthesurfaceformsof
(monomorphemic)wordsandtheirmeanings.

Critically, eventhoughverydifferentproblemsarebeingsolvedwithin thephono-
logical andsemanticpathways, the samecomputationalprinciplesareeffective for
both. In particular, learningandprocessingin distributedconnectionistnetworksare
sensitive to the frequencywith whichparticularitemsarepresentedfor training,their
similarity to otheritemswithin eachdomain,andthe consistencyof their mappings
betweendomainswith thoseof other items. Nonetheless,in meetingthe different
demandsof the two pathways, the principlesgive rise to ratherdifferentfunctional
properties.Whenappliedwithin the phonologicalpathway, connectionistnetworks
embodyingtheseprinciplesgive rise to the empiricalpatternof interactionbetween
word frequency andspelling-soundconsistency observed in the naminglatenciesof
skilled readersandin thenamingaccuracy of surfacedyslexic readers(seePatterson
et al., this volume). Whenappliedwithin the semanticpathway, networks learnto
form attractors for familiar word meanings;underdamage,theseattractorsgive rise
to semanticerrorsandtheir co-occurrencewith visual errors,andeffectsof image-
ability/concreteness,asexhibitedby deepdyslexic patients.Moreover, thedegreeof
generalizedrecovery following retrainingof thedamagedsemanticpathwaydepends
on thedegreeof consistency of theoptimalweightchangesfor treatedanduntreated
items—whichdependon thespecificlocationof damagewithin thenetwork andthe
itemsselectedfor treatment.

Taken together, the replicationof the diverseset of empirical findings in both
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normalandimpairedreadingby networksembodyingacommonsetof computational
principlesprovidesstrongevidencethat thesameprinciplesapplywithin thenormal
andimpairedhumanreadingsystem.
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