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Abstract

Most modelsof cognitive processingassumea considerableamountof built-in
structurein the cognitive system,suchas modality-specificsemanticsystems.
Suchstructuraldistinctionsarethoughtto benecessaryto accountfor variousneu-
ropsychologicaldissociations,includingtheselective impairmentof visualobject
namingwith sparedtactile namingandvisual gesturing,known as optic apha-
sia. A distributedconnectionistsimulationis presentedin which optic aphasia
occursfollowing damageasa resultof moregradedrepresentationalspecializa-
tion. This specializationemergesthroughlearningunderthecombinedinfluence
of two generalfactors:therelative systematicityof mappingsbetweeninput and
outputmodalities,anda topographicbiasfavoring shortconnections.Theresults
raisethepossibilitythatmuchof thestructureof thelexical/semanticsystemcan
bederivedfrom generallearningprinciplesandneednotassumedapriori.

1 Introduction

A centralissuein the studyof languageandcognitionconcernsthe organizationof
semanticrepresentationsfor words,objectsand their associatedactions. A natural
perspectiveon this issueis whathasbeentermedtheunitarysemanticsaccount[1, 2,
3, 4]: thatthemeaningsof objectsarestoredin acentral,amodalsemanticsystemthat
canbeaccessedfrom variousinput modalities(e.g.,vision, touch,spoken language)
andcanbeusedto directbehavior in variousoutputmodalities(e.g.,physicalaction,
writing, speaking).Suchanorganizationis parsimoniousin that it allowsknowledge
derivedfrom onemodalityto generalizeautomaticallyto others.

Thereare,however, a numberof empiricalfindingsthat seemproblematicfor a
unitarysemanticsaccount.Thesefindingscomelargely from thestudyof patternsof
impairedandpreservedcognitiveabilitiesof certaintypesof brain-damagedpatients.
In particular, the currentwork focuseson the modality-specificaphasias,in which
patientshavenamingdeficitsspecificto aparticularinputmodality. For example,optic
aphasicpatients(see,e.g., [5]) fail to namevisually presentedobjectseven though
they candemonstratethatthey recognizetheobjects(e.g.,by gesturingappropriately)
andcannamethemfrom definitionor whenpresentedin anotherinputmodality(e.g.,
tactile or auditory). Interesting,the visual namingdeficit appearsto be lesssevere
whengeneratingthe namesof actionscomparedwith objects[6]. Table1 lists the
correctperformanceof threeoptic aphasicpatientson namingand gesturingfrom
visual input and namingfrom tactile input, and the performanceof one patienton
generatingthe nameof the actionassociatedwith a visually presentedobject (e.g.,



CorrectPerformance
Visual Visual Tactile Action

Study Naming Gesturing Naming Naming
Lhermitte& Beauvois [5] 73% 100% 91%
Manning& Campbell[6] 27% 75% 90% 67%
Coslett& Saffran [10] 0% 50% 92%

Table1: Correctperformanceof threeoptic aphasicpatientsonvarioustasks.

“sleep” for bed). Analogousselective namingdeficitshave beendocumentedin the
auditory modality [7] and in the tactile modality [8]. The patternof impairedand
preserved performancein optic aphasiais difficult to reconcilewith standardforms
of theunitarysemanticsaccount,undertheassumptionthatnamingmustproceedvia
semantics(althoughsee[9] for analternative view). Modality-specificdamageprior
to semanticswould impair comprehension;damagebetweensemanticsand output
phonologywould impair namingfrom other modalities;damageto semanticsitself
would impairbothcomprehensionandnamingacrossmodalities.

Note,however, that modality-specificaphasiascanbe explainedeasily if the se-
manticsystemis subdivided into modality-specificsubsystems(e.g., visual, tactile,
verbal) [11, 12]; optic aphasia,for example,would arisefrom a disconnectionbe-
tweenvisualsemantics(sufficient for recognition)andverbalsemantics(requiredfor
naming)[5, 13]. Suchstrictsubdivisionswithin semantics,however, areconsideredby
many researchersto beunparsimonious[4] if not theoreticallyincoherent[1]. More-
over, detailedempiricaltesting[14] suggeststhatvisualobjectrecognitionandcom-
prehensionin optic aphasiamaynot befully intact,raisingthepossibility thatpartial
impairmentof amodality-specificinputpathway to aunitarysemanticsystemmaybe
sufficient to accountfor thepatternof performance[2, 14, 15]. Specifically, compre-
hensionandgesturingmight bepreservedrelative to namingfollowing input damage
dueto the“privilegedaccess”of visualstructuraldescriptionsto certainsemanticfea-
tures[2, 15] and/orto actionrepresentations[14].

Recently, McGuireandPlaut[16] developedaconnectionistimplementationcon-
sistentwith this proposal. They traineda network to mapa visual or tactile repre-
sentationof anobjectontoits phonologicalandactionrepresentationsvia a common
hiddenrepresentationcorrespondingto a unitarysemanticssystem.Visually similar
objectswereassumedto havesimilarassociatedactions[17, 18] but unrelatednames.
The sensitivity of learningto the systematicitybetweenvision and actionprovided
the basisfor the “privilegedaccess”assumedin otheraccounts.McGuire andPlaut
demonstratedthat,dueto differencesin tasksystematicity, mild damagebetweenvi-
sionandsemanticsdid, in fact,impair namingmorethangesturing(andothertestsof
comprehension).Themagnitudeof theeffectsin thesimulationwere,however, rela-
tively smallcomparedwith thoseobservedin somepatients(e.g.,[10]). Moreover, an
accountbasedsolelyonsystematicity(or anotherform of privilegedaccess)wouldnot
seemto generalizeto theanalogueof optic aphasiain theauditorydomain[7], given
therelative lackof systematicitybetweenobjectsoundsandactions.
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Thecurrentwork extendstheapproachof McGuireandPlautto includeanaddi-
tionalpressurefor functionalspecializationin semantics:a topographicbiason learn-
ing favoring shortconnections[19]. The basicidea is that brain organizationmust
permit sufficient connectivity amongneuronsto carry out the necessaryinformation
processing,but the total axonvolumemustfit within the confinesof the skull. This
constraintis severe: If thebrain’s 1011 neuronswereplacedon a sphereandfully in-
terconnectedwith axons0.1µm in radius,accommodatingtheaxonvolumewouldre-
quireasphereover 12.5milesin diameter[20]. Clearly, connectivity mustbeaslocal
aspossible.Within aconnectionistapproach,thisbiascanbeinstantiatedby assigning
functionallocationsto unitsandby reducingtheeffectivenessof weightchangesfor
eachconnectionasafunctionof its length(i.e.,distancebetweentheconnectedunits).
As aresult,duringlearningthenetwork will useshortconnections(i.e.,nearbyhidden
units)asmuchaspossible,andwill developsignificantweightson longerconnections
only if necessary. JacobsandJordan[19] demonstratedthatabiasfavoring shortcon-
nectionscaninducevaryingdegreesof functionalspecializationamonghiddenunits
in anetwork trainedto deriveboththeidentity andpositionof avisualobject.

In the currentcontext, hiddenunits form semanticrepresentationsthat mediate
amongmultiple input andoutput modalities. Under a topographicbias, the degree
to which hiddenunits participatein a particular input-outputmappingwill depend
on their proximity to the relevant modalities. Hidden (semantic)regions that are
equidistantfrom multiplemodalitiesmaylearnto functionin arelatively amodalway,
whereasregionsneara particularmodality may serve moremodality-specificfunc-
tions. Within sucha system,the degreeof modality specificity is entirely graded
andsubjectto the demandsof the relevant tasks—inthis way, it constitutesa mid-
dle groundbetweenthe extremeviews of semanticsasa unitary, amodalsystemon
the onehand[1, 4] andasmultiple, modality-specificsystemson the other[11, 13].
On this account(andasdemonstratedbelow), optic aphasiaarisesfrom damageto
theconnectionsfrom high-level visualrepresentationsto a regionof semanticsthat is
partiallyspecializedfor naming.

The notion of gradedfunctional specializationwithin semanticsderives from a
perspective first articulatedby Allport [21] andWarringtonandMcCarthy[22] and
laterelaboratedby Shallice[23, pp.302–304]:

It may be usefulto think of it (i.e., the semanticsystem)asa giant dis-
tributednet in which regions tend to be more specialisedfor different
typesof process....Thebasisonwhichdifferentiationbetweenprocessing
regionswithin semanticswoulddevelopwouldincludethemostfavoured
modalityof input for theprocess.Modality-specificpre-semanticclassifi-
cationsubsystemswould,thus,cometo bemorecloselylinkedwith some
of theprocessingregionswithin theoverall semanticsystem.So“visual
semantic”and“verbalsemantic”couldbethoughtof aspartiallyspecial-
izedsubregions....However, for explanationsof this sort to bemorethan
aspeculation,asimulationof thehypotheticalsemanticsystemwouldbe
required.

This paperpresentsjust suchasimulation.
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2 Simulation

2.1 Method

A continuousrecurrentattractornetwork wastrainedto mapeithervisual or tactile
input to actionand/orphonologicaloutput(see[24] for additionaldetailsandresults).
Thearchitectureof thenetwork is shown in Figure1. It hastwo input groups(Vision
andTouch)andtwo outputgroups(Action andPhonology),eachof which contains
20 units. Thesegroupsareconnectedwith 225 Semantic(hidden)units, organized
in a 15 � 15 grid. TheSemanticunits receive inputsfrom bothVision andTouchand
arebidirectionallyconnectedwith bothAction andPhonology(which areeachfully
interconnected).The network also hastwo Task units which project to Semantics,
Action, andPhonologyandwhosefunction is describedbelow. Eachnon-inputunit
wasalsogivenabiasconnection(from aunit whosestateis fixedto 1) thatdetermined
the unit’s “resting” activation in the absenseof other input. In total, the network
had28,555connections.Units wereassignedfunctionalpositionsin 2 dimensionsas
depictedin Figure1 with connectionlengthdefinedaseuclideandistance.

Theactivationsof units in thenetwork changecontinuouslyin time asa function
of their summedinput from otherunits. To simulateon a digital computer, this con-
tinuousprocessis approximatedby a finite differenceequation(with a discretization
of τ = 0.2),suchthat thenew activationof a unit is a sigmoidfunctionof a weighted
averageof its old summedinputandthenew input it is currentlyreceiving (whereτ is
theweightingfactor).

No attemptwasmadeto modelthe detailedstructureof any of the input or out-
put modalities. Rather, setsof moreabstractrepresentationsweredefinedin sucha
waythatthesimilarity structurebothwithin andbetweenmodalitiesapproximatedthe
centraltheoreticalclaimsabouttherelevanttasks—namely, thatthereis considerable
systematicityamongvisual, tactile, and action representation,but no systematicity
betweenany of theseandphonology.

Within eachmodality other thanPhonology, 100 representationsweregenerated
to form 5 categoriesof 20 objectseach.This wasdoneby first generating5 random
prototypepatterns(with 10 of 20 featuresequalto 1) andthengeneratingexemplars
by changingeachfeaturewith probability 0.1. Partial systematicityamongVision,
Touch,andAction wasenforcedby assigningrepresentationsto objectsin suchaway
that, acrossall pairsof objectsin the sameVision or Touchcategory, 80% of them
werealsoin thesameAction category.

Phonologicalrepresentationsweregeneratedto form CVC stringsover threeslots
(with 7, 6, and7 units, respectively). Eachphonemewascodedby 2 active features
in a slot, yielding 16 possibleconsonants,5 possiblevowels, and16 � 5 � 16 = 1280
possibleCVC strings.Of these,200werechosenrandomlyanassignedasthenames
of objects(100)andasthenamesof theactionsassociatedwith theobjects(100).

During training,thenetwork waspresentedwith eitherthevisualor tactilerepre-
sentationof anobject(with theothermodalitysetto all zeros)andtrainedto perform
eitherof two tasks: 1) generatethe phonologicalrepresentationof the nameof the
object(objectnaming)with no targetsfor action,or 2) generateboththeactionrepre-
sentation(gesturing)andthephonologicalrepresentationof theactionassociatedwith
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Vision

    Action
(Gesturing)

Phonology
�

(Naming)

Touch

Task

Figure1: Thearchitectureof thenetwork. Eachgrey squareconstitutesa unit whose
activity valueis indicatedby thesizeof thewhite region within thesquare.Theacti-
vationsshown arethosegeneratedby thefully trainednetwork whenpresentedwith a
visualobjectandinstructed(with theTaskunits)to generatetheactionrepresentation
andnameof the actionassociatedwith the object. Bold arrows indicatefully con-
nectivity betweentheindicatedunit groups;bidirectionalarrowsindicatetwo separate
projections.The Taskunits areconnectedto all non-inputgroups. The positionsof
units in thefigurecorrespondto their functionalpositionswith respectto calculating
connectionlengths(aseuclideandistance).
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theobject(actionnaming).Theparticulartaskthatthenetwork wasto perform(object
or action)wasindicatedby theactivity of oneof two Taskunits(seeFigure1).

Oncean input wasclampedon a particularinput modality, units in the network
updatedtheir statesover 5.0 units of time with τ � 0 � 2, correspondingto 5.0/0.2=
25 updates.Cross-entropy error was injectedonly over the last unit of time, based
on the taskbeingperformed.Error derivativeswerethencalculatedusinga version
of back-propagationthroughtime adaptedfor continuousunits[25]. Thetopographic
biason learningwasimplementedby scalingthemagnitudeof thederivativeon each
connectionby aGaussianfunction(SD= 10)of its length.1 Thisproducesascalingof
near1.0 for theshortestconnections,andnear0.1 for the longest.Theweightswere
thenupdatedusinga learningrateof 0.01, momentumof 0.9, andweight decayof
0.00005.

Thenetwork wastrainedonatotalof 110,000objectpresentations,corresponding
to 275presentationspercondition(object � modality � task).At thispoint,all output
activationsgeneratedby thenetwork in all conditionswereon thecorrectsideof 0.5.

On the hypothesisthat optic aphasiaarisesfrom impairedsemanticaccessfrom
vision[14], lesionswereadministeredto connectionsfrom Visionto Semantics.Each
lesionhad a specified“center” in Semantics.The probability of removing a given
Vision-to-Semanticsconnectionwasa2D Gaussianfunctionof thepositionof there-
ceiving Semanticunit relative to the centerof the lesion. Thus,connectionsto the
unit at thecenterof thelesionwerelesionedwith probability1.0;connectionsto pro-
gressively moredistantSemanticunits werelessandlesslikely to be lesioned.The
severity of thelesionwascontrolledby thestandarddeviationof theGaussian.

2.2 Results and Discussion

Figure2 shows the correctperformanceof the modelon varioustasksafter Vision-
to-Semanticslesionscenteredin Semanticsvery closeto Phonology(7th unit in the
bottomrow; seeFigure1), asa functionof theseverity of thelesion. Resultsareav-
eragedover 40 instancesof lesionat eachlevel of severity. The tasksarea) visual
objectnaming(Vision input, Phonologyoutput,Task: object);b) tactileobjectnam-
ing (Touchinput, Phonologyoutput,Task: object);c) visualgesturing(Vision input,
Action output,Task: action); andd) visual actionnaming(Vision input, Phonology
output,Task: action). For comparison,thefigurealsoshows (with vertical linesand
asterisks)the levelsof performanceof the threepatientsin Table1 on visualnaming
(bottom),visualgesturing(top),andfor one,actionnaming(middle).

As thefigure shows, the lesionednetwork is far moreimpairedat visualnaming
thanat eithervisualgesturingor tactilenaming,thusexhibiting thehallmarkcharac-
teristicsof opticaphasia.In fact,whencomparedwith thelevelsof performanceof the
threepatients,the network doesa reasonablejob at matchingthe magnitudesof the
dissociationbetweenvisualnamingversusgesturingacrossarangeof severity. More-
over, likeat leastonepatient,thenetwork is far betteratnamingtheactionassociated

1For simplicity, this scalingwasnot appliedto the connectionsfrom Taskunitsasnoneof the current
theoreticalissuesrelateto topographicinfluencesonexecutive control.Also notethatthisprocedurediffers
from theoneusedby JacobsandJordan[19] who scaledthemagnitudeof weightdecayratherthanerror
derivatives.
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Figure2: Correctperformanceof thenetwork on varioustasksasa functionof lesion
severity, andcorrespondinglevelsof performanceof threeoptic aphasicpatients(see
Table1).

with avisuallypresentedobjectthanat namingtheobjectitself.

Two factorsunderlytherelatively selective impairmentof visualnamingrelative
to visualgesturingandtactilenamingexhibitedby thenetwork. Thefirst is thegreater
systematicityin the relationshipbetweenvisual objectsandtheir associatedactions
thanbetweentheobjectsandtheirnames.In connectionistnetworks,systematicmap-
pingsareacquiredmorequickly andaremorerobust to damagethanareunsystem-
atic mappings[16]. (Although tactile namingis also unsystematic,it is unaffected
by Vision-to-Semanticslesions.) The secondfactor is the gradedmodality-specific
functionalspecializationthatdevelopsasa resultof thetopographicbiason learning
favoring short connections.The region in SemanticsnearPhonologylearnsto be-
comesomewhatspecializedfor generatingnamescomparedwith actions.Damageto
connectionsfrom Visionto this region thusimpairsnamingmorethangesturing.

Why, then,is generatingactionnamesrelatively preservedcomparedwith gener-
atingobjectnames?Thereasonis thatthenetwork learnsto rely on supportfrom the
Action representationwhengeneratingan actionname. It doesthis becausea given
visualinput by itself is ambiguouswith respectto thecorrectphonologicaloutput—it
could be either the objectnameor the actionname. Becausethe network is trained
to generatetheAction representationin conjunctionwith generatingtheactionname
over Phonology, it is naturalfor it to usethederivedAction representationto resolve
theambiguityandoverridetheobjectname.Thedamagednetwork generatestheAc-
tion representationrelatively successfullyfrom visualinput(asevidencedby thegood
visualgesturingperformance),andthusthis informationis availableto supportrela-
tivelygood(althoughfarfromperfect)namingof actionsin thefaceof impairedobject
naming.
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Figure3: Averageactivationsof Semanticunitsasa functionof their horizontalposi-
tion, for visualandtactileinput.

Onefinal issueto consideris whetherthetopographicbiashasinducedthesystem
to develop modality-specificsemanticrepresentationsfor visual versustactile input.
Two analysessuggestthis is not the case.Figure3 shows the averageactivationsof
Semanticunits for visualandtactile input, asa functionof thehorizontalpositionof
theunit (recallthatVision is ontheleft of SemanticsandTouchis ontheright). There
is no differential involvementof Semanticunits in representingvisual versustactile
input (pairedt14 � 1)—theentiresemanticsystemis involved in representingboth
typesof information.

Thesecondanalysisinvolvedcomparingthesimilarity amongsemanticrepresen-
tationsgeneratedwithin versusbetweenmodalities.Themeancorrelationof these-
manticrepresentationsgeneratedby thesameobjectpresentedin differentmodalities
(.625,SD= .084)wasmuchgreaterthanthat for pairsof objectsfrom thesamecate-
gorypresentedin thesamemodality(.357,SD= .185)or in differentmodalities(.217,
SD = .161),eachof which wasmuchgreaterthanfor pairsfrom differentcategories
in the samemodality (.026,SD = .121). Thus,representationalsimilarity in Seman-
tics wasgovernedfar moreby identity andsemanticrelatednessthanby modalityof
presentation.

3 Conclusion

In the currentwork, a distributedconnectionistmodel of semanticsis presentedin
which semanticrepresentationsdevelop under the pressureof learning to mediate
amongmultiple input andoutputmodalities. The systemhasa topographicbiason
learning favoring short connections,which leadsto a gradeddegree of modality-
specificfunctionalspecializationwithin semantics.As aresult,damageto connections
from vision to regionsof semanticsnearphonologyimpairsvisualobjectnamingfar
morethanvisualgesturingor tactilenaming,asobservedin optic aphasia.Moreover,
asin patients,thesystemis betterat generatingthenameof anactionassociatedwith
an object thanat generatingthe nameof the object itself, becauseactionnamingis
supportedby actionrepresentations.
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Althoughnot reportedin thispaper, systemalsoexhibitsmodality-specificimpair-
mentsfor grammaticalcategories(nounsvs. verbs;[26, 27, 28]) following lesionsto
or from regionsof semanticswhich are partially specializedfor objects(nouns)or
actions(verbs;see[24] for details).In this way, it avoidstheratherunpalatablealter-
nativeof proposingananatomicseparationof lexical representationsby grammatical
categorywithin eachof theinputandoutputmodalities[26].

It is importantto notethatthetopographicbiasduringlearningdid not leadto the
developmentof modality-specificsubsystemswithin semantics—rather, the learned
functional specializationis of a far more gradednature. Thus, the currentaccount
of optic aphasiain particular, andof semanticorganizationmoregenerally, benefits
not only by beingcomputationallyexplicit, but alsoby constitutingan intermediate
theoreticalperspective betweenstrictly amodal[1, 4] and strictly modality-specific
[11, 13] accountsof semantics.
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