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Five CentralFeature®f the Model

We defineworking memoryascontrolledprocessingnvolving active maintenancand/orrapidlearning,
wherecontrolledprocessings anemegentpropertyof the dynamicinteractionsof multiple brainsystems,
but the prefrontalcortex (PFC)andhippocampugHCMP) areespeciallyinfluentialdueto their specialized
processingbilitiesandtheir privilegedlocationswithin the processindpierarchy(boththe PFCandHCMP
arewell connectedvith a wide rangeof brainareasallowing themto influencebehaior ata globallevel).
The specificfeaturesof our modelinclude:

1. A PFCspecializedor actve maintenancef internalcontetual informationthatis dynamicallyup-
datedand self-rggulated,allowing it to bias (control) ongoingprocessingaccordingto maintained
information(e.g.,goals,instructionspartial products etc).

2. A HCMP specializedor rapidlearningof arbitraryinformation,which canberecalledin the service
of controlledprocessingwhile the posteriorperceptuaandmotor cortex (PMC) exhibits slow, long-
termlearningthatcanefficiently represenaccumulatedknowledgeandskills.

3. Controlthatemegesfrom interactingsystemgPFC,HCMP andPMC).

4. Dimensionghatdefinecontinuaof specializatiorin differentbrainsystemse.g.,robustactive main-
tenancefastvsslow learning.

5. Integrationof biologicalandcomputationaprinciples.
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Introduction

Working memoryis an intuitively appealingtheoreticalconstruct— perhapsdeceptiely so. It has
proven difficult for the field to corverge on a fully satisfying, mechanisticallyexplicit accountof what
exactly working memoryis andhow it fits into a larger modelof cognition(hencethe motivation for this
volume). Existing theoreticalmodelsof working memorycan be tracedto ideasbasedon a traditional
computeflike mentalarchitecture where processings centralizedand long-termmemoryis essentially
passie. In this contet, it makes senseto have RAM or cache-like working memorybuffers dedicated
to temporarilystoringitemsthat are neededduring processingoy the cential executive(Baddelg, 1986).
Alternative processin@rchitecturefiave beenproposedpothwithin the computationabndpsychological
literatures(e.g.,Anderson,1983; Newell, 1990),in which working memoryis definedfunctionally — as
the activated componenif long term memoryrepresentations— ratherthan structurallyas a dedicated
componenbf the system. However, thesetypically include a structuraldistinction betweenprocessing
andmemory Noneof thesearchitectureseemdo correspondloselyto the architectureof the brain, in
which processingagndmemoryfunctionsaretypically distributedwithin andperformedby the sameneural
substrat§Rumelhar& McClelland,1986).

We believe thatconsideringhov working memoryfunctionmight beimplementedn thebrainprovides
a uniqueperspectie thatis informative with regardto both the psychologicalndbiological mechanisms
involved. This is whatwe attemptto do in this chapter by providing a biologically-basedcomputational
modelof working memory Our goalis not only to provide anaccounthatis neurobiologicallyplausible,
but alsoonethatis mechanisticallyexplicit, andthatcanbeimplementedn computesimulationsof specific
cognitive tasks. We sharethis goal with othersin this volume who have alsocommittedtheir theoriesto
mechanisticallyexplicit models,at both the symbolic (Lovett, Reder & Lebiere,this volume; Young &
Lewis, this volume;Kieras,Meyer, Mueller, & Seymour, this volume)andneural(Schneiderthis volume)
levels.

It is possibleto identify a coresetof informationprocessingequirementgor mary working memory
tasks: 1) Taskinstructionsand/orstimuli mustbe encodedn sucha form thatthey caneitherbe actively
maintainedver time, and/orlearnedrapidly andstoredoffline for subsequentecall; 2) The active mainte-
nancemustbebothdynamicandrobust,sothatinformationcanbe selectvely maintainedflexibly updated,
protectedrom interferenceandheldfor arbitrary(althoughrelatively short)durations;3) The maintained
informationmustbe ableto rapidly andcontinuallyinfluence(bias)subsequentrocessingr actionselec-
tion. 4) Therapidlearningmustavoid the problemof interferencen orderto keepevenrelatively similar
typesof informationdistinct. In additionto thesespecificationdor an activememorysystemanda rapid
learning system,we think that the working memaoryconstructis generallyassociatedvith tasksthat re-
quirecontmwolled processingwhich governsthe updatingandmaintenancef actve memoryandthe storage
andretrieval of rapidly learnedinformationin a stratgjic or task-relgant manner This is consistentvith
the original associatiorof working memorywith central-@ecutive like functions. Taken togethey these
functionalaspect®f working memoryprovide a basicsetof constraintgor our biologically basednodel.

Our approacthinvolvestwo interrelatedhreads.Thefirst is a focuson the functionaldimensionsalong
whichdifferentbrainsystemsappeato have specializedandthe processindradeofs thatresultasa conse-
guenceof thesespecializationsTheseconds asetof computationamodelsn whichwe have implemented
thesefunctionalspecializationsisexplicit mechanismsThroughsimulationswe have endesoredto shaw
how the interactionsof thesespecializedrain systemsanaccountor specificpatternsof behaioral per
formanceon awide rangeof cognitive tasks.We have postulatedhatprefrontalcortex (PFC),hippocampus
(HCMP) and posteriorand motor cortex (PMC) representhreeextremesof specializatioralongdifferent
functionaldimensionsmportantfor workingmemory:sensorandmotorprocessindpasedninferenceand
generalizatio(PMC); dynamicandrobust actve memory(PFC);andrapid learningof arbitraryinforma-
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tion (HCMP). Sinceeachof thesespecializationgnvolve tradeofs, it is only throughinteractionsbetween
thesesystemghatthebraincanfulfill theinformationprocessingequirement®sf working memorytasks.

As anexampleof how thesecomponentsvork together considera simplereal-world taskthatinvolves
contritutionsfrom thesedifferentbrain systemslmagineyou arelooking for someinformation(the name
of a college friend’s child) containedn anemailmessageou receved a yearagoandhave storedin one
of your mary messagdolders. You canremembesereral thingsaboutthatemail, like who sentit (agood
friend who knows the college friend), what elsewashappeningat aroundthattime (you hadjust returned
from aconferencén Paris),but you dont remembethe subjectine or whereyoufiled it. Thisinformation
abouttheemailis retrievedfrom the HCMP systemwhichwasableto bind togethettheindividual features
of the memoryand storeit asa uniqueevent or episode. Oncerecalled,thesefeaturesmust be usedto
guide the processof searchingthroughthe folders and email messages.We think that this happenshy
maintainingrepresentationsf thesefeaturesin an active statein the PFC, which is able to keepthem
active for the durationof the searchandprotectthemfrom beingdislodgedfrom actve memoryby all the
otherinformationyou read. Meanwhilethe basicabilities of readinginformationandissuingappropriate
commandwithin the email systemare subsered by well-learnedrepresentationwithin the PMC, guided
by representationiselpedactive in PFC.

Onceinitiated,the searchrequiresthe updatingof itemsin actve memory(college friend’s name good
friend’s name Parisconferenceqndits interactionwith informationencountereth thesearch For example,
whenyou list all of the folders, you selecta small subsetas mostprobable. This requiresan interaction
betweertheitemsin active memory(PFC),long-termknowledgeaboutthe meaningf thefolders(PMC),
andspecificinformationaboutwhat wasfiled into them (HCMP). The resultis the activation of a new set
of itemsin actve memory containingthe namesof the new setof foldersto search.You mayfirst decide
to look in a folder thatwill containan email telling you exactly whenyour conferencewvas, which will
help narrav the search.As you do this, you may keepthat datein actve memory and not maintainthe
conferencénformation. Thus,theitemsin actve memoryareupdatedactivatedanddeactvated)asneeded
by the taskat hand. Finally, you iteratethroughthe foldersand email messagesnatchingtheir dateand
sendeiinformationwith thosemaintainedn actve memory until the correctemailis found.

All of this happenedsaresultof stratgic, controlledprocessinginvolving the activationandupdating
of goals(theoverall searchandsub-goalge.g.,finding the specificdate). The maintenancandupdatingof
goals ikethatof theotheractve memoryitems,is dependenbn specializednechanismin thePFCsystem.
Thus, the PFC systemplaysa dominantrole in both actve memoryand controlledprocessingwhich are
two centralcomponent®sf theworking memoryconstruct However, othersystemsanplay equallycentral
roles.For example,if youwereinterruptedn your searchoy a phonecall, thenyou mightnot retainall the
pertinentinformationin actve memory(“Now, wherewas|?”). The HCMP systemcanfill in the missing
informationby frequently(andrapidly) storingsnapshotsf thecurrentlyactive representationscrossnuch
of the cortex, which canthenberecalledafteraninterruptionin orderto pick up whereyou left off. Thus,
workingmemoryfunctionalitycanbeaccomplishetby multiple brainsystemsthoughthespecializedctive
memorysystemof the PFCremainsa centralone.

We have studieda simpleworking memorytaskbasedn thecontinuougperformanceest(CPT),which
involves searchingor target lettersin a continuousstreamof stimuli (typically letters). For example,in
the AX versionof the CPT (AX-CPT), the targetis the letter 'X’, but only if it immediatelyfollows the
letter ‘A’. Thus,the’X’ aloneis inherentlyambiguousjn thatit is a non-tagetif precededy arything
otherthanan’A’. Like theemail searchtask,this requireshe dynamicupdatingandmaintenancef active
memoryrepresentationg.g.,the currentstimulusmustbe maintainedn orderto performcorrectlyon the
subsequentne),which makesthis a working memorytask. Active maintenancés evenmoreimportantfor
amoredemandingersionof thistaskcalledtheN-bad, in whichary lettercanbeatargetif it is identicalto
theoneoccurringN trials previously (whereN is pre-specified@ndis typically 1, 2, or 3). Thus,moreitems
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needto be maintainedsimultaneouslyandacrossntervening stimuli. The N-backalsorequiresupdating
theworking memoryrepresentationaftereachtrial, in orderto keeptrackof the orderof thelastN letters.

Thereareseveral otherrelevantdemand®f this task. For example uponreceving thetaskinstructions,
subjectamustrapidly learnthe otherwisearbitraryassociatiorbetweerthe letter’A’ and’X’. We assume
thatthis is carriedout by the HCMP. Of course,subjectsmustalsobe ableto encodeeachstimulus,and
executetheappropriateesponsewhichwe assumés carriedoutby PMC. Togethertherapidassociatiorof
the cuewith the correctresponsdo thetaget (HCMP), the active maintenancef informationprovided by
the specificcuepresentedn eachtrial (PFC),andthe useof thatinformationto guidetherespons¢PMC),
constitutea simpleform of working memaoryfunction. In Figure 1, we presenta computationamodelof
performancén thistask,thatillustratesour theoryregardingthe functionalrolesof PFC,PMC andHCMP.
We have implementeccomponentsf this model,anddemonstratethatit canaccountfor detailedaspects
of normalbehaior in the AX-CPT, aswell asthatof patientswith schizophreniavho arethoughtto suffer
from PFCdysfunction(Braver, Coheng& Senan-Schreiberl995;Cohen Braver, & O'Reilly, 1996;Braver,
Cohen& McClelland,1997a).

In the model,the PMC layer of the network performsstimulusidentification,andresponseyeneration.
Thus,in panela), whenthe‘A’ stimulusis presentedanunequvocalnon-tagetrespons¢heremappednto
theright hand,but counterbalanceih empiricalstudies)is generatedHowever, the PFCis alsoactivated
by this‘A’ stimulus,sinceit senesasa cuefor a possiblesubsequentiuget X’ stimulus.Duringthedelay
periodshawvn in panelb), the PFC maintainsits representatioin anactie state. This PFCrepresentation
encodegheinformationthatthe prior stimuluswasa cue,andthusthatif an‘X’ comesnext, atamet (left
hand)responseshouldbe made. Whenthe ‘X’ stimulusis then presentedpanelc), the PFC-maintained
actve memorybiasesprocessingn the PMC in favor of the interpretatiorof the ‘X’ asatarget,leadingto
atamget(left hand)responseWe think thatthe HCMP would alsoplay animportantrole in performingthis
task,especiallyin earlytrials, by virtue of its ability to rapidly learnassociationbetweerthe appropriate
stimuli (e.g.,"A’ in the PMC and'left-to-X’ in the PFC)basedon instructionsandpravide alink between
theseuntil directcorticalconnectionhave beenstrengthenedHowever, we have not yetimplementedhis
importantcomponentf working memoryin this model.

In the following sectionswe first elaborateour theory of working memoryin termsof a more com-
prehensie view of how informationis processedavithin neuralsystems.While we beliese it is important
thatour theorybasedon mechanistianodelsof cognitive functionwhosebehaior canbe comparedwith
empiricaldata,a detailedconsideratiorof individual modelsor empirical studiesis beyond the scopeof
this chapter Furthermoremary of the featuresof our theoryhave not yet beenimplementedandremain
a challengefor futurework. Thus,our objective in this chapteris to provide a high level overvien of our
theory andhow it addressethetheoreticaluestiongposedor this volume.

A Biologically-BasedComputationaModel of Cognition

Our modelof working memoryis a unifiedonein thatthe sameunderlyingcomputationaprinciplesare
usedthroughoutWe andothershave relieduponthesecomputationaprinciplesin previouswork to address
issuegegardingcognitive functionandbehaioral performancén mary othertaskdomainsjncludingones
involving responseompetitionclassicabonditioningandcovertspatialattention.Moreover, thefunctional
specializationshatwe postulatdor differentbrainsystemsmegeasdifferentparametric/ariationswithin
this unified framework, giving rise to a continuumof specializationalong thesedimensions. The basic
computationamechanismsrerelatively simple,including standardoarallel-distrilntedprocessing (PDP)
ideas(Rumelhar®& McClelland,1986;McClelland,1993;Seidenbeg, 1993),themostrelevantbeing:

The Brain usesparallel, distributed processinginvolving mary relatvely simple elements(neuronsor
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a) Cue b) Delay c) Probe
HCMP PFC HCMP PFC
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Stimulus Response Stimulus Response Stimulus Response

Figure 1: Neural network model of the AX-CPT task, shaving roles of PMC (posterior& motor cortex), PFC
(pre-frontalcortex) andHCMP (hippocampusand relatedstructures:not actuallyimplementedn our modelsyet).
Activation is shavn by black units, and the weightsbetweensuchunits are highlightedto emphasizehe flow of
information throughthe network. Lateralinhibition exists within eachof the layers. a) The cue stimulus‘A’ is
presentedresultingin the activation of a PFC representatiotior “Respondwith left (target) handif an X comes
next.” b) During the delay the PFCrepresentatiois actively maintained providing top-davn supportfor the target
interpretatiorof the ‘X’ stimulus.c) Whenthe ‘X' comesiit resultsin a target(left) responséwhereasa non-taget
(right) responsavould have occurredwithout the top-dovn PFC activation during the delayperiod). In earlytrials,
the HCMP providesappropriatectivationto varioustaskcomponentsasa resultof its ability for rapidlearning.

neuralassemblies)achof which is capableof performinglocal processingandmemory andwhich
aregroupednto systems.

Systemsare composedf groupsof relatedelementsthat subsere a similar setof processingunctions.
Systemsnaybedefinedanatomicallyby patternsof connectiity) and/orfunctionally (by specializa-
tion of representatioor function).

Specialization arisesfrom parametricvariationsin propertiepossesselly all elementsn the brain (e.g.,
patternsof connectyity, time constantsyegulation by neuromodulatonsystemsetc.). Parameter
variationsoccur along continuousdimensionsand thus subsystenspecializationcan be a graded
phenomenon.

Knowledge is encodedn the synapticconnectionstrengthgweight$ betweenneuronswhich typically
changeslowly comparedwith thetime courseof processingThis meanghatneuronshave relatively
stable(dedicatefl representationsvertime.

Cognition resultsfrom activation propagation throughinterconnectechetworks of neurons. Activity is
requiredto directly influenceongoingprocessing.

Learning occursby modifyingweightsasa functionof activity (which cancorvey error andreward feed-
backinformationfrom the ervironment).

Memory is achieved eitherby the relatively short-termpersistencef activation patterngactivememory
or longerlastingweightmodificationgweight-basednemory.

Representationsare distributed over mary neuronsand brain systemsand at mary different levels of
abstractiorandcontectualization.

Inhibition betweernrepresentationexists at all levels, bothwithin andpossiblybetweersystemsandin-
crease®sa (non-linear)function of the numberof active representationsThis resultsin attention
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System| Function InternalRelation ExternalRelation Act Capacity LearnRate
PMC inferenceprocessing distributed,overlapping embedded mary slow
PFC maintenancegontrol isolated,combinatorial global few slow
HCMP | rapidlearning separatedzonjunctve  contet sensitve  one fast

Tablel: Critical parameterizationsf the threesystems.Function specifiesthe function optimizedby this system.
Inter nal Relation indicateshow representationwithin eachsystenrelateto eachother External Relation indicates
how representationselateto othersystems.Act Capacity indicateshow mary representationsanbe active at ary
giventime. Learn Rate indicatescharacteristicateof learning.Seetext for fuller description.

phenomenaandhasimportantcomputationabenefitshy enforcingrelatively spaiselevels of activa-
tion.

Recurrence (bidirectionalconnectiity) existsamongthe elementswithin a systemandbetweensystems,
allowing for interactive bottom-upandtop-davn processinggconstaint satisfactionsettling,andthe
communicatiorof errorsignalsfor learning.

A centralfeatureof this framework, asoutlinedabaove, is that differentbrain systemsare specialized
for differentfunctions. In orderto characterizeéhesespecializationgand understandvhy they may have
arisen) wefocuson basictradeofs thatexist within this computationaframework (e.g.,actvity- vsweight-
basedstorageor rapid learningvs extractionof regularities). Thesetradeofs leadto specializationsince
a homogeneousystemwould requirecompromiseso be made,whereasspecializedsystemsworking to-
gethercanprovide the benefitsof eachendof thetradeof without requiringcompromiseThis analysishas
ledto thefollowing setof coincidentbiologicalandfunctionalspecializationsywhich arealsosummarized
in Figure2 andTablel:

Posterior perceptual and motor cortex (PMC): Optimizesknowledge-dependeribferencecapabilities,
which dependon denseinterconnectiity, highly distributed representationsand slow integrative
learning(i.e., integratingover individual learningepisodes)n orderto obtaingoodestimatef the
importantstructural/statistal propertiesof theworld, uponwhich inferencesarebasedMcClelland,
McNaughton& O’'Reilly, 1995). Similarity-basedverlapamongdistributedrepresentationis im-
portantfor enablinggeneralizatiorfrom prior experienceto new situations. Thesesystemserform
sensory/motoandmoreabstractmulti-modalprocessingn a hierarchicabut highly interconnected
fashion resultingin the ability to perceve andactin theworld in accordanceavith its salientandre-
liable properties We take this to bethe canonicakype of neuralcomputatiorin the cortex, andview
theothersystemsn referenceo it.

Pre-frontal cortex (PFC): Optimizesactivememoryia restrictedecurrenexcitatoryconnectrity andan
active gatingmechanisn{discussedelown). This resultsin the ability to both flexibly updateinter
nal representationsnaintaintheseover time andin the faceof interferenceand, by propagatiorof
activationfrom theserepresentationgiasPMC processingn atask-appropriatenanner PFCis spe-
cializedbecausehereis afundamentatradeof betweertheability to actively sustairrepresentations
(in the absencef enduringinput or the presencef distractinginformation)anddenseinterconnec-
tivity underlyingdistributed (overlapping)representationsuchasin the PMC (Cohenet al., 1996).
As aresult,the individual self-maintainingrepresentationsn PFC mustbe relatively isolatedfrom
eachother(asopposedo distributed). They canthusbe actvatedcombinatoriallywith lessmutual
interferenceor contradiction allowing for flexible andrapid updating. Becausédhey sit high in the
corticalrepresentationdlierarchythey arelessembedde@ndmoreglobally accessiblandinfluen-
tial. Becausdhey areactively maintainedand stronglyinfluencecognition, only a relatively small
numberof representationsantypically be concurrentlyactive in the PFCatagiventime in orderfor
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PMC PFC

Figure2: Diagramof key propertiesof the threeprincipal brain systems Active representationare shovn in grey;
highly overlappingcircles are distributed representationsnpon-overlappingare isolated;in betweenare separated.
Weights betweenactive units are showvn in solid lines; thoseof non-actve units in dashed. Threeactive feature
valuesalongthreeseparatédimensions”(e.g.,modalities)arerepresented®MC representationaredistributedand
embeddedn specializede.g., modality specific)processingystems. PFC representationare isolatedfrom each
other andcombinatorialwith separatective unitsrepresentingachfeaturevalue. Unlike othersystemsPFCunits
arecapableof robustself-maintenancegsindicatedby therecurrenttonnectionsHCMP representationaresparse,
separatedbut still distributed),andconjunctve,sothatonly a singlerepresentatiors active atatime, corresponding
to the conjunctionof all active features.

coherentognitionto result. Thus,inhibitory attentionaimechanismglay animportantrole in PFC,
andfor understandinghe origin of capacityconstraints.

Hippocampusand relatedstructures(HCMP): Optimizesrapid learning of arbitrary information in
weight-baseanemaoriesThis permitsthe bindingof element®f anovel associationincludingrepre-
sentationsn PFCandPMC, providing a mechanisnfor temporarystorageof arbitrarycurrentstates
for laterretrieval. Thereis atradeof betweersuchrapidlearningof arbitraryinformationwithoutin-
terferingwith prior learning(retroactve interference)andtheability to developaccurateestimate®f
underlyingstatisticaktructurgMcClellandetal., 1995).To avoid interferencelearningin theHCMP
usespatternsepaation (i.e., individual episodef learningare separatedrom eachother),asop-
posedto the integrationcharacteristiof PMC. This separatiorprocesgequiresspaise conjunctive
representationsyhereall the elementsontritute interactively (not separably}o specifyinga given
representatiofO’Reilly & McClelland,1994). This conjunctvity is the oppositeof the combinato-
rial PFC ,wheretheelementsontritute separablyConjunctvity leadsto context specificandepisodic
memorieswhich bind togetherthe elementof a context or episode.This alsoimpliesthatthereis
asingleHCMP representatiofconsistingof mary active neuronsxorrespondindgo anentirepattern
of actwity in thecortex. Sinceonly oneHCMP representatioganbe active atary time, reactvation
is necessaryo extractinformationfrom multiple suchrepresentations.

While thereareundoubtedlymary otherimportantspecializedrain systemswe think thatthesethree
provide central,andcritical contrikutionsto working memoryfunction. However, brainstermeuromodula-
tory systemssuchasdopamineand norepinephrineplay animportantsupportingrole in our theory asa
resultof theircapacityto modulatecorticalprocessingccordingo reward,punishmentandaffective states.
In particular aswe discusdurtherbelow, we have hypothesizedhatdopamineactvity playsacritical role
in working memoryfunction, by regulatingactive maintenancén PFC(Cohen& Senan-Schreibgrl992;
Cohenetal., 1996).
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It shouldalsobeemphasizethatthe above arerelatively broadcharacterizationsf large brainsystems,
which (especiallyin the caseof the neocorticalsystems)may have subsystemsvith different levels of
conformanceo thesegeneralizations.Further there may be otherimportantdifferencesbhetweenthese
systemghatarenotreflectedn ouraccount.Neverthelessthesegeneralizationareconsistentith alarge
corpusof empiricaldataandideasfrom othertheoristge.g.,Fustey 1989;Shallice,1982;Goldman-Rakic,
1987;Squire,1992).Finally, we notethattherearestill importantportionsof this accounthathave not yet
beenimplementedn computationamodels andthesufiiciengy of thesddeasto performcomple cognitive
tasks,especiallythoseinvolving extendedsequentiabehaior, remainsuntestedasof now. Nevertheless,
encouragingrogreshasbeenmadeimplementingandtestingmodelssomeof the morebasicfunctionswe
have describedsuchasthe active maintenancéunction of PFCandthe binding function of hippocampus
(seeCohenetal., 1996;McClellandetal., 1995;Cohen& O’'Reilly, 1996for reviews).

In whatfollows, we will elaborateghewaysin whichthesebrainsystemsdnteractto producecontrolled
processingand working memory and make more cleartheir relationshipto other constructsuchascon-
sciousnesandactive memory We will thenfocuson a setof importantissuessurroundinghe operationof
the PFCactive memorysystem followed by an applicationof theseideasto understandingomestandard
working memorytasks.This thenprovidesa sufiicient setof principlesto addresshetheoreticaljuestions
posedn thisvolume.

Contmwolled Processingand Brain Systeninteractions

We considercontrolledprocessingo be animportantaspectof our theory of working memory This
hasclassicallybeendescribedn contraswith automaticprocessingShiffrin & Schneiderl977;Posnei
Sryder, 1975),andhasbeenthoughtto involve alimited capacityattentionakystem.However, morerecent
theorieshave suggestedhata continuummay exist betweerbetweercontrolledandautomaticprocessing,
(Kahnemar& Treisman,1984;CohenDunbar & McClelland,1990),andwe concurwith thisview. Thus,
working memoryalsovariesalongthis samecontinuum. In particular we have conceptualizedontrolled
processingsthe ability to flexibly adaptbehaior to the demand®f particulartasks favoring the process-
ing of task-releantinformationover othersourcesof competinginformation,andmediatingtask-releant
behaior over habitualor otherwiseprepotentesponsedn ourmodelsthisis operationalizedstheuseand
updatingof actively maintainedepresentationgs PFCto biassubsequenprocessingandactionselection
within PMCin atask-appropriatenanner For example,in the AX-CPT modeldescribedibore, the context
representatioactively maintainedn PFCis ableto exert control over processindyy biasingthe response
madeto anambiguougprobestimulus.

While it is temptingto equatecontrolledprocessingvith theoreticalconstructssuchasa centralexec-
utive (Gathercole1994; Shiffrin & Schneiderl977),therearecritical differencesn the assumptiongnd
characteof thesemechanismshat have importantconsequence®r our modelof working memory Per
hapsthe mostimportantdifferencebetweenour notion of controlledprocessingandtheoriesthat posita
centralexecutive is thatwe view controlledprocessingasemeging from the interactionsof several brain
systems ratherthan the operationof a single, unitary CPU-like construct. We believe that our interac-
tive, decentralizediiew is more consistentvith the gradedaspeciof controlledprocessingaswell asthe
charactef neuralarchitectures However, aspectof our theoryare compatiblewith othermodels. For
example,Shallice(1982)hasproposedatheoryof frontal function,andthe operatiorof a centralexecutve,
in termsof asupervisonattentionabystemSAS).He describeshis usinga productionsystemarchitecture,
in whichthe SASis responsibldor maintaininggoal statesn working memory in orderto coordinatehe
firing of productiongnvolvedin comple behaiors. This s similar to the role of goal stacksandworking
memoryin ACT (Anderson,1983;Lovettetal., thisvolume).Similarly, our theoryof working memoryand
controlledprocessinglependsritically on actively maintainedrepresentationén PFC).This centralrole
for active maintenancén achievzing controlledprocessingontrastswith a view whereactive maintenance
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Figure3: Waysin which the HCMP and PFC contritute to the automaticvs controlled-processingistinction (after
Cohen& O’'Reilly, 1996).Biasis providedby the PFC,andcanbeusedto performsustainegbrocessingganfacilitate
the processingof weakly-learnedi.e., relatively infrequent)tasks,and can sene to coordinateprocessingacross
differentsystems. Binding is provided by the HCMP, and can be usedto rapidly learnand storethe information
necessaro performnoveltasksor processingControlledprocessinganinvolve eitheror bothof thesecontributions,
while automatigporocessinganbe performedndependensf them.

andexecutive controlarestrictly segregated(Baddelg & Logie, thisvolume).

We considercontrolledprocessindo arisefrom the interplaybetweerPFCbiasingandHCMP binding
(Cohen& O'Reilly, 1996). Figure 3 illustratesthe centralideasof this account,which is basedon the
functionalcharacterizationsf the PFCandHCMP asdescribedabore. Accordingto this view, thedegree
to which controlledprocessings engagedy ataskis determinedy the extentto which eitheror both of
thefollowing conditionsexist:

e Sustainedyeakly-learnedi.e., relatively infrequent)or coordinategrocessings required.

¢ Novelinformationmustberapidly storedandaccessed.

Sincethe PFCcanbiasprocessingn therestof the system sustainedctvity of representations PFC
canproducea focusof activity amongrepresentationsn PMC neededo performa giventask. This can
be usedto supportrepresentationsn PMC over temporally extendedperiods(e.g., in delayedresponse
tasks),and/orweakly-learnedepresentationghat might otherwisebe dominatedby strongerones(e.g.,
in the Strooptask, wherehighly practicedword-readingdominateselatively infrequentcolor naming—
Cohenetal., 1990).This functionof PFCcorrespondsloselyto Engle,Kane,andTuholski’s (this volume)
notion of controlledattentionandto Cowan'’s (this volume) notion of focus of attention. In contrastthe
HCMP contritutesthe ability to learnnew informationrapidly andwithout interferencepinding together
task-rel@ant information(e.g.,taskinstructions particularcombinationof stimuli, intermediatestatesof
problemsolutions etc)in suchaform thatit beretrieved at appropriatguncturesduringtaskperformance.
Thismayberelevantfor EricssorandDelang’s (this volume)notionof long termworking memory Young
andLewis’ (this volume)productionlearningmechanismandMoscavitch andWinocur's (1992)notion of
“working-with-memory” We proposehatthe combinatiorof thesewo functions(PFCbiasingandHCMP
binding) can accountfor the distinction betweencontrolledand automaticprocessing.On this account,
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automaticprocessings what occursvia activation propagatiorthroughintrinsic PMC connectiity, while
controlledprocessingeflectsthe additionalconstraintson the flow of activity broughtto bearby the PFC
and/orHCMP.

ActivationPropagationandMultiple Constaint Satisfaction

While someaspect®f behaior canbeunderstoodn termsof relatively local processewithin thebrain,
we assumehat,undermostcircumstanced)ehaior is determinedy arich anddynamicsetof interactions
involving thewidespreagbropagatiorof activationto multiple, distributedbrainsystemsWhile thedetailed
outcomeof suchprocessingn a particularcasemay be difficult, if not ultimatelyimpossible to describe,
its generalcharactercan be understoodn termsof multiple constaint satisfaction the activation state
that resultsfrom this propagatiorof information over weightedneuronalconnectiongs likely to be one
thatsatisfiesvariousconstraintsincludingthoseimposedby threecritical components1) externalstimuli;
2) sustainedactiity in PFC;and 3) recalledinformationfrom the HCMP. Thus, representationsn PFC
and HCMP act as “control signals, insofar astheseinfluencethe flow of actvity andtherebyshapethe
constrainsatishctionprocesghatis takingplacein therestof thebrain. Furthermoretheir activationstates
arethemselesinfluencedoy similar constrainsatishctionmechanismbasedn activationsfrom the PMC
(thougha presumedyating mechanisnin the PFC canmalke it more or lesssusceptibldo this “bottom-
up” influence— seediscussiorbelow). All of theseconstraintsaare mediatedby the synapticconnections
betweemeuronsywhichareadaptedhroughexperiencen suchawayasto resultin betteractivationstatesn
similarsituationsn thefuture. Thus,muchof therealwork beingdonein ourmodel(andour avoidanceof a
homunculusr otherwisaunspecifiedentralexecutve mechanismwhenwe discusontrolledprocessing),
lies in theseactivation dynamicsandtheir tuning asa function of experience.Computationamodelsare
essentiain demonstratingheefficagy of thesemechanismsayhichmayotherwiseappeato haze mysterious
properties.

Accessibilityand Consciousness

In our model, one of the dimensionsalongwhich brain systemdiffer is in the extentto which their
representationare globally accessiblgo a wide rangeof other brain systemsas opposedo embedded
within more specificprocessingystemsand lessglobally accessible We view this differenceasarising
principally from a systems relatve positionwithin anoverall hierarchyof abstractnessf representations.
This hierarchyis definedoy how farremaoveda systermis from directsensorynputor motoroutput. Systems
supportinghigh level, more abstractrepresentationare more centrally locatedwith respecto the overall
network connectity, resultingin greateraccessibility Accordingly becausdoththe PFCandHCMP are
at the top of the hierarchy(Squire,Shimamura& Amaral, 1989; Fuster 1989)they are moreinfluential
and accessiblghan subsystemsvithin PMC. Like the other dimensionsalong which thesesystemsare
specializedwe view this asa gradedcontinuum,and not as an all-or-nothing distinction. Furthermore,
we assumehatthe PMC hasrich “lateral” connectity betweensubsystemsat the samegenerallevel of
abstractior(at leastbeyondthefirst few levels of sensoryor motor processing)Neverthelessthe PFCand
HCMP assumae positionof greateraccessibilityandthereforegreatetinfluence relative to othersystems.

Accessibilityhasmary implications,which relateto issuesof consciousawarenessandpsychological
distinctionslik e explicit vs implicit or decla@ative vs procedual. We view the contentof consciousexpe-
rienceasreflectingthe resultsof global constraintsatishction processinghroughouthe brain, with those
systemsr representationthataremaostinfluentialor constrainingon this processhaving greaterconscious
salienceg(c.f., Kinsbourne 1997). In generalthis meanghathighly accessibl@ndinfluential systemdike
PFCandHCMP will tendto dominateconsciousexperienceover the more embeddedubsystemsf the
PMC. Consequentlythesesystemsare mostclearly associatedavith notionsof explicit or declaratie pro-
cessingwhile the PMC andsubcorticakystemsareassociatedvith implicit or proceduraprocessingWe
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endorsehis distinction, but addthe importantcaveatthat PFCandHCMP are participantsn an extended
interactive system,andthat, onceagain,suchdistinctionsshouldbe consideredilonga continuum. Thus,
our theoryis not compatiblewith strongassumptiongboutinformationally encapsulatedhodules(e.g.,
Fodor, 1983;Moscovitch & Winocur 1992).

ActiveMemoryvs Working Memory

In our model,we usethe termactve memoryto referto informationthatis representedsa patternof
actvity (neuronakpiking) acrossa setof units (neuralassemblyhich persistsover some(possiblybrief)
time intenal. We view working memoryasrelying on active memory by virtue of the needto rapidly and
frequentlyaccesstorednformationover shortintenalsandusethisinformationto biasprocessingn anon-
goingway in otherpartsof the system However, the HCMP, becausét is capableof rapidly forming novel
associationaindretrieving thesein task-releant contets, is alsousefulfor working memory Corversely
we do not assumehat actively maintainedrepresentationare invoked exclusively within the contet of
working memory Sustainedactiity canoccurandplay arole in automaticprocessingaswell. For exam-
ple,it is notdifficult to imaginethatrelatively automatidaskssuchastyping would requirepersistenactive
representationgnd sustainedactivity hasindeedbeenobsered in areasoutsideof PFC (Miller & Desi-
mone,1994). We assumehatactively maintainedepresentationgarticipatein working memoryfunction
only underconditionsof controlledprocessing— thatis, whensustainedactiity is theresultof represen-
tationscurrentlybeingactively maintainedn the PFC,or retrieved by the HCMP. This correspondslirectly
to thedistinctions proposedy Cowan (this volume)andEngleet al. (this volume),betweercontrolledor
focusedattentionvs othersourcef actvationandattentionakffects.

Reulationof ActiveMemory

It haslong beenknown from electrophysiologidarecordingsn monkeys thatPFCneurongemainactive
over delaysbetweena stimulusanda contingentresponséde.g.,Fuster& Alexandey 1971). Furthermore,
while suchsustainedctiity hasbeenobseredin areautsideof PFC,it appearshatPFCactity is robust
to interferencdrom processindnterveningdistractorstimuli, while actiity within the PMC s not (Miller,
Erickson,& Desimone1996;Cohen,PerlsteinBraver, Nystrom,JonidesSmith,& Noll, 1997).Although
theprecisanechanismgesponsibldor active maintenancén PFCarenotyetknown, onelikely mechanism
is strongrecurrentexcitation. If groupsof PFCneuronsare stronglyinterconnectedavith eachother then
strongmutual excitation will leadto both sustainedactiity, andsomeability to resistinterference.This
ideahasbeendevelopedin anumberof computationaimodelsof PFCfunction(e.g.,Dehaen& Changeux,
1989;Zipser Kehoe Littlewort, & Fustey 1993).However, we believe thatthis simplemodelis inadequate
to accountor bothrobustactive maintenanceandthekind of rapid andflexible updatingthatis necessary
for complex cognitive tasks.

Theunderlyingproblemreflectsa basictradeof — to theextentthatunitsaremadeimperviousto inter
ference(i.e., by makingthe recurrentexcitatory connectionstronger) this alsopreventsthemfrom being
updated(i.e., new representationactivatedandexisting onesdeactvated). Conversely wealer excitatory
connectiity will make unitsmoresensitve to inputsandcapableof rapidupdating but will notenablehem
to be sustainedn the faceof interference.To circumwent this tradeof, we think thatthe PFC hastaken
adwantageof midbrain neuromodulatongystemswhich canprovide a gating mechanisnfor controlling
maintenanceWhenthe gateis openedthe PFCrepresentationaresensitve to theirinputs,andcapableof
rapid updating. Whenthe gateis closed,the PFCrepresentationare protectedrom interference.Sucha
gatingmechanisntanaugmenthecomputationapower of recurrennetworks(Hochreiter& Schmidhuber
1997),andwe have hypothesizedhatdopaming DA) implementghis gatingfunctionin PFC,basedon a
substantiahmountof biologicaldata(Cohenetal., 1996).
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Figure4: lllustrationof difficultieswith active maintenanceia recurrentexcitationwith distributedrepresentations.
a) No value of the excitatory weightswill enablean appropriatesubsetof two featuresto be maintained without
alsoactvatingthethird. b) If representationare madeindependentthenmaintenancés no problem,but semantic
relatednessf the featureds lost. Onecould alsojust maintainthe higherlevel items(i.e., synthesizerterminaland
television).

Thus,we proposethatthe midbrain DA nuclei(the ventraltegmentalarea,VTA), undercontrol of de-
scendingcortical projections,enablethe PFC to actively regulatethe updatingof its representationby
controllingthe releaseof DA in a stratgic manner Specifically we proposethatthe afferentconnections
into the PFCfrom otherbrain systemsare usually relatively weak comparedo strongerlocal excitation,
but thatDA enhanceshe strengthof theseafferents attimeswhenupdatingis necessaryThis would pre-
dict thatthe VTA shouldexhibit phasicfiring at thosetimeswhenthe PFCnheedgo be updated.Schultz,
Apicella,andLjungbeg (1993)have foundthatindeed the VTA exhibitstransientstimulus-locled actiity
in responseo stimuli which predictedsubsequenmeaningfulevents(e.g.,reward or othercuesthatthen
predictreward). Further we aguethatthis role of DA asa gatingmechanisnis synegistic with its widely
discussedole in reward-basedearning(e.g.,Montague Dayan,& Sejnavski, 1996).As will bediscussed
furtherin thefinal discussiorsection thislearninghelpsusto avoid theneedto postulatea homunculus-like
mechanisnfor controlledprocessing.

Geneal Nature of ActiveMemoryRepesentations

Ourtheoryplacesseveralimportantdemand®nthe natureof representationsithin the PFC,in addition
to therapidly updatable/etrobustactive maintenanceiscusse@bove. In generalweview thePFC'srolein
controlledprocessin@simposinga sustainedtaskrelevant,top-davn biason processingn thePMC. Thus,
in comple cognitive actvities, thePFCshouldbeconstantlyactvatinganddeactvatingrepresentationdhat
canbiasa large numberof combinationsof PMC representationsyhile sustaininga coherentandfocused
threadof processingThismeanghatthePFCneedsavastrepertoireof representationthatcanbeactivated
ondemandandtheserepresentationseedo beconnecteavith thePMCin appropriatavays.Furtherthere
mustbe someway of linking togethersequencesf representationis a coherenivay.

Our initial approachtowards understandind®FC representationhas beendominatedby an interest-
ing coincidencebetweerthe above functionalcharacterizationf the PFC,anda consequencef anactive
maintenancenechanisnmbasedon recurrentexcitation. Distributed representationsyhich arethoughtto
be characteristiof the PMC, are problematicfor this kind of actve maintenancenechanismasthey rely
critically onafferentinputin orderto selectheappropriatesubsebf distributedcomponentso beactivated.

In addition, it appearghatinhibitory connectionsare also enhancedyhich would provide a meansof deactvating existing
representations.
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In the absencef this afferentselection(e.g.,during a delayperiod),recurrentexcitation amongthe com-
ponentswill spreadnappropriatelyandresultin thelossof the original actvity pattern.Thisis illustrated
in Figure4, whereadistributedrepresentatiors usedto encodahreedifferentitems,which eachsharewo
out of threetotal features.If thesedistributionshave the strongrecurrentexcitatory connectionsiecessary
for active maintenancethenit will bedifficult to keepa uniquesubsetf two featuresactive withoutalsoac-
tivatingthethird: activationwill spreado thethird unitvia theconnection:iecessaryo maintainit in other
circumstancesThe alternatve (shavn in panelb) is to useisolatedrepresentationsyhich maintainonly
themseles. However, whatis missingfrom theseisolatedrepresentationis the rich interconnectiity that
encodeknowledgeaboutthe relationshipbetweenhe featureswhich could be usedfor performingthe
knowledge-dependeribferencethatwe think is characteristiof the PMC. We obtaintheoreticalleverage
from this basictradeof, which canbe avoidedby having two specializedystemgPMC andPFC).

TheideathatPFCrepresentationarerelatively isolatedfrom eachotherhasimportantfunctionalcon-
sequencebeyond the active maintenanc®f information. For example,in orderto achieve flexibility and
generatiity, PFCrepresentationsiustbe usefulin novel contexts andcombinationsThus,individual PFC
representationshouldnotinterferemuchwith eachothersothatthey canbe moreeasilyandmeaningfully
combined— thisis justwhatonewould expectfrom relatively isolatedrepresentationdVe think thatlearn-
ing in the PFCis slow andintegrative like therestof the cortex, sothatthis graduallearningtaking place
over mary yearsof humandevelopmentproducesa rich anddiversepaletteof relatively independenPFC
representationatomponentsyhich eventually enablethe kind of flexible problemsolving skills that are
unigquelycharacteristiof adulthumancognition.

This view of PFCrepresentationsanbe usefully comparedwith thatof humanlanguage.In termsof
basicrepresentationalementsjanguagecontainswords, which have a relatively fixed meaning,andcan
be combinedin a hugenumberof differentwaysto expressdifferent(andsometimesovel) ideas. Words
representhingsat mary differentlevels of abstractiorand concretenessand complicatedor particularly
detailedideascanbe expressedy combinationf words. We think that similar propertieshold for PFC
representationgndindeedthat a substantiasubsetof PFCrepresentationdo correspondvith word-like
concepts However, we emphasizéhatword meaningshave highly distributed representationacrosamul-
tiple brainsystemgDamasio Grabavski, & Damasio,1996),andalsothatthe PFCundoubtediyhasmary
non-\erbal representationsNeverthelessjt may be that the PFC componenif a word’s representation
approachemostcloselythenotionof adiscrete symbol-like entity.

Takingthis languagadeaonestepfurther it may provide usefulinsightsinto the kinds of updatingand
sequentialinking that PFCrepresentationseedto undego during processing.For example,languages
organizedat mary differentlevels of temporalstructure,from shortphrasesthroughlongersentenceso
paragraphspassagesetc. Theselevels are mutually constrainingwith phrasesaddingtogetherto build
higherlevel meaning andthis accumulateaneaningbiasingtheinterpretatiorof lowerlevel phrasesThis
sameinteractve hierarchicaktructures presentluringproblemsolvingandothercomplex cognitive activ-
ities, andis critical for understandinghe dynamicsof PFCprocessingWe think thatall of thesedifferent
levels of representatioicanbe active simultaneouslyand mutually constrainingeachother Further it is
possiblethatthe posterioranteriordimensionof the PFC may be organizedroughly accordingto level of
abstraction{andcorrespondinglytemporalduration).For example thereis evidencethatthe mostanterior
areaof PFC,thefrontal pole,is only activatedin morecomplicatedproblemsolvingtasks(Baker, Rogers,
Owen,Frith, Dolan,Fraclowiak, & Robbins1996),andthatposterioPFCrecevesmostof the projections
from PMC,andthenprojectsto moreanteriorregions(Barbas& Pandya1987,1989).Finally, this notionof
increasinglyabstractevelsof planor internaltaskcontet is consistentvith the progressiorfrom posterior
to anteriorseenwithin the motor and premotorareasof the frontal cortex (Rizzolatti, Luppino,& Matelli,
1996).
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Specializatiorof ActiveMemoryRepesentations

An importantissuebothwithin the working memoryliteratureandwith regardto theoriesof PFCfunc-
tion is that of specializatioralongfunctionaland/orrepresentationalimensions.For example,Baddely
(1986)proposedhattherearetwo separatavorking memorybuffers: a phonolaical loop anda visuospa-
tial scratchpad whichmightitself be subdvidableinto objectandspatialcomponentslt hasbeenproposed
thatthis functional specializatiorreflectsan underlyingspecializatiorin the brain systemssubservinghe
differentbuffer systemqGathercole;1994). For example,theremay be specificbrain systemssubserving
verbalrehearsale.g.,Brocas areaand/orangulargyrus). Thereis alsoa well recognizedsegregation of
processingf objectandspatialinformationinto ventral(temporal)Janddorsal(parietal)streamawithin the
PMC (Ungerleide& Mishkin, 1982),thatmaycorrespondo thetwo subdiisionsof Baddelg’'s visuospa-
tial sketchpad At asomevhatmoregeneralevel, ShahandMiyake (1996)have foundevidenceconsistent
with theideaof separablspatialandverbalcapacities.

Specializatiormay alsoplay arole in PFCorganizationandfunction. Argumentsn theliteraturehave
centeredaroundtwo dimensionsalongwhich PFCmay be organized:functionaland content-based-ow-
ever, we alguethatit is difficult to drav a cleandistinctionbetweerfunctionandcontent.Indeed,a basic
principle of neuralnetworks is that processingand knowvledge (content)are intimately intertwined. For
example the functionaldistinctionbetweermemory(in the dorsolateraPFC)andinhibition (in the orbital
areas;Fuster 1989; Diamond,1990), could also be explainedby a content-basedistinctionin termsof
therepresentationf affective, appetitve andsocialinformationin the orbital areaswhich might be more
frequentlyassociateavith the needfor behaioral inhibition. Similarly, thefunctionaldissociatiorbetween
manipulation(in dorsalaterabreas)and maintenancén (ventrolaterakreas;Petrides,1996) may be con-
foundedwith the needto represensequentiabrderinformationin mosttasksthatinvolve manipulation.
To further complicatethe issue,onetype of functionalspecializatiorcanoften give rise to otherapparent
functionalspecializationsFor example,we have aguedthatthe memoryandinhibitory functionsascribed
to PFCmaybothreflectthe operatiorof asinglemechanisnii.e., inhibition canresultfrom maintainedop-
down activation of representationg/hich theninhibit other competingpossibilitiesvia lateralinhibition;
Cohen& Senan-Schreiber1992;Cohenetal., 1996).

Given theseproblems,we find it more usefulto think in termsof the computationaimotivationsde-
scribedabore in orderto understandhow the PFCis specializedi.e., in termsof thetradeof betweeractive
maintenancanddistributedrepresentations)rhus,we supporttheideathatthe PFCis specializedor the
function of active maintenance Consequentlyrepresentationgithin the PFC mustbe organizedby the
contentof the representationthataremaintained A numberof neurophysiologicastudieshave suggested
a content-basedrganizationthatreflectsan anteriorextensionof the organizationfoundin the PMC, with
dorsalregionsrepresentingpatialinformation(FunahashiBruce,& Goldman-Rakic1993)andmoreven-
tral regionsrepresentingbjector patterninformation(Wilson, Scalaidhe& Goldman-Rakic1993).Other
contentdimensiondave alsobeensuggestedsuchassequentiabrderinformation(Barone& Joseph1989),
and“dry” cognitive vsaffective, appetitve and/orsocialinformation(Cohen& Smith,1997).However, the
datadoesnot consistentlysupportary of theseideas. For example,Rao,Rainer andMiller (1997) have
recordedmorecomple patternsof organizationin neurophysiologicastudieswith significantdegreesof
overlap and multimodality of representationsRecentfindingswithin the humanneuroimaginditerature
arealsoconfusing,asearly reportsthatindicateddistinctionsin the areasactivatedby verbalvs objectand
verbalvs spatialinformation(e.g.,Smith, Jonides & Koeppe,1996)have not beenreliably replicated(as
reportedn anumberof recentconferencgroceedingandin unpublishedlatafrom our lab).

In light of this data,we suggesthatthe PFCmaybe organizedaccordingto moreabstractmultimodal,
andlessintuitive dimensionghathave beenconsideredo date(i.e., thatdo not correspondimply to sen-
sory modalitiesor dimensions).This seemdikely, given the relatively high-lesel positionof the PFCin
the processindnierarchy(seediscussiorabore), which would give it highly processednulti-modalinputs.
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Further this type of input mayinteractwith thelearningmechanismandotherconstraintson the develop-
mentof representationwithin PFC.For example we have shavn thattaskdemandsndtrainingparameters
(i.e., blocked vsinterleaved exposure)canplay animportantrole in determiningwhethera simulatedPFC
developsuni- or multimodalrepresentationsf objectandspatialinformation(Braver & Cohen,1995).

Examplé\brking MemoryTasks

Earlier we provided an exampleof how the mechanismsve have proposedare engagedn a simple
working memorytask(the AX-CPT). Here,we considethow they may comeinto play in two tasksthatare
commonlyusedto measurevorking memorycapacity and contrasthemwith onesthatarethoughtto not
involve working memory The verbalworking memoryspantask (Danemant Carpenter1980)involves
readingalouda setof sentenceandrememberinghefinal wordsfrom eachsentencéor laterrecall. Thus,
thesefinal wordsmustbe maintainedn the faceof subsequenprocessingwhich makesthis taskheavily
dependenbntherobustPFCactive maintenancenechanismsA spatialversionof thistask(Shah& Miyake,
1996)involvesidentifying letterspresentedt differentnon-uprightorientationsasbeingeithernormalor
mirror-reversed which appeardo requiresomeamountof mentalrotationto the uprightorientation while
rememberinghe orientationsof the lettersfor later recall. This mentalrotation requiresthe driving of
PMC-basedsisual transformationglearnedover extensve experienceseeingvisual transformationsuch
asrotation,translationetc.) in atask-relgant mannerpresumablyia actively maintained?FCtop-davn
biasing.Further the orientationinformationmustbe maintainedn thefaceof subsequernrocessingf the
samekindsof information,which againrequiresobust PFCactive maintenance.

Theseworking memoryspantaskshave beencontrastedvith othersthatarenot consideredo involve
workingmemory For example theverbalworkingmemoryspantaskhasbeencomparedvith asimpledigit
spantask,which presumablyonly requiresactive maintenancejut not controlledprocessingBehaviorally,
theverbalworking memoryspantaskis bettercorrelatedwith otherputative verbalworking memorytasks
thatalsoinvolve controlledprocessingcomparedo this simpledigit spantask(Danemar& Merikle, 1996).
Theotherhalf of thisaigumenthasbeenmadein the caseof a spatialequivalentof thedigit spantask(which
involved rememberinghe orientationsof a setof arravs), that wassignificantly correlatedwith a simple
visual processingask, while the spatialworking memoryspanmeasurevasnot (Shah& Miyake, 1996).
SeeEngleetal. (this volume)for a more detaileddiscussiorof this issueandotherrelevant experimental
results.

Anotherexample,involving the use of the HCMP system,is the comprehensiof extendedwritten
passages.Becauseof limited capacityin the PFC actve memorysystem,it is likely that someof the
representationactivated by the comprehensiof prior paragraphsre encodedonly within the HCMP,
andmustbe recalledas necessargluring later processinde.g.,whenencountering referencdik e, “this
would be impossible,given Ms. Smith’s condition’; which refersto previously introducedinformation
thatmay not have remainedactive in the PFC). Theideais thatthis later referencecanbe usedto trigger
recallof the previousinformationfrom the HCMP, perhapwith the additionof somestratgic activation of
otherrelevantinformationwhich haspersistedn the PFC(e.qg.,the factthat Ms. Smithlivesin Kansas).
A successfutecall of this informationwill resultin the activation of appropriaterepresentationsithin
the PFCand PMC, which combinedwith the currenttext resultsin comprehensioffe.g.,Ms. Smithwas
hit by atornado,andcant comeinto work for animportantmeeting).In contraswith theorieshatdrav a
strongdistinctionbetweeractve memoryandHCMP weight-basednemoriege.g.,Moscovitch & Winocur,
1992),we think thatatypical cognitive taskanalysismaynot distinguishbetweertheseypesof memoryin
mary situations makingthe genericworking memorylabelmoreappropriateor both. Finally, Youngand
Lewis (this volume) presentwhat appeargo be a roughly similar role for rapidlearningin their theory of
workingmemory andEricssonandDelang (thisvolume)describeelatively long-lastingworkingmemory
representationghich would seemto involve the HCMP (aswell asthe effectsof extensve experienceon
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underlyingcorticalrepresentations).

Answersto TheoreticalQuestions

This sectionsummarizeour answersto a setof eight basic questionsaboutour theory of working

memory Thequestionaresummarizedy the sectionheadersandTable2 providesa concisesummaryof
our answergo thesequestions.

BasicMedanismsaand Repesentationgn Working Memory

Active maintenancéfor which the PFCis specialized)rapidlearning(for which the HCMP is special-

ized),andcontrolledprocessingbiasingandbindingbasedn these)arethe basicmechanismsf working
memoryin our account. Controlledprocessingemegesfrom the interactionsbetweenall threeprimary
brain systemgPFC,HCMP, PMC), but is moststronglyinfluencedby the PFCandHCMP. For purposes
of comparisonwe describeour basicmechanismén termsof standardnemoryterminologyof encoding,
maintenanceandretrieval:

Encoding: Dueto slow learning,the cortical systemgPFC and PMC) have relatively stablerepresenta-

tional capability Thus,encodingn thesesystemseliesontheselectiorandactivation (via constraint
satishctionprocessingperatingover experience-tunedeights)of thosepre-eisting representations
that are mostrelevantin a particularcontet. In the HCMP, encodinginvolves the rapid binding
togetherof a novel conjunctionof the representationactie in the restof the brain. An important
influenceonthis processanda critical componenbdf controlledprocessingis the stratgic activation
(undertheinfluenceof the PFC)of representationthatinfluenceHCMP encodingn task-appropriate
ways(e.g.,activatingdistinctive featuresduringelaboratie encodingn a memorytask).

Maintenance: Only the PFCis thoughtto be capableof sustainingactiity over longerdelaysandin the

faceof otherpotentiallyinterferingstimuli or processing However, underconditionsof shorterde-
laysandtheabsencef interferencePMC canexhibit sustainedctive memoriegMiller etal.,1996).
We includein our definition of the PFC the frontal languageareaswhich have beenshavn to be
active in neuroimagingstudiesinvolving active memoryasdiscussedbore. For example,consider
ableevidencesupportshe ideathat maintenancén this systemis implementedoy an phonolgical
loop (Baddelg & Logie, this volume;Baddelg, 1986),which mayinvolve morehighly specialized
mechanismsghanthosehypothesizedo exist in otherareasof PFC.We do not think thatthe HCMP
maintainsinformationin an active form, but ratherthroughrapid weight changesnadeduring en-
coding. Theseweight-basedHCMP memoriescan persistover much longer intenals than active
memorieqc.f., Ericsson& Delang, this volume).

Retrieval: For active memoriesretrieval is not anissue,but for HCMP weight-baseanemoriesyetrieval

typically requiresmultiple cuesto trigger a particularhippocampamemaory(dueto its conjunctve
nature).As with encodingthe stratgjic activation of suchcuesconstitutesanimportantpartof con-
trolled processing.

As for the natureof the representations our model of working memory we have characterizedhe

distinctive propertief representationis eachof the threemainbrainsystemgseeTablel andFigure?2).
However, sincewe do notadhereo a buffer-basedor ary otherdistinctsubstrateziew of working memory
this questionis difficult to address Essentiallythe spaceof possibledifferentrepresentationfr working
memoryis aslarge asthe spaceof all representationi the neocort& and hippocampussinceary such
representationould be activatedin a controlledmannerthussatisfyingour definition of working memory
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However, we think thatbrain systemsspecializedor languagemay provide an exceptionallypowerful and
general-purposeepresentationadystemfor encodingarbitrary information, and are likely to be usedto
encodeeven superficiallynon-verbal information. Similarly, it may also be that abstractspatialand/or
numericalrepresentationareusefulfor encodingrelationalandperhapgsemporalinformation.

TheControl andRegulationof Working Memory

In ourtheory controlresultsfrom thebiasingfunctionof the PFC,andthebindingfunctionof theHCMP.
Thesesystemsijn turn, areregulatedby eachother the PMC, andascendingrainstemneuromodulatory
systems.Thus, control andregulationare interactve anddistributed phenomenathat involve all partsof
the system.While theseinteractionsarenecessarilyomple, it is possibleto identify characteristicontri-
butionsmadeby eachcomponenbf the system.The PFCplaysa dominantrole in controlledprocessing
by virtue of its characteristideatures:its ability to maintainactivation over time; the flexible andrapid
updatingof representationdueto their combinatoriabndactive nature;andits positionhighin thecortical
processindnierarchy Notethatunlike modelswhich separateontrol(e.g.,a centralexecutive) from active
storag€e.qg.,buffers),active maintenancglaysa centralrole in controlin our model.

Representationgithin the PFC arethemseles subjectto the influenceof processingvithin the PMC
andHCMP, by way of specializedontrolmechanismghatregulateaccesso the PFC.As describedabore,
we suggestthat the midbrain dopamine(DA) systemprovides an active gating of PFC representations,
controllingwhenthey canbe updatedandprotectingthemfrom interferenceotherwise.We think thatthe
PFC,togetherwith the PMC andpossiblythe HCMP, controlsthe firing of the DA gatingsignal,through
descendingprojections. Furthermorewe assumehattheseprojectionsare subjectto learning,sothatthe
PFCandPMC canlearnhow to controlthe gatingsignalthroughexperience.

TheUnitary vs Non-UnitaryNature of Working Memory

We take the view that working memoryis not a unitary construct— insteadwe suggesthatit is the
combinatiorof actve memoryrapidlearning,andemegentcontrolledprocessin@peratingover distributed
brain systems. Insteadof the moving of information from long-termmemoryinto and out of working
memorybuffers, we think thatinformationis distributedin a relatively stableconfigurationthroughouthe
cortex, andthatworking memoryamountgo the controlledactivation of theserepresentationg\s we noted
at the outset,this view sharessomesimilaritieswith the view of working memaoryofferedby production
systemaccountge.g.,ACT — Anderson1983;Lovettetal., this volume).However, it doesnotincludethe
structuraldistinctionbetweerdeclaratie andproceduraknovledgeassumedby suchaccounts.

This non-unitaryview is consistentvith findingslike thoseof ShahandMiyake (1996),who foundno
significantcorrelationbetweenan individual's verbal and spatialworking memorycapacities.We would
further predictthat working memorycapacitywill vary alonga variety of dimensionsdependingon the
quality of therelevantPMC andPFCrepresentationdevelopedover experience(c.f., Ericsson& Delang,
this volume). However, working memoryis alsoaffectedby more domain-generalgontrolledprocessing
mechanismgsuchasthosesupportedy brainstermeuromodulatorgystems)sothatsomecharacteristics
of working memoryfunctionmight exhibit moreunitary-like featureqc.f., Engleetal., thisvolume).Thus,
theactualperformanc®f a givensubjectunderagivensetof taskconditionswill dependnacombination
of bothdomainspecificandmoregenerafactors.

TheNature of Working MemoryLimitations

Thepresencef capacitylimitationsseemgo be oneof thefew pointsaboutwhichthereis consensum
theworking memoryliterature.Despitethis agreementhereis relatiely little discussiorof whysuchlimi-
tationsexist. Are thesethe unfortunateby-productof fundamentalimitationsin theunderlyingmechanisms
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(e.g.,insuficient metabolicresourcedo sustainadditionalmentalactivity), or do they reflectsomemore
interestingcomputationakonstraint? We adhereto the latter view. We believe that capacitylimitations
in working memoryreflecta tradeof betweentwo competingfactors: the accessibility and wide-spread
influenceof PFCrepresentations— necessaryo implementits biasingfunctionasa mechanisnof control
— andthe needto constrainthe extentof activationthroughouthe PMC, to avoid “runaway” actiity, and
promotefocusedand coherentprocessing.We assumehat this tradeof is managedy inhibitory mech-
anisms,that constrainspreadingactivation, and prevent the runavay activity that would otherwiseresult
from the positive feedbackoopswithin the cortex. Thisis particularlyimportantin the PFC,becausef
its widespreadndinfluential projectionsto therestof the brain. We have begunto explore this possibility
in explicit computationamodelingwork (Usher& Cohen,1997). This accountemphasizeghe potential
benefitsof what otherwisemight appearto be arbitrarylimitations (c.f., Lovett et al., this volume). Note
that YoungandLewis (this volume)and Schneidelthis volume) presenfunctionalmotivationssimilar to
ourown.

As we statedabove, we think thereare both domainspecificand more generalcontrikutions to work-
ing memoryfunction. Similarly, therearelikely to be both experiencedependentind genetically-based
contritutions. Further it is likely that thereare interactionsbetweenthesefactors. For example, exten-
sive experiencewill producea rich and powerful setof domain-specifiaepresentationthat supportthe
ability to encodemore domain-specifianformationboth in actve memoryand via rapid learningin the
HCMP. However, thisis unlikely to affect moregenerafactors(e.g.,neuromodulatorjunction,or the over
all level of inhibition within the PFC). This is consistenwith the generallack of cross-domairtransfer
from experience-basedorking memorycapacityenhancemen@sdiscussedh EricssorandDelang (this
volume),andwith therelatively domaingeneralimitationsobseredby Engleetal. (this volume).

The role of experience-baselkarning(which is animportantcomponenof our overall model)in en-
hancingdomainspecificworking memorycapacitycanbe illustratedby consideringhe following phases
of experience:

Novel phase: HCMP is requiredto storeand recall novel task-rel@ant information, so that capacityis
dominatedy theconstrainbf having only oneHCMP representatioactive atatime, with significant
controlledprocessingequiredto orchestrat¢éhe useof thisinformationwith ongoingtaskprocessing.
This is like the first time onetriesto drive a car, wherecompleteattentionis required,everything
happensn slow serialorder andmary mistalesaremade.

Weak phase: PFCis requiredto biasthe weakPMC representationgnderlyingtaskperformancesothat
capacityis dominatedy therelatively moreconstrainedPFC.Thus,it is difficult to performmultiple
tasksduringthis phasepr maintainotheritemsin actve memory This s like the periodafterseveral
timesof driving, whereonestill hasto devote full attentionto the task(i.e., usePFCto coordinate
behaior), but atthe basicoperationsarereasonablyamiliarandsomecanbe performedn parallel.

Expert phase: Weightswithin the PMC have beentunedto the point thatautomaticprocessinds capable
of accomplishinghe task. Sincethe PMC representationare relatvely moreembeddedthey can
happily coexist with activity in otherareasof PMC, resultingin high capacity Thisis the casewith
expert drivers, who can carry on corversationsmore effectively than novices while driving. Note
that slow improvementswithin this phaseoccur with continuedpractice,resultingin experience-
baseddifferencesn strengthand sophisticationof underlyingrepresentationsyhich contritute to
individual differencesin capacityand performance.This is true in the PFC aswell, wherefewer
active representationseedbe maintainedf amoreconcise(e.g.,“chunked”) representatiohasbeen
learnedover experience.
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TheRoleof Working Memoryin Complex Cognitive Activities

Comple cognitive activities involve controlledprocessingaindthus,by our definition, involve working
memory Accordingto our accountof the roles of the PFC (biasing)and HCMP (binding), controlled
processingccursunderconditionsof temporallyextendedand/ornovel tasks,andin caseswvhich require
coordinatedgrocessingamongmultiple systemsTypically, complex tasksinvolve thetemporally-e&tended
coordinationof multiple stepsof processingpftenin novel combinationsandsituations andthe storageof
intermediatgroductsof computationsubgoalsetc. Active memorytogethemwith the controlledencoding
andretrieval of HCMP memoriescanbe usedto retaintheintermediateesultsof theseprocessingtepsor
subsequenise.

We have yetto applyour modelto specificcomple tasksaswe have yetto producesatishctoryimple-
mentationsf the entiresetof neuralsystemghatwould be required. Our overarchinggoalin developing
suchmodelsis the ability to accountfor complex task performancewithout resortingto a homunculusof
oneform or another While mary accountf executive controlremainpurelyverbalandareobviously sus-
ceptibleto thehomunculugproblem,evenmechanisticallyexplicit accountof comple taskperformancén
productionsystemarchitecturege.g.,Young& Lewis, thisvolume;Lovettetal., thisvolume)have ahidden
homunculusn the form of the researchewho builds in all the appropriateproductionsn orderto enable
thesystemto solve thetask.As we discussn greateetailbelow, our currentmodelingefforts arefocused
on developinglearningmechanismshat would give rise to a rich and diversepaletteof PFCrepresenta-
tions (andcorresponding®MC subsystems)yhich shouldbe capableof performingcomplex taskswithout
resortingto a homunculusf ary form.

TheRelationshipf Working Memoryto Long-Term Memoryand Knowledg

We view working memoryasbeingthe active portion of long-termmemory wherelong-termmemory
refersto theentirenetwork of knawledgedistributedthroughouthecortex, HCMP, andotherbrainsystems.
Asnotedearlier thisis similarto productiorsystentheorieof workingmemory(suchasACT — Anderson,
1983;Lovett et al., this volume). However, we alsospecifythatthe termworking memoryonly appliesto
thoserepresentationthatareactivatedasaresultof controlledprocessingThus,it is possibleo have active
representationthat exist outsideof working memory(c.f. Cowan, this volume; Engleet al., this volume,
for similar views). Becausef thisintimaterelationshipbetweenvorking memoryandlong-termmemory
we expectworking memoryto be heaily influencedby learningin thelong-termmemorysystem(seethe
discussiorin the capacitysectionabose andEricsson& Delang, thisvolume).

We donotthink thatall componentsf long-termmemoryareequallylikely to berepresenteth working
memory As discussegreviously, languageprovidesa particularlyusefulmeansof encodingarbitraryin-
formation,andis thusheaily involvedin workingmemory In contrastmoreembeddedpw-level sensory
andmotor processings lesslik ely to comeundertheinfluenceof controlledprocessingandis nottypically
consideredo be involved in working memory Thus, the generallevel of accessibilityassociatedvith a
givenbrainsystemis correlatedwith the extentto whichit is likely to beinvolvedin working memory As
discusseeaarlier thismeanghatmoredeclaiative or explicit longtermknowledgeis likely to beinvolvedin
working memory whereasmplicit or procedual knovledgeis moreassociateavith automatigprocessing.

TheRelationshipf Working Memoryto Attentionand Consciousness

Working memory attention,and consciousnesare clearly relatedin importantways. We view the un-
derlyingconstrainthatgivesriseto attentionasresultingfrom theinfluenceof competitionbetweerrepre-
sentationsimplementedy inhibitory interneuronghroughouthe cortex (andpossiblyalsoby subcortical
mechanismsn the thalamusand basalganglia). This inhibition providesa mechanisnthat causessome
thingsto beignoredwhile othersareattendedo, andis a critical aspecbf attentionthatis not strictly part
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of working memory However, assuminghis constraint,controlledprocessingplaysanimportantrole in
determiningwhatis active in a given context (andvia competitionandinhibition, alsowhat is ignored).
Thus,workingmemoryandattentionarerelatedn thatthey arebothdefinedin partby themechanismghat
determinewhatis activatedin a particularcontext.

Consciousnests alsorelatedto both working memoryand attention. As statedpreviously, we view
consciousxperienceasreflectingthe outcomeof global constraintsatishctionprocessingwheresalience
is afunctionof thedegreeof influenceoverthis processttributableto agivenrepresentationrhus,systems
whicharegloballyaccessibldéike thePFCandHCMP arealsohighly influential,andthuslik ely to dominate
consciousexperience.This meansthatthe controlledprocessing-basedlctivation (attention)mediatedby
thesesystemss mostrelevantfor consciousnessndthatthe contentf consciousexperienceaarelikely to
reflectthatof working memoryaswe have definedit (seealsoprevioussectionandKinsbourne 1997).

TheBiological Implementatiorof Working Memory

Ourmodelis basedargely on biologicaldata,andits neuralimplementatiorhasbeendescribedothin
termsof basicpropertiessuchasactivation, inhibition, andlearning,andin termsof theinteractionsof the
specializedrain systemalescribedhbore (PFC,HCMP, PMC). By virtue of thesebiologicalfoundations,
thereis awealthof datawhichis consistentvith our model,from anatomyandphysiologyto neuroimaging
andneuropsychologi¢avork. We will justreview someof themostrelevzantdatahere.

With respecto theinvolvementof the PFCin working memorytasks ourlab hasfocusedon neuroimag-
ing andschizophrenigatientperformancen the AX-CPT taskdescribedn the introduction. By making
thetalget A-X sequenceery frequent(80%), andthe delaybetweerstimuli longer(5 secs)we predicted
thatschizophrenigatientssuffering animpairmentof PFCfunctionwould make a relatively large number
of falsealarmsto B-X sequence¢where‘B’ is ary non-A’ stimulus)dueto a failure of PFC-mediated
working memoryfor the prior stimulus. This was confirmed,with unmedicatedschizophrenigatients
shawing the predictedncreasen falsealarms while medicatedschizophrenicandcontrolsubjectsdid not
(Senan-SchreibeiCohen& Steingardin press).In addition,neuroimagingf healthysubjectperforming
the AX-CPT shavedthat PFCincreasedctivity with increasesn delayintenal (Barch,Braver, Nystrom,
Forman,Noll, & Cohen,1997). Neuroimagingduring N-backperformanceevealedthat PFCactvity also
increasesvith working memoryload (Braver, CohenNystrom,JonidesSmith,& Noll, 1997b),andis sus-
tainedacrosgheentiredelayperiod(Cohenetal., 1997). Thesedatatogethemwith otherconsistenfindings
from monkey neurophysiologye.g., Fustey 1989; Miller et al., 1996), frontally-damagedgatients,(e.g.,
Damasio,1985)all supporttheideathatthe PFCis critically importantfor working memory Also, Engle
etal. (this volume)discusgheimportanceof the PFCin working memory

With respectto the role of the HCMP in working memory it haslong beenknown that the HCMP
is critical for learningnew information (Scoville & Milner, 1957; seeSquire,1992; McClelland et al.,
1995, for recentreviews). Recentneuroimaginglatasuggestshatthe controlledencodingandretrieval of
informationin the HCMP dependn interactionshetweerthe PFCandthe HCMP (e.g., Tulving, Kapur,
Craik, Moscuwitch, & Houle,1994). Further patientswith frontal lesionsshav impairedability to perform
stratgic encodingandretrieval on standardnemorytests(Gershbey & Shimamura1995). All of thisis
consistenwith our view that PFC and HCMP interactionsare importantfor the controlledprocessingof
memorystorageandretrieval, which canbe usedasa non-actve form of working memory

RecenDevelopmentandCurrentChallenges

Our theory of working memoryrepresentsn attemptto understandhis constructin termsof a setof
biologically-basedcomputationaimechanisms.This hasresultedin a novel setof functional principles
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(1) BasicMechanism&ndRepresentationis Working Memory:
Active memoryandrapidlearningvia controlledprocessingasimplementedy the pre-frontalcor
tex (PFC),hippocampusndrelatedstructurefHCMP), andthe posteriorperceptuak motorcortex
(PMC). Representationslistributed throughoutsystem areencodedy controlledactivation; main-
tainedby robust PFC mechanism&and weight-basedHCMP learning; andretrieved in the caseof
HCMP by controlledactivation of cues.Verbalandperhapspatialand/ornumericalrepresentations
areespeciallyusefulwaysof encoding.

(2) TheControlandRegulationof Working Memory:
Working memoryis notseparateftom control,sincecontrolledprocessin@ndactive memoryarein-
timatelyrelated.Controlis alsonot centralizedemeging insteadrom interactiondbetweerdifferent
brain systems.PFCplaysimportantrole dueto: robust maintenanceapabilities;flexible andrapid
updatingof representationgiositionatthetop of the corticalprocessindnierarchy(with HCMP).

(3) TheUnitaryvsNon-UnitaryNatureof Working Memory:
Working memoryis not unitary: consistingof active memory rapidlearningandcontrolledprocess-
ing, anddistributed over several brain systems.Commonuseof controlledprocessingnechanisms
may contritute a unitary-like componento performance.

(4) TheNatureof Working MemoryLimitations:
Two mechanismsinhibition, andinterference PFChasgreaterinhibition to promotecoherentpro-
cessing,thus lower capacity Capacityhasdomainspecificand generalcomponentgsee3), and
correspondingxperienceand geneticbases. Capacityis highly dependenbn amountandtype of
controlledprocessingnecessanandefficiencgy of underlyingrepresentationgarnedover experience.

(5) TheRoleof Working Memoryin Complex Cognitive Activities:
Working memoryjis critical, assuchactiities aredefinedby theinvolvementof controlledprocessing,
andrequireactve memory/rapidearningto maintainintermediateesults.Distributedbrainsystems
areinvolved asrelevantin particulartasks with morecommoninvolvementof PFCandHCMP.

(6) TheRelationshipf Working Memoryto Long-TermMemoryandKnowledge:
Working memoryis largely just the active portion of long-termmemory which is itself distributed
over mary brain areas.More globally accessiblesystemsandthosethat provide particularly useful
representationge.g.,languagepremorelikely to beinvolved in working memory leadingto a bias
towardsdeclaative or explicit representationsisteadof implicit or procedual ones.

(7) TheRelationshipf Working Memoryto AttentionandConsciousness:
Working memoryis the subsebf representationattendedo by virtue of controlledprocessingAt-
tentionalsorefersto a constrainingnechanisn{inhibition), andcanbeinfluencedby automaticpro-
cessingConsciousnes®flectsthe globalconstraintsatishctionprocesswhichis disproportionatgl
influencedby controlled-procedsg systemsThus,the contentf consciousxperiencearelikely to
reflectthatof working memory

(8) TheBiological Implementatiorof Working Memory:
Our modelis basedon the biology, including neural-leel propertiedike activation, inhibition, and
learning, and a computationalaccountof specializedbrain systemfunction, including the PFC,
HCMP, andPMC. A large amountof empiricaldatafrom patients heuroimagingneurophysiology
andanimalstudieds consistentvith our model.

Table2: Summaryof our answergo the eightdesignatedjuestions.
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thatexplain mary of the samephenomenastraditionalworking memoryconstructsput in a mannerthat
contrastwith existingtheoreticaideasn importantways. Ourexisting computationalvork hasinstantiated
and validateda numberof aspectof our theory including: the gradednatureof controlled processing
(Cohenet al., 1990); the ability of PFCrepresentation® bias subsequenprocessingCohen& Senan-
Schreiber1992);therole of PFCin active maintenancé¢Braver etal., 1995);andtherole of theHCMP in
rapidlearning(O’Reilly, Norman,& McClelland,1998;0'Reilly & McClelland,1994).However, we have
not yet implementeda computationamodelthat capturesall of our ideasregardingworking memoryand
controlledprocessing.Moreover, therearea numberof importantissuesraisedby our overall modelthat
have notbeenproperlyaddresseah our prior work, andwhich form the currentfocusof our research.

Theseunresoled issuescan be describedat two generallevels of analysis— onelevel involvesthe
developmentof bettermodelsof eachof the individual brain systemghatplay a role in our overall model
(PMC, PFC,HCMP), andthe otherlevel involves characterizinghe natureof interactionsbetweerthese
systemsOlviously, thelattereffort depend<ritically onthesuccessf theformer, whichis wherewe have
beenprimarily focused.Underlyingtheentireendesor areissueof thecomputationasuficiengy necessary
to learnandperformtemporallyextendedcontrolled-processintasksusingneuralnetwork models.

Modelsof thePMC, PFC,andHCMP

Becauset representshe canonicafform of cortical processingpur modelof the PMC lies at the foun-
dationof the othermodels.We have recentlymadeimportantadvancesn characterizinghe natureof pro-
cessingandlearningin cortex, andnow have a computationaframework (calledLeabia; O’Reilly, 1996b,
1996a)which containsall of the basicmechanismsand propertiesrequiredby our model. In particular
the Leabraframevork combinesrecurrencejnhibition, and integratederrordriven and Hebbianlearning
mechanism# a simple,principled,robust,andbiologically plausiblemanner While thesepropertieshave
beenimplementedseparatelyn differentmodelsbefore,Leabraintegratesthemall in a unified, coherent
framevork. Our modelof the HCMP systemis relatvely well-developedconceptuallyandpartsof it have
beenmodeledat a very detailedlevel (O’'Reilly & McClelland,1994). Recently we have createda com-
pleteHCMP modelusingthe Leabraframevork (O’Reilly etal., 1998),andhave modeledthe recollectie
contritution to mary of the basicrecognitionmemoryphenomendlist length,list strengthetc).

It is the PFCwhich hasreceved mostof our recenttheoreticakttention building on previouswork that
establishesa basicframeavork for understandinghe computationafole of PFCin controlledprocessing.
Therearetwo primarythreads:1) Therole of a dopaming(DA) mediatedactive gatingmechanisnasde-
scribedpreviously; and2) The natureof PFCrepresentationsecessaryo accomplistcontrolledprocessing
in comple tasks. We have recentlyimplementeda DA-lik e gatingmechanismin a computationamodel
of PFC,andshawvn thatit cansuccessfullyaccountor all of the phenomenaccountedor by our previous
models,while makingnew predictionsbasedon the phasichatureof the DA gate(Braver et al., 1997a).
This modelis beingextendedo morecomplex tasksthatwill bettertestthegatingmechanisniy requiring
both rapid updatingand sustainednaintenancén the faceof interference.Our currentwork on the PFC
representationis investigatinghetradeof betweerdistributedrepresentationandactve maintenancasa
functionof differenttaskdemands.

Ravard-based_earning Goals,andthe PFC

Oneof the mostimportantunresoled challengedo modelsof working memory(and cognitionmore
generally)is specifyingthemechanistibasisof executive control(controlledprocessingin awaythatdoes
notresortto a homunculus While we have generallycharacterizeaur view of how controlledprocessing
emegesfrom constrainsatisactionandthe specializegropertief the PFCandHCMP, actuallyshaving
that this works in real tasksremainsa challenge. We think that the solutionto this problemrequiresa
powerful learningmechanisnwhichis capableof developingsomethindik e the“productions”thatunderlie
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the performanceof comple cognitive tasks(thus avoiding the hiddenhomunculusof the researchewho
buildsin theappropriatgoroductiondor eachtask). Thefollowing is onesetof ideasregardingthe natureof
this learningmechanismyhich emegesfrom a synthesif our basicideasabouta DA-basedmechanism
for active gating,andthe natureof therepresentationis the PFC.

Theseideascanbe motivatedby thinking aboutthe essentiabifferencebetweerhumancognition,and
that of even our closestprimaterelatives. It is obvious that language abstraction problemsolving, and
tool useareimportantbehaioral differences However, we suggesthatthesemayall be facilitatedby the
ability to internalize,abstractand chaintogetherrepresentationsf reward (and punishment).In short,
the real differencebetweerhumansandotherprimatesmay be thatwe canestablishelaboratesystemsof
internalizedreward that motivate us to learnand engagen thesemore abstractbehaiors, whereasother
primateswho canlearnimpressiely complex andabstractasks mustneverthelesdeconstantlymotivated
by externalforces(e.qg.,food,juice)to doso. Thus,insteadf beinga“pure” cognitive systendivorcedfrom
all emotionalor motivationalconcernsthe PFCmay insteadbe centrallyinvolved in the dirty businessof
motivation,emotion,pleasureandpain(Davidson& Sutton,1995;Bechara;Tranel,Damasio& Damasio,
1996).

This obseration provestantalizingin the context of our ideasaboutthe role of dopaming(DA) in the
PFC.In particular if the critical specializatiorof the PFCis thatit hastaken control over the DA system
in orderto regulateits own active maintenancdunction, thenit is alsoin a positionto take over andin-
ternalizethe deploymentof DA-mediatedreinforcement.lt is well known that DA playsa critical role in
reinforcement-basdeéarning(Schultzet al., 1993;Montagueet al., 1996). If the activation of PFCrepre-
sentationgorresponassentiallyto goalswhich aremaintainedn anactive andrelatively protectedstatein
theabsencef DA firing, thenthe actof satisfyinga goalshouldsimultaneouslyesultin reinforcemenand
gating(i.e., the deactvation of that goal representatiomndthe opportunityto activate a subsequentne).
The firing of DA underPFC controlwould provide both, andthe influenceof this DA signalon learning
shouldresultin moreeffective ellicitation andefficient executionof thatgoalin thefuture.

Further we have arguedabove that the PFC hasthe capacityfor the simultaneousepresentatiormf
mary levels of temporalextentandabstractionwhich would be neededo accountfor the goal structures
underlyingcomplex humancognition. Sincereward is underthe descendingontrol of the PFCitself, the
needfor externalrewardis reducedallowing for thedevelopmenif elaborataneanginterveninggoals)to
accomplisiremoteandabstracends.In contrastptheranimalsdependo amuchgreaterxtenton constant
externalinputto drive the DA reward systemandthuscannotbuild theseelaboraténternalgoal structures.

Thereare mary differentwaysin which the internalizedcontrol of DA could be implementedn the
PFC,but unfortunatelylittle is known aboutthe relevant biological details. Thus, we are usingcomputa-
tional modelsto determingherelative advantagesanddisadantageof differentimplementationsAnother
importantimplementationaissuehasto do with learningon the basisof actively-maintainedjsolatedrep-
resentationgike thosein the PFC,which have a morediscrete binary characteandthusdo not appeatto
beamenabléo thetypesof gradient-baselkarningmechanismghatwork sowell in thedistributed,graded
representationsharacteristiof the PMC. In summary the specialization®f the PFCwill likely require
specializedearningmechanismsyhich arethefocusof our currentresearch.

Conclusion

In summary our overall modelof the brain systemaunderlyingworking memory including the PMC,
PFC,andHCMR is still underconstructionput we have a broadand compellingblueprintfor future ex-
ploration. This modelprovidesmary exampleswherecomputationaprinciples(e.g.,basictradeofs) are
usedto understandbiological propertiesjn waysthat, while consistentith existing ideasin mary cases,
canachieve anew level of synthesisandclarity. We hopethatthis approachwill continueto prove useful,
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despitethe inevitablerevision of mary of the specificideasproposecdherein.

Acknowledgments

We would like to thankAndrew Conway, PeterDayan,Yuko MunakataKenNorman,Mik e Wolfe, and
all of theconferencegarticipantdor usefulcommentsWe weresupportedy NIH GrantMH47566-06 .and
R.O.wasalsosupportedy a McDonnellPev PostdoctoraFellonshipat MIT in the Departmenof Brain
andCognitive Science.



O'Reilly, Braver, & Cohen 25

References

Anderson,.R. (1983). Thearchitectue of cognition. CambridgeMA: Harvard University Press.
Baddelg, A. D. (1986). Working memory New York: OxofordUniversity Press.

Baker, S.C.,RogersR. D., Owen,A. M., Frith, C. D., Dolan,R. J.,Fraclowiak, R. S.J.,& Robbins,T. W.
(1996). Neuralsystemsengagedy planning: A PET studyof the Tower of Londontask. Neuopsy-
cholagia, 34, 515.

BarbasH., & Pandya,D. N. (1987). Architectureandfrontal cortical connection®f the premotorcortex
(areab) in therhesusmonkey. Journal of Compaative Neuology, 256 211-228.

BarbasH., & Pandya,D. N. (1989). Architectureof intrinsic connection®f the prefrontalcortex in the
rhesusamonkey. Journal of Compaative Neuology, 286, 353—-375.

Barch,D. M., Braver, T. S.,Nystrom,L. E.,Forman,S.D., Noll, D. C.,& CohenJ.D. (1997).Dissociating
working memoryfrom taskdifficulty in humanprefrontalcortex. Neuopsytolagia, 35, 1373.

Barone,P, & Joseph,J. P. (1989). Prefrontalcortex andspatialsequencingn macaquemonkey. Experi-
mentalBrain Reseath, 78, 447-464.

Bechara,A., Tranel,D., Damasio,H., & Damasio,A. R. (1996). Failure to respondautonomicallyto
anticipateduture outcomedollowing damageo prefrontalcortex. Cerebral Cortex, 6, 215—-225.

Braver, T. S.,& Cohen,J.D. (1995). A modelof the developmentof objectandspatialworking memory
representationis prefrontalcortex. Cognitive NeuioscienceAbstiacts Vol. 2 (p. 95).

Braver, T. S.,CohenJ.D., & McClelland,J. L. (1997a).An integratedcomputationamodelof dopamine
functionin reinforcementearningandworkingmemory Societyfor NeuioscienceAbstiacts,23(p. 775).
SanDiego, CA: Societyfor Neuroscience.

Braver, T. S.,CohenJ.D., Nystrom,L. E., Jonides,J., Smith,E. E., & Noll, D. C. (1997b). A parametric
studyof frontal cortex involvementin humanworking memory Neuolmage, 5, 49-62.

Braver, T. S., Cohen,J. D., & Senan-SchreiberD. (1995). A computationaimodelof prefrontalcortex
function.In D. S.Touretzly, G. Tesauro& T. K. Leen(Eds.),Advancedn neuml informationprocessing
systemgpp. 141-148) CambridgeMA: MIT Press.

CohenJ.D., Braver, T. S.,& O'Reilly, R. C. (1996).A computationagpproacto prefrontalcortex, cogni-
tive control,andschizophreniaRecentlevelopmentandcurrentchallengesPhilosophicallransactions
of the RoyalSocietyof LondonSeriesB (Biological Sciences)351, 1515-1527.

Cohen,J. D., Dunbar K., & McClelland,J. L. (1990). On the control of automaticprocessesA parallel
distributed processingnodelof the stroopeffect. Psytholagical Review, 97(3), 332—361.

CohenJ.D., & O'Reilly, R. C. (1996). A preliminarytheoryof the interactionsbetweerprefrontalcortex
andhippocampughat contritute to planningandprospectie memory In M. BrandimonteG. O. Ein-
stein,& M. A. McDaniel (Eds.),Prospectivenemory:Theoryand applications Mahwah, New Jersg:
LawrenceEarlbaumAssociates.

CohenJ.D., PerlsteinW. M., Braver, T. S.,Nystrom,L. E., Jonides,J.,Smith,E. E., & Noll, D. C. (1997).
Temporaldynamicsof brainactiity duringaworking memorytask. Nature, 386, 604—608.

CohenJ.D., & Senan-SchreibeD. (1992). Context, cortex, anddopamine:A connectionisapproacto
behaior andbiologyin schizophreniaPsydological Review, 99, 45—77.

CohenJ.D., & Smith,E. E. (1997). Responséo OwenAM, Tuningin to thetemporaldynamicsof brain
actvationusingfunctionalmagnetiaesonancémaging(fMRI). Trendsin Cognitive Sciencesl, 124.



26 Biologically-BasedComputationaModel

DamasioA. R. (1985). Thefrontal lobes. In K. M. Heilman, & E. Valenstein(Eds.),Clinical neuopsy-
cholagy (pp. 339-375)New York: Oxford University Press.

DamasioH., Grabavski, T. J.,& DamasioA. R. (1996). A neuralbasisfor lexical retrieval. Nature, 380,
499,

DanemanM., & CarpenterP. A. (1980). Individual differencesn working memoryandreading.Journal
of Verbal LearningandVerbal Behavior 19, 450-466.

DanemanM., & Merikle, P. (1996). Working memoryandlanguagecomprehensionA meta-analysis.
PsytionomicBulletin & Review, 3, 422—-433.

Davidson,R. J., & Sutton,S. K. (1995). Affective neurosciencethe emegenceof a discipline. Current
Opinionin Neuobiolagy, 5, 217-224.

DehaenesS., & Changeux,). P. (1989). A simplemodelof prefrontalcorte functionin delayed-response
tasks.Journal of Cognitive Neuosciencel, 244—-261.

Diamond,A. (1990). The developmentand neuralbasesof memoryfunctionsasindexed by the a-not-b
task: Evidencefor dependencen dorsolateraprefrontalcortex. In A. Diamond(Ed.), Thedevelopment
andneual baseof highercognitivefunctiong(pp.267-317)New York: New York Academyof Science
Press.

Fodor, J.(1983). Themodularityof mind CambridgeMA: MIT/Bradford Press.

FunahashiS.,Bruce,C. J.,& Goldman-RakicP. S.(1993).Dorsolateraprefrontallesionsandoculomotor
delayed-respongeerformanceEvidencgor mnemonicscotomas’Journal of Neuosciencel3, 1479—
1497.

FusterJ.M. (1989). Theprefrontal cortex. anatomyphysiolg@y and neuopsytology of thefrontal loben.
New York: RavenPress.

Fuster J. M., & Alexandey G. E. (1971). Neuronactvity relatedto short-termmemory Sciencel173
652-654.

GathercoleS. E. (1994). Neuropsychologwndworking memory: A review. Neuopsytology, 8(4), 494—
505.

Gershbay, F. B., & ShimamuraA. P. (1995). Impaireduseof organizationaktratgiesin free recall fol-
lowing frontal lobe damage Neuopsytologia, 33, 1305.

Goldman-RakicP. S.(1987).Circuitry of primateprefrontalcortex andregulationof behaior by represen-
tationalmemory Handbookof Physiol@y — TheNervousSystemb, 373—-417.

Hochreiter S.,& Schmidhuberd. (1997). Long shorttermmemory Neurl Computation9, 1735-1780.

KahnemanD., & Treisman,A. (1984). Changingviews of attentionand automaticity SanDiego, CA:
AcademicPress)nc.

KinsbourneM. (1997).Whatqualifiesarepresentatiofor arolein consciousnessih J.D. Cohen& J.W.
Schooler(Eds.),Scientificapproadesto consciousnegpp. 335-355) Mahway, NJ: LawrenceErlbaum
Associates.

McClelland, J. L. (1993). The GRAIN model: A frameavork for modelingthe dynamicsof information
processing.In D. E. Meyer, & S. Kornblum(Eds.),Attentionand performanceXIV: Synegiesin ex-
perimentalpsytolagy, artifical intelligence and cognitive neuoscience(pp. 655-688) Hillsdale, NJ:
LawrenceErlbaumAssociates.

McClelland,J. L., McNaughtonB. L., & O'Reilly, R. C. (1995). Why thereare complementaryearning
systemsin the hippocampusand neocortg&: Insightsfrom the successeand failuresof connectionst
modelsof learningandmemory Psytiological Review, 102 419-457.



O'Reilly, Braver, & Cohen 27

Miller, E. K., & DesimoneR. (1994). Parallelneuronaimechanism$or short-termmemory Science263
520-522.

Miller, E. K., Erickson,C. A., & DesimoneR. (1996). Neuralmechanism®f visual working memoryin
prefontalcortex of the macaqueJournal of Neuosciencel6, 5154.

MontagueP. R., Dayan,P,, & Sejnavski, T. J.(1996). A frameavork for mesencephalidopaminesystems
basedn predictive hebbianearning.Journal of Neunsciencel6, 1936—1947.

Moscwitch, M., & Winocur, G. (1992). Theneuropsychologgf memoryandaging.In T. A. Salthouse&
F. 1. M. Craik (Eds.),Thehandboolof aging and cognition. Hillsdale,NJ: Erlbaum.

Newell, A. (1990). Unifiedtheoriesof cognition. CambridgeHarvard University Press.

O'Reilly, R. C. (1996a).Biologically plausibleerrordrivenlearningusinglocal activationdifferencesThe
generalizedecirculationalgorithm. Neural Computation8(5), 895-938.

O'Reilly, R. C. (1996b).Theleabra modelof neuml interactionsandlearningin theneocort&. PhDthesis,
Carngie Mellon University Pittshurgh, PA, USA.

O'Reilly, R.C.,& McClelland,J.L. (1994).Hippocampatonjunctve encodingstorageandrecall: Avoid-
ing atradeof. Hipocampus4(6), 661-682.

O'Reilly, R.C.,Norman K. A., & McClelland,J.L. (1998).A hippocampaimodelof recognitionmemory
In M. I. Jordan(Ed.), Advancedn neuial information processingsystemsl0. Cambridge,MA: MIT
Press.

PetridesM. E. (1996). Specializedystemdor the processingf mnemonidnformationwithin the primate
frontal cortex. PhilosophicalTransaction®f the RoyalSocietyof London,SeriesB., 351, 1455-1462.

PosnerM. I., & Sryder, C. R. R. (1975). Attentionandcognitive control. In R. L. Solso(Ed.), Information
processingandcognition (pp. 55—85).Hillsdale,NJ: LawrenceErlbaumAssociates.

Rao, S. C., Rainer G., & Miller, E. K. (1997). Integrationof whatandwherein the primate prefrontal
cortex. Science276, 821.

Rizzolatti,G., Luppino,G., & Matelli, M. (1996). The classicsupplementarynotor areais formedby two
independenareas Avancesn Neuology, 70, 45-56.

Rumelhart,D. E., & McClelland, J. L. (1986). On learningthe pasttensesof Englishverbs. In J. L.
McClelland,D. E. Rumelhart& PDPResearclGroup(Eds.),Parallel distributed processingvolume?2:
Psydtolagical andbiological modelspp.216—-271) CambridgeMA: MIT Press.

Schultz, W., Apicella, P, & Ljungbeg, T. (1993). Responsesf monkey dopamineneuronsto reward
and conditionedstimuli during successie stepsof learninga delayedresponsdask. The Journal of
Neuosciencel3, 900-913.

Scoville, W. B., & Milner, B. (1957). Lossof recentmemoryafter bilateralhippocampalesions. Journal
of Neuology, Neuosugery, andPsyaiatry, 20, 11-21.

Seidenbeg, M. (1993). Connectionistnodelsandcognitive theory Psydolagical Science4(4), 228-235.

Senan-SchreibeD., Cohen,J. D., & SteingardS. (in press). Schizophrenigperformancen a variantof
the CPT-AX: A testof theoreticapredictionsconcerninghe processingf context. Archivesof Geneal
Psydiatry.

Shah,P, & Miyake, A. (1996). the separabilityof working memoryresourcedor spatialthinking and
languageprocessinganindividual differencesapproachJournal of ExperimentaPsydology: Geneal,
125 4.



28 Biologically-BasedComputationaModel

Shallice,T. (1982). Specificimpairmentsof planning. PhilosophicalTransactionsf the RoyalSocietyof
London 298 199-209.

Shiffrin, R. M., & SchneiderW. (1977). Controlledand automatichumaninformation processing:lIl.
Perceptualearning,automaticattendinganda generatheory Psytolagical Review, 84, 127-190.

Smith,E. E., Jonides,J., & KoeppeR. A. (1996). Dissociatingverbalandspatialworking memoryusing
PET. Cerbral Cortex, 6, 11-20.

Squire,L. R. (1992). Memory andthe hippocampusA synthesidrom findingswith rats, monlkeys, and
humans Psytolagical Review, 99, 195-231.

Squire,L. R., ShimamuraA. P, & Amaral,D. G. (1989). Memoryandthe hippocampusin J. H. Byrne,
& W. O. Berry (Eds.),Neural modelsof plasticity: Experimentahndtheoketical appioates SanDiego,
CA: AcademicPress|nc.

Tulving, E.,Kapur, S.,Craik, F. I. M., Moscoitch, M., & Houle,S.(1994).Hemispheriencoding/retrieal
asymmetryin episodicmemory: Positronemissiontomographyfindings. Proceedingsf the National
Academyof ScienceslJSA 91, 2016-2020.

UngerleiderL. G., & Mishkin, M. (1982). Two corticalvisualsystems.In D. J. Ingle, M. A. Goodale &
R.J.W. Mansfield(Eds.),Theanalysisof visualbehavior CambridgeMA: MIT Press.

Usher M., & Cohen,J.D. (1997). Interference-basechpacitylimitationsin actve memory Abstiactsof
the PsydhionomicsSociety Vol. 2 (p. 11).

Wilson, F. A. W., ScalaidheS. P. O., & Goldman-RakicP. S. (1993). Dissociationof objectandspatial
processinglomaingn primateprefrontalcortex. Science260 1955-1957.

Zipset D., Kehoe,B., Littlewort, G., & Fuster J. (1993). A spiking network modelof short-termactive
memory Journal of Neuosciencel3, 3406—3420.



