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Abstract

Most modelsof cognitive processingassumea considerableamountof built-in
structurein the cognitive system,suchas modality-specificsemanticsystems.
Suchstructuraldistinctionsarethoughtto benecessaryo accounfor variousneu-
ropsychologicatlissociationsincludingthe selectve impairmentof visualobject
namingwith sparedtactile namingand visual gesturing,known as optic apha-
sia. A distributed connectionistsimulationis presentedn which optic aphasia
occursfollowing damageasa resultof moregradedrepresentationapecializa-
tion. This specializatioremegesthroughlearningunderthe combinedinfluence
of two generaffactors:the relative systematicityof mappingsbetweeninput and
outputmodalities,andatopographidiasfavoring shortconnectionsTheresults
raisethe possibility thatmuchof the structureof the lexical/semanticsystemcan
be derived from generalearningprinciplesandneednot assumeda priori.

1 Introduction

A centralissuein the study of languageand cognition concernghe organizationof
semanticrepresentationfor words, objectsandtheir associatedctions. A natural
perspecire on this issueis whathasbeentermedthe unitary semanticaccounf1, 2,
3, 4]: thatthe meaning®of objectsarestoredin a central,amodalsemanticsystenthat
canbe accessedrom variousinput modalities(e.qg.,vision, touch, spolenlanguage)
andcanbe usedto directbehaior in variousoutputmodalities(e.g.,physicalaction,
writing, speaking).Suchan organizationis parsimoniousn thatit allows knowledge
derivedfrom onemodalityto generalizeautomaticallyto others.

Thereare, however, a numberof empiricalfindingsthat seemproblematicfor a
unitary semanticsiccount.Thesefindingscomelargely from the studyof patternsof
impairedandpresered cognitive abilities of certaintypesof brain-damagegatients.
In particular the currentwork focuseson the modality-specificaphasiasin which
patientshave namingdeficitsspecificto aparticularinputmodality. For example optic
aphasicpatients(see,e.qg.,[5]) fail to namevisually presentedbjectseven though
they candemonstratéhatthey recognizehe objects(e.g.,by gesturingappropriately)
andcannamethemfrom definitionor whenpresentedn anotherinputmodality (e.g.,
tactile or auditory). Interesting,the visual namingdeficit appeardo be lesssevere
when generatinghe namesof actionscomparedwith objects[6]. Table1 lists the
correctperformanceof three optic aphasicpatientson naming and gesturingfrom
visual input and namingfrom tactile input, and the performanceof one patienton
generatinghe nameof the action associatedvith a visually presentedbject(e.g.,



CorrectPerformance
Visual Visual Tactile  Action

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

Tablel: Correctperformancef threeoptic aphasigatientson varioustasks.

“sleep” for bed. Analogousselectve namingdeficitshave beendocumentedn the
auditory modality [7] andin the tactile modality [8]. The patternof impairedand
presered performancen optic aphasias difficult to reconcilewith standardforms
of theunitary semanticaccountunderthe assumptiorthatnamingmustproceedvia
semanticgalthoughsee[9] for analternatie view). Modality-specificdamageprior
to semanticswould impair comprehensiondamagebetweensemanticsand output
phonologywould impair namingfrom other modalities;damageto semanticstself
would impair bothcomprehensioandnamingacrossmodalities.

Note, however, that modality-specificaphasiasanbe explainedeasilyif the se-
mantic systemis subdvided into modality-specificsubsystemge.g., visual, tactile,
verbal) [11, 12]; optic aphasiafor example,would arisefrom a disconnectiorbe-
tweenvisual semanticgsufficient for recognition)andverbalsemanticgrequiredfor
naming)[5, 13]. Suchstrictsubdvisionswithin semanticshowever, areconsideredy
mary researchert be unparsimoniou$4] if nottheoreticallyincoheren{1]. More-
over, detailedempiricaltesting[14] suggestshat visual objectrecognitionandcom-
prehensionin optic aphasianay not be fully intact, raisingthe possibility that partial
impairmentof a modality-specifignput pathway to a unitary semanticsystemmaybe
sufficient to accountfor the patternof performancg2, 14, 15]. Specifically compre-
hensionandgesturingmight be preseredrelative to namingfollowing input damage
dueto the“privilegedaccess’df visual structuraldescriptiondo certainsemantidea-
tures[2, 15] and/orto actionrepresentationfl 4].

Recently McGuireandPlaut[16] developeda connectionistmplementatiorcon-
sistentwith this proposal. They traineda network to mapa visual or tactile repre-
sentatiorof an objectontoits phonologicalandactionrepresentationgia a common
hiddenrepresentatioorrespondindo a unitary semanticsystem. Visually similar
objectswereassumedo have similar associate@ctions[17, 18] but unrelatechames.
The sensitvity of learningto the systematicitybetweenvision and action provided
the basisfor the “privilegedaccess’assumedn otheraccounts.McGuire and Plaut
demonstratethat, dueto differencesn tasksystematicitymild damagebetweenvi-
sionandsemanticglid, in fact,impair namingmorethangesturing(andothertestsof
comprehension)The magnitudeof the effectsin the simulationwere, however, rela-
tively smallcomparedvith thoseobsenedin somepatients(e.g.,[10]). Moreover, an
accounbasedsolelyon systematicityor anotherform of privilegedaccessjvould not
seemto generalizdo the analogueof optic aphasian the auditorydomain[7], given
therelative lack of systematicitybetweerobjectsoundsandactions.



The currentwork extendsthe approactof McGuire andPlautto includean addi-
tional pressurdor functionalspecializatiorin semanticsatopographidiasonlearn-
ing favoring shortconnectiond19]. The basicideais that brain organizationmust
permit sufficient connectvity amongneuronsto carry out the necessarynformation
processinghut the total axonvolume mustfit within the confinesof the skull. This
constraintis severe: If the brain’s 10*! neuronswereplacedon a sphereandfully in-
terconnectedavith axons0.1 pmin radius,accommodatinghe axonvolumewould re-
quireasphereover 12.5milesin diametei{20]. Clearly, connectvity mustbeaslocal
aspossible Within aconnectionisapproachthis biascanbeinstantiatedy assigning
functionallocationsto units andby reducingthe effectivenesf weight changedor
eachconnectiorasafunctionof its length(i.e., distancebetweerthe connectedinits).
As aresult,duringlearningthenetwork will useshortconnectiongi.e.,nearbyhidden
units)asmuchaspossible andwill developsignificantweightsonlongerconnections
only if necessaryJacobsandJordan19] demonstratethata biasfavoring shortcon-
nectionscaninducevarying degreesof functionalspecializatioramonghiddenunits
in anetwork trainedto derive boththeidentity andpositionof a visual object.

In the currentcontet, hiddenunits form semanticrepresentationthat mediate
amongmultiple input and output modalities. Under a topographicbias, the degree
to which hiddenunits participatein a particularinput-outputmappingwill depend
on their proximity to the relevant modalities. Hidden (semantic)regions that are
equidistanfrom multiple modalitiesmaylearnto functionin arelatively amodalway,
whereasegions neara particularmodality may sene more modality-specificfunc-
tions. Within sucha system,the degree of modality specificity is entirely graded
and subjectto the demandf the relevant tasks—inthis way; it constitutesa mid-
dle groundbetweerthe extremeviews of semanticsas a unitary, amodalsystemon
theonehand[1, 4] andasmultiple, modality-specificsystemson the other[11, 13].
On this account(and as demonstratedbelow), optic aphasiaarisesfrom damageto
theconnectiongrom high-level visual representationt® a region of semanticghatis
partially specializedor naming.

The notion of gradedfunctional specializationwithin semanticderivesfrom a
perspectie first articulatedby Allport [21] and Warringtonand McCarthy[22] and
laterelaboratedy Shallice[23, pp. 302—-304]:

It may be usefulto think of it (i.e., the semanticsystem)asa giant dis-
tributed net in which regionstend to be more specialisedfor different
typesof process...Thebasisonwhichdifferentiationbetweerprocessing
regionswithin semanticsvould developwouldincludethe mostfavoured
modalityof inputfor theprocessModality-specifigpre-semanticlassifi-
cationsubsystemwould, thus,cometo bemorecloselylinkedwith some
of the processingegionswithin the overall semanticsystem.So “visual
semantic’and“v erbalsemantic’could be thoughtof aspartially special-
izedsubrgjions....However, for explanationsof this sortto be morethan
a speculationa simulationof the hypotheticaksemanticsystemwould be
required.

This papempresentgust sucha simulation.



2 Simulation

2.1 Method

A continuousrecurrentattractornetwork wastrainedto map eithervisual or tactile
inputto actionand/orphonologicabutput(see[24] for additionaldetailsandresults).
Thearchitectureof the network is shovn in Figurel. It hastwo input groups(Vision
and Touch)andtwo outputgroups(Action and Phonology),eachof which contains
20 units. Thesegroupsare connectedwith 225 Semantic(hidden)units, organized
in a15x 15 grid. The Semantiaunitsreceie inputsfrom both Vision andTouchand
arebidirectionally connectedvith both Action and Phonology(which are eachfully
interconnected).The network also hastwo Task units which projectto Semantics,
Action, andPhonologyandwhosefunctionis describedelon. Eachnon-inputunit
wasalsogivenabiasconnectior(from aunit whosestateis fixedto 1) thatdetermined
the unit’s “resting” activation in the absensef otherinput. In total, the network
had28,555connectionsUnits wereassignedunctionalpositionsin 2 dimensionsas
depictedn Figurel with connectiorengthdefinedaseuclideardistance.

The activationsof unitsin the network changecontinuouslyin time asa function
of their summednput from otherunits. To simulateon a digital computey this con-
tinuousprocesss approximatedy a finite differenceequation(with a discretization
of 1 = 0.2), suchthatthe new activationof a unit is a sigmoidfunction of a weighted
averageof its old summednputandthenew inputit is currentlyreceving (wheret is
theweightingfactor).

No attemptwas madeto modelthe detailedstructureof ary of theinput or out-
put modalities. Rather setsof moreabstractrepresentationsere definedin sucha
way thatthe similarity structurebothwithin andbetweermodalitiesapproximatedhe
centraltheoreticaklaimsaboutthe relevanttasks—namelythatthereis considerable
systematicityamongvisual, tactile, and action representationbut no systematicity
betweerary of theseandphonology

Within eachmodality otherthanPhonology 100 representationg/ere generated
to form 5 categoriesof 20 objectseach. This wasdoneby first generatings random
prototypepatterngwith 10 of 20 featuresequalto 1) andthengeneratingexemplars
by changingeachfeaturewith probability 0.1. Partial systematicityamongVision,
Touch,andAction wasenforcedby assigningepresentationt® objectsin suchaway
that, acrossall pairs of objectsin the sameVision or Touch cateyory, 80% of them
werealsoin the sameAction cateory.

Phonologicalepresentationseregeneratedo form CVC stringsover threeslots
(with 7, 6, and7 units, respectiely). Eachphonemewascodedby 2 active features
in aslot, yielding 16 possibleconsonantsb possiblevowels, and 16x5x 16 = 1280
possibleCVC strings. Of these 200werechoserrandomlyanassignedsthe names
of objects(100)andasthe namesof theactionsassociatedavith the objects(100).

During training, the network waspresentedvith eitherthevisualor tactile repre-
sentatiorof anobject(with the othermodality setto all zeros)andtrainedto perform
eitherof two tasks: 1) generatehe phonologicalrepresentatiof the nameof the
object(objectnaming)with no targetsfor action,or 2) generatédoththeactionrepre-
sentatior(gesturingandthe phonologicarepresentationf theactionassociateavith
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Figurel: Thearchitectureof the network. Eachgrey squareconstitutesa unit whose
activity valueis indicatedby the sizeof the white region within the square.The acti-
vationsshavn arethosegeneratedby thefully trainednetwork whenpresenteavith a
visualobjectandinstructed(with the Taskunits)to generatéhe actionrepresentation
and nameof the action associatedvith the object. Bold arrows indicatefully con-
nectvity betweertheindicatedunit groups;bidirectionalarrowvsindicatetwo separate
projections. The Taskunits are connectedo all non-inputgroups. The positionsof
unitsin the figure correspondo their functionalpositionswith respecto calculating
connectiorengths(aseuclideardistance).



theobject(actionnaming).Theparticulartaskthatthe network wasto perform(object
or action)wasindicatedby theactuity of oneof two Taskunits(seeFigurel).

Onceaninput was clampedon a particularinput modality;, unitsin the network
updatedtheir statesover 5.0 units of time with T = 0.2, correspondingo 5.0/0.2=
25 updates. Cross-entrop error wasinjectedonly over the last unit of time, based
on the taskbeing performed. Error derivativeswere then calculatedusinga version
of back-propagatiothroughtime adaptedor continuousunits[25]. Thetopographic
biason learningwasimplementecdby scalingthe magnitudeof the derivative on each
connectiorby a Gaussiariunction(SD= 10) of its length! Thisproducesascalingof
nearl.0 for the shortesttonnectionsandnear0.1 for the longest. The weightswere
thenupdatedusing a learningrate of 0.01, momentumof 0.9, and weight decayof
0.00005.

Thenetwork wastrainedon atotal of 110,0000bjectpresentations;orresponding
to 275presentationpercondition(objectx modality x task).At thispoint, all output
activationsgeneratedy the network in all conditionswereonthecorrectsideof 0.5.

On the hypothesighat optic aphasiaarisesfrom impairedsemanticaccessrom
vision[14], lesionswereadministeredo connectiongrom Visionto SemanticsEach
lesion had a specified“center” in Semantics. The probability of removing a given
Vision-to-Semanticeonnectionvasa 2D Gaussiariunctionof the positionof there-
ceiving Semanticunit relative to the centerof the lesion. Thus, connectiongdo the
unit atthe centerof thelesionwerelesionedwith probability 1.0; connectiongo pro-
gressvely moredistantSemanticunits werelessandlesslikely to be lesioned. The
severity of thelesionwascontrolledby the standardieviation of the Gaussian.

2.2 Resultsand Discussion

Figure 2 shows the correctperformanceof the modelon varioustasksafter Vision-
to-Semanticdesionscenteredn Semanticssery closeto Phonology(7th unit in the
bottomrow; seeFigurel), asa function of the severity of thelesion. Resultsareav-
eragedover 40 instanceof lesion at eachlevel of severity. The tasksarea) visual
objectnaming(Visioninput, Phonologyoutput, Task: object);b) tactile objectnam-
ing (Touchinput, Phonologyoutput, Task: object); c) visual gesturing(Vision input,
Action output, Task: action); andd) visual actionnaming(Vision input, Phonology
output, Task: action). For comparisonthe figure alsoshavs (with vertical lines and
asterisks}he levelsof performanceof the threepatientsin Table1 on visualnaming
(bottom),visual gesturing(top), andfor one,actionnaming(middle).

As the figure shavs, the lesionednetwork is far moreimpairedat visual naming
thanat eithervisual gesturingor tactile naming,thusexhibiting the hallmarkcharac-
teristicsof optic aphasialn fact,whencomparedvith thelevelsof performancef the
threepatients,the network doesa reasonablgob at matchingthe magnitudesof the
dissociatiorbetweernvisualnamingversusgesturingacrossa rangeof severity. More-
over, like atleastonepatient,the network is far betterat namingthe actionassociated

For simplicity, this scalingwasnot appliedto the connectiondrom Taskunits asnoneof the current
theoreticalssuegelateto topographidnfluenceson executive control. Also notethatthis procedurdiffers
from the one usedby JacobsandJordan[19] who scaledthe magnitudeof weight decayratherthanerror
deratives.



14
D;

100
907
807
707
607

K
I

50
40

Percent Correct

30 | O Tactile Naming

20 - O—-O0OVisual Gesturing
I /x—\Visual Action Naming

10 | A—AVisual Object Naming

O L L L L L L L
00 05 10 15 20 25 30 35 40
Vision-to-Semantics Lesion Severity (SD)

Figure2: Correctperformancef the network on varioustasksasa function of lesion
severity, andcorrespondindevels of performancef threeoptic aphasigatients(see
Tablel).

with avisually presenteabjectthanat namingthe objectitself.

Two factorsunderlythe relatively selectie impairmentof visual namingrelative
to visualgesturingandtactilenamingexhibited by thenetwork. Thefirstis thegreater
systematicityin the relationshipbetweenvisual objectsandtheir associatedctions
thanbetweertheobjectsandtheirnameslin connectionishetworks, systematianap-
pingsare acquiredmore quickly andare morerobust to damagethanare unsystem-
atic mappings[16]. (Although tactile namingis also unsystematicit is unafected
by Vision-to-Semantic$esions.) The secondfactor is the gradedmodality-specific
functionalspecializatiorthat developsasaresultof the topographichiason learning
favoring shortconnections. The region in SemanticsnearPhonologylearnsto be-
comesomavhatspecializedor generatingramescomparedvith actions.Damageto
connectiongrom Visionto this region thusimpairsnamingmorethangesturing.

Why, then,is generatingactionnamesrelatively presered comparedvith gener
atingobjectnames?Thereasornis thatthe network learnsto rely on supportfrom the
Action representationvhengeneratingan actionname. It doesthis because given
visualinput by itself is ambiguouswith respecto the correctphonologicabutput—it
could be eitherthe objectnameor the actionname. Becausehe network is trained
to generatehe Action representatiom conjunctionwith generatinghe actionname
over Phonologyit is naturalfor it to usethe derived Action representatiotto resohe
theambiguityandoverridethe objectname.The damagedetwork generateshe Ac-
tion representatiorelatively successfullffrom visualinput (asevidencedy thegood
visual gesturingperformance)andthusthis informationis availableto supportrela-
tively good(althoughfarfrom perfectinamingof actionsin thefaceof impairedobject
naming.
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Onefinal issueto considelis whetherthetopographidiashasinducedthe system
to develop modality-specificsemanticrepresentationfor visual versustactile input.
Two analysessuggesthis is not the case.Figure 3 shows the averageactivationsof
Semantiaunitsfor visual andtactile input, asa function of the horizontalpositionof
theunit (recallthatVisionis ontheleft of SemanticandTouchis ontheright). There
is no differentialinvolvementof Semanticunits in representing/isual versustactile
input (pairedti4 < 1)—the entire semanticsystemis involved in representingoth
typesof information.

The secondanalysisinvolved comparingthe similarity amongsemantiaepresen-
tationsgeneratedvithin versusbetweenmodalities. The meancorrelationof the se-
manticrepresentationgeneratedby the sameobjectpresentedn differentmodalities
(.625,SD = .084)wasmuchgreaterthanthatfor pairsof objectsfrom the samecate-
gory presentedh thesamemodality(.357,SD=.185)or in differentmodalities(.217,
SD=.161),eachof which wasmuchgreaterthanfor pairsfrom differentcategories
in the samemodality (.026,SD = .121). Thus,representationadimilarity in Seman-
tics wasgovernedfar moreby identity andsemantiaelatednesshanby modality of
presentation.

3 Conclusion

In the currentwork, a distributed connectionistmodel of semanticds presentedn
which semanticrepresentationslevelop underthe pressureof learningto mediate
amongmultiple input and outputmodalities. The systemhasa topographichiason
learning favoring short connectionswhich leadsto a gradeddegree of modality-
specificfunctionalspecializatiorwithin semanticsAs aresult,damageo connections
from vision to regionsof semanticsearphonologyimpairsvisual objectnamingfar
morethanvisual gesturingor tactile naming,asobsenedin optic aphasiaMoreover,
asin patientsthe systemis betterat generatinghe nameof anactionassociatedvith
an objectthanat generatinghe nameof the objectitself, becauseaction namingis
supportecdy actionrepresentations.



Althoughnotreportedn this paper systemalsoexhibits modality-specifiampair-
mentsfor grammaticakcategories(nounsvs. verbs;[26, 27, 28]) following lesionsto
or from regions of semanticawvhich are partially specializedfor objects(nouns)or
actions(verbs;seg[24] for details).In thisway, it avoidstheratherunpalatablelter
native of proposingan anatomicseparatiorof lexical representationsy grammatical
categgory within eachof theinputandoutputmodalities[26].

It is importantto notethatthetopographidiasduringlearningdid notleadto the
developmentof modality-specificsubsystemsvithin semantics—rathethe learned
functional specializationis of a far more gradednature. Thus, the currentaccount
of optic aphasian particular and of semanticorganizationmore generally benefits
not only by beingcomputationallyexplicit, but alsoby constitutingan intermediate
theoreticalperspectie betweenstrictly amodal[1, 4] and strictly modality-specific
[11, 13] accountof semantics.
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