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1 Tutorial Aims and Overview

This tutorial aimsto introduceattendeeso the COGENT modelling ervironmen and provide themwith
sufficient familiarity to assessvhethercOGENT may be of usefor their own teachingand/orresearch
This will be achieved by developing a seriesof progessvely more comgex modelsof human sentence
processing. COGENT is a generalmodelling environment that hasbeenappliedin a rangeof donains
(includng prodemsolving,reasonig, decisionrmakingandmemoy). Thefocus onsentencg@rocessingn
this tutorial is a tributeto the Cognitive Scienceheritage of Edinburgh. COGENT is nota systemdesigne
specificallyfor mockls of sentenceprocessing, and previous tutotials have focussedon other domains.
Notesfrom thesetutorialsmaybe downloadedfrom the COGENT website.

Much of the materialincludedin thesenotesis extractedfrom Modelling High Level Cognitive Pro-
cessesto be puldished be Lawrene ErlbaumAssociatesn 20®. The notesconsistof five prindpal
sections. Section2 provides a brief ovewiew of COGENT. It describesandillustratesmuch of the ba-
sic functionality of the ervironment.Section3 thenpresets somebackgoundin linguisticsandsentence
processing.Thisis providedto ensureahatthetutorial notesareself contaired. Readersvith relevart back
ground cansafelyignore this section.Section4 developsa basicCOGENT mockl of sentencgrocessing
Themocel builds sentencstructureusinga bottan-upparallelstrateyy. In Sections themodel is modfied
to usebothtop-cdown andbottomup information. The modé is modifiedfurther in Section6, whereit is
corvertedto a serialback-tackingmodel. The resultantmodel hasa modestievel omf psychdogically
plausibility.

Thistutorial is delibeatelylong. It is unlikely thatattendeesvill completeall of the materialprovided
within the session. Rather it is hopel that attendeewill retun to the materialin the own time after
the tutorial, and continwe working throudh the models. A compehensie refelencesectionis included
following themaintutorial notesto encairagethis.

2 COGENT: Principal Features

COGENT is a compuationalmoddling ervironmentthat providesa flexible systemwithin which infor-

mationproessingmodelsof cogritive proessesnay be developedandexplored. The systemprovidesa

rangeof functiors thatallow studentsandresearchrsalike to explore ideasandtheoies relatingto cog-
nitive processesvithout commitmaent to a particulararchitectue. COGENT hasbeendesignd to simplify
rigorousdevelopment andtestingof mockls, andto aid dataanalysisandrepating. Amongthefunctions
providedby the COGENT ervironmentare:

¢ A visualprogammingervironmert;

¢ A rangeof standad functioral compnerts, including memorybuffers,rule-basedroessessimple
comectionistnetworks, input sour@sandoutpu sinks;

Mechanismsfor the contiol of inter-comporentcommurication;

An expressve, extensible rule-basedmocelling languae andimplemertationsystem;

Automateddatavisualisatiortools,includng tables grapts, andanimatediiagrans;

A powerful modeltestingenvironment suppoting montecarlo-stylesimulatiors andanexpetiment-

basedscriptinglanglage;

e Researchprogammemanaementtools, allowing relatedmodeds to be encapsulateavithin a re-
searchprogramme andproviding a graphical displayof the relatiors betweermodelswithin sucha
programne;

e Versioncontrd on mockls;and

e Supprt for documentatiorat boththe modelandresearctprogramne levels.

2.1 The Visual Programming Environment

CoGENT simplifiesthe processof model developmentby providing a visual programmirg ervironment
in which modelsmay be created edited,andtested. The visual programmirg ervironment allows users
to develop cognitive modelsusinga box andarrov notationthat builds uponthe corceptsof functioral
modudarity (from cogritive psyctology) andobject-aienteddesign(from compuer science).Functioral
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Figurel: A boxandarrav diagamof the Modal Model of memory

moduarity views a cogritive processas the prodict of a setof interactingsub-pocesseswhereeach
sub-pocesshasan identifialle function that contritutesto the whole andthe interactiors betweensub-
processesarelimited in range(see,for exanple, Fodor, 1983. Object-ofenteddesignanalysecomplex
computationalsystemsn termsof sub-systemsf differenttypes,with the behaiour of eachsub-system
beingdeterninedin partby its type andthe valuesof a setof propertiesthat are specificto eachtype of
sub-systenfcf. Rumbagh, Blaha,Premerlai Eddy & Lorensen1997).

Models arespecifiedin COGENT by sketchingtheir functional compamentsusingthe graghical model
editor Thus,Figurel shavsaboxandarrown diagiamdepictirg aclassiadheoryfrom Cognitive Psychdogy
— the Modal Model of memay (Atkinson & Shiffrin, 1968, 1971). The diagran shaows five functioral
compmnentsfour of whicharecentralto theModal Model: I/0O Procesqaprocesgshatactsasaninterface
betweenthe memorysystemsandary taskto which they areapplied) STS(a shortterm storein which
informationis temporatly placedwhile it it reheased),LTS (a long-term storein which informationis
consolicited),andReheasal (a procesghat transfes information from STSto LTS. The oneremainirg
commnentof the diagiam — Task Environmenit — is a compund box (i.e., a box containirg further
internalstructureXhatis usedto administera taskwhentestingthe model.

Differentshapedioxeswithin a COGENT box andarrown diagramrepresendifferenttypesof compo
nent.Hexagonalboxesrepresentprocessethattransfom information,roundedrectanglarboxesrepresent
buffers thatstoreinformation,andrectamularboxes representcompaind systemswith internd structue.
Similarly, different stylesof arravs indicae differert typesof communicationbetweernthe commpnents,
suchasreadinginformation from a buffer or sendingmessageto a process.The graghical mockl editor
providesfacilities for creatingmocels usingtheseand other standardypesof compnent. Comporents
provided in additionto the above include simple feed-brward networks, interactive activation networks
andinput/outputdevices.

A numbe of different typesof information may be associatedvith a model. This information may
be viewed or edited by selectingthe apprgriate tab on the main portion of the mockl editor window
(Figure1). The Diagram view is shavn in the figure. Otherviews (Description, Properties, Message
Matrix, and Messages) provide accesgo: a text window into which notesor commnentson the model
may be enteredthe setof propertiesandparametes thatcontrd aspectf the models execuion; a two-
dimensimal mapthat shawvs, during modelexecution, inte-commner communication; anda text-based
view of messagegeneratear recevedby thetop-mast box.



2.2 Standard ComponentTypes

COGENT providesa library of standarccorfigurablecompnens. Modelsare corstructedoy assembling
thesecompmnents(in theform of a box andarrav diagran) andthenconfiguring themasnecessaryThe
compnentlibrary includes:

Rule-basedprocesses:Rule-basedrocessesmanipilate information accoding to userspedfied sym-
bolic rules. A powerful rule languae andrule intergreter allows rule-baedprocessego perform
compex manipuations and transfornations of information. Such processingnay be contingent
upa the cortentsof otherCOGENT objects.

Memory buffers: Buffersaregenealinformationstoragelevicesthatmaybeusedfor bothshorttermand
longtermstorag. Thedetailedbehaiour of ary instanceof abuffer is determiredby its properties,
which specifysuchthingsascapacitylimitations, decayparanetersandaccessestrictions.Theuse
of propertiesto specifybuffer behaiour (andin fact,the behaiour of all COGENT objects)leadsto
commners thatarebothflexible (i.e., canperform a varigty of fundions) andwell-specified(i.e.,
the various property valuesfully definethe computationalbehaiour of the compaent). Different
subtypesof buffer maybeusedto storeinformationin differentformats(e.g, propositional,takular,
andanaloge).

Connectionistnetworks: COGENT is intended primaily for high-level symbdic modelling Neverthe-
less,COGENT'sgenealisedprocessingengineallows directinterfacewith somesimpleconnetionist
objeds (two-layer feed-brward networks andinteradive activation networks). This facility makes
COGENT suitablefor a variety of hybrid modelling apgications. As in the caseof buffers, precise
network betaviour is deterninedby propertiesassociateavith thenetwork. Thesepropertiesgovern
learnirg rate,initialisation,theactivationfunction, etc..

I/O sourcesand sinks: Specialisedlatasourcecommnentsallow datato be fed into othercommnents
in a contrdled manrer. Datasinksby contrat allow the collectionof datafrom othercommnents
during mockl exeaution. Threetypesof datasink — text-basedsinks, takular sinks,andgraphcal
sinks— allow arange of optionsfor storageandpresetationof modeloutpu.

Inter-module communicationlinks: Intermodde comnunicationis indicatedwithin COGENT by ar
rows dravn betweercomppnentswithin a COGENT boxandarraov modé. Two basictypesof arrow
areprovided: readarronvs andwrite/sendarrons.

Furtherdetailsof thesecompnenttypesaregiven in theappend (seeespeciallySectionC).

2.3 The Rule-BasedModelling Language

COGENT'srule-basednodelling languageallows complex processego bespecifiedn termsof production
like rules. Eachrule consistof a setof condtions anda setof actions.Conditiors includelogical opea-
tionswhoseoutcanemaybetrueor false suchastestingtheequadity of dataelementsaswell asoperatims
thatsetvariablessuchasmatchirg someinformationstoredin a buffer. Actionsallow messagesf various
formsto besentto otherboxes.

An exanple rule is shavn in Figure2. Thisrule fireswhenPossibleOperators (a buffer) contairs an
elemeniof theform operator(Move, possible), andthe condtion evaluate operator(Move, Value)
can be satisfied. On firing, the rule deletesone elementfrom Possible Opemators (operator(Move,
possible)) andaddsanotter (operator(Move, value(Value))).

IF: operator(Move, possible) is in PossibleOpemtors
evaluate operator(Move,Value)

THEN: deleteoperator(Move, possible) from PossibleOpemtors
addoperator(Move, value(Value)) to PossibleOpemtars

Figure2: A simplerule thatupdates buffer
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Figure3: Somerulesfrom the SelectOperator processwithin a problemsolvingmodel

COGENT'’s rule langwageis both flexible and powerful. The flexibility and power introduce some
compexities, but specialtools simplify the proessof specifyirg rulesandto allow monitoiing of the
processingof rulesduring modelexecution.

Rulesarecontairedwithin processegthe hexagonalboxeswithin a COGENT box andarrov diagam:
seeFigurel), and may be supplenentedwith userdefinedcondtions. Suchcondtions may be usedto
provide additioral contrd over the circumstancgin which rulesapply This is illustratedby therule in
Figure2: evaluate operator(Move, Value) is acall to auserdefinedcondtion, thedefinitionof which
is specifiedelsavherein the process. The condtion definition languageis basedon Prolog(cf. Bratko,
1986 Sterling,1986 Clocksin& Mellish, 1987, a highly expressve Al progamminglanguag which
providesCOGENT with substantiaflexibility .

Therulesandcordition definitiors of aprocessrelistedin astandad formatwithin theprocessRules
and Condition Definitions view. Thisview alsoprovidesaccess$o speciapumposeeditingfacilities. Figure3
shaws this view for SelectOperators, a proessfrom amodelof prablemsolving.

2.4 Automated Data Visualisaion Tools

COGENT providesa numler of visualisationtools to assistin the monitaing andevaluationof a mocel.
Thesetools take the form of additiona typesof box, andallow datato be displayedin standardatular
or grapfhical forms. More sophisticatedsisualisationamay also be craftedthrough useof a genealised
graphcal displaybox.

Tables Tablesallow datato bedisplayedn a standad two-dimersionalformat,asin Figure4. Messages
sentto a table specifyvaluesfor the variows cells. Tablesare updateddynamically during the execution
of amodé, with detailsof tablelayou for ary particulartable (e.g.,row height,columnwidth, row and
columnlabels,etc.) beinggovernedby thattable’s properties.

Two typesof tableareprovided. Outputtablesarewrite-only: datasentto suchtablesaredisplayedbut
canna beinspectedy othercompments.Buffer tablesareread/write:othercommpnentsconnetedto the
buffer with readaccessnay quel the valuein ary cell. This queryng is governedby the buffer's access
properties,which allow accesgo be basedon eithertempaal featuresof buffer elemers (e.g., primagy,
receng) of spatialfeatuesof theelementge.qg. left/right, right/left).

Graphs Datamay be displayed graphcally in severd standad formats,including line graghs, scatter
plots andbar charts. Figure 5 shavs a line graph of datagereratedby a modelof freerecall. A single
graphmaybeusedto displaymultiple datasetsin differert colous. Messagesentto agraphspecifydata
pointsor styleinformationrelatingto a particlar dataset. As with tables grapls areupdateddynamically
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Figure5: A graphcal buffer, shawing a line graph summarisingoutpu from a modelof memoy appied
to afreerecalltask

during modelexecution andpresentonal detailsarecontrolledthroughcorfigurablepropertiesassociated
with the gragh.

GeneralisedGraphical Output Facilitiesarealsoprovidedfor moregeneralgraphcal outpu. Propsi-
tional buffersmay be augmeted with visualisationruleswhich mapbuffer elementdo graghical objects
(e.g.lines,shaper text at specifiedcoordnatepositiors), andthesegraphical objectsmaybe storedand
viewed directly within analg@ue buffers. To illustrate, Figure 6 shavs a visualisationof the contentsof
a propositionalbuffer whoseconters representisksin the Tower of Hand prodem. Displaysassoci-
atedwith propositionalandanalogie buffersaredynanically updatedwheneer the cortentsof the buffer
chang.

2.5 The Model Testing Environment

All coGENT modelssharean underlying processingystemthat supports four levels of execution: trial,
block, subjectandexpeiment. Theselevels corresppnd directly to their analogiesin experimentalpsy-
cholagy. The simplestway of usingCOGENT is to run a singletrial. Normally this involves presentig a
singlestimulusandgatheing a singlerespamse. However, it is alsopossibleto specify exterded expeti-
mentaldesignsjn which, for examge, numepusvirtual subjectsarerunin eachof several experimental
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Figure7: TheMessages view of Execue Process

condtions, with eachexperimental conditian involving a nunber of blocks and eachblock involving a
numker of trials. Suchdesigrs arecorstructedhrough a specialpurposeexperimentscripteditor.

Themocel testingervironmentalsoprovidesarang of facilitiesfor moritoring anddetuggingmodels.
Monitoring is provided throwgh the Messages view available on eachcommnents window. This view
shaws all messagegeneatedby or receved by acompmnent. Thus,Figure7 shavs the messagerelating
to the SelectOperators processmenticnedabove after 7 processingeycles. Eachline shavs the cycle on
whichthe messagavasreceved or gererated the souce of the messagée.g.,rule 5 of SelectOperator),
the message'destination(e.g.,Previous Move), andthe message'conten (e.g, add(move(30))). Other
facilitiesallow thetraffic betweercompnentswithin acompaindboxto bemonitaed (throughthebox’s
Message Matrix view), andthe executian of specificelementswithin rulesto betraced.

2.6 Reseach ProgrammeManagement

Thedevelgpmentof a cogritive model typically takesplaceoveranexterdedperiodof time. COGENT sup-
portsthis developmentthroudh speciaktoolsfor managng setsof modelswithin areseach programme(cf.
Lakatos,197), including: agraphcal displayof themodds contairedwithin aresearciprogramme(shaw-
ing ancestralinks betweermocdkls), facilitiesfor versioncontiol on mocels (e.g.,copying andarchving),
documentatiorsuppot, anda front-endto the graphical modé editordescriledabove.

Accesdo researciprogammemanageenttoolsis throughthe ResearcProgranmeManager, shovn
in Figure8. Theleft sideof thewindow shavs all researctprogammegegisteredvith COGENT. Whena
researctprogammeis selectedts historyis displayedn theframe ontherightin theform of atree.Each
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nodein thetreecorrespndsto a separatenockel, anddoule-clicking on a noce opers COGENT's model
editor on the correspondirg model. The progressof time is represetedin the history diagiam alorg the
horizantal axis, with modds to theright beingdevelopedafter modelsto theleft. Links in the treeshov
ancestratelatiors betweersuccessie versionsof the samemodel.As canbeseenfrom thefigure, several
versiors of amocdel maybeexploredin parallel.

Theresearclprogammemanageincludesfacilitiesfor creatingandunpaking archive files, allowing
wholeresearctprogammesdo be storedandtransferedin a convenient,singlefile. You maywishto use
thisfacility if youwantto keepthemodelsyou develop in thistutorial.

3 SenterceProcessing:Background

3.1 Major Topicsin the Psychologyof Language

The ability to acquie anduselanguageis frequently quotedas one of the centralcharateristicsof our
species. Languageis also frequently quaed as centralto a numter of higher cogritive faculties,such
as reasoimg and prablem solving For this reasonthe compuational processeghat supprt languag

andits useare of specialinterestwithin Cognitive Science. The domain of languag is also of special
historicalsignificancefor it is geneally agreedhatChomsly's agumentsconerningtheinadegaciesof

behaiouristaccouts of languaye (Chomsly, 199) playedacentralrolein shifting psyclology semplasis
from behaviouristto cognitivist accouts of mentalprocesses.

Thestudyof thepsychdogy of languageis typically dividedinto anumter of sub-dsciplines,including
phorology, syntax,semanticandpragmaics. Phondogy concenstheindividual soundgphmemes}hat
male up speech.Thereis a substantiabody of empiricd researcton, for exanple, factorsthatinfluerce
phoremepercepion. Syntaxconcensthesequentiabrderof wordsandaffixesin well-structuedlanguage.
Therearecomplex constrants or rulesthatgovernmeanimgful orderingsof sentenceonstituets, andthese
constraims have beenstudiedfrom bothlinguisticandpsychdogical perspecties. Semanticselatesto the
literal meaningof languaye. This hasbeenstudiedbothatthewordlevel (in which caseit is closelyrelated
to the studyof conepts)andat the level of phrasesor sentencesLastly, pragnaticsconcens the useof
langwagein contet. This involvesthe studyof theintendedasdistinctfrom literal) meanimg of langlage,
andcanbedistinguishedrom semantic$y consideing utterarcessuchas“Canyouwipeyourfeet?” (said
to someoe with muddybods abou to walk on a cleanfloor) which, semanticallyis a questionhaving a
yes/noansweybut pragnatically is arequest for the persorto wipe his/herfeet.

A seconddimersion of languag that cuts acrossthesefour sub-disciplirsrelatesto the distinction
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The cat bit the dog

Figure9: Thesyntacticstructue of Thecatbit thedog

betweengeneation and reception Thereis no reasonin principe why the processesnvolved in, for
exampe, production of well-formed sentenceshouldbe the sameasthoseinvolved in compehensio
of the samesentences.Indeed thereis neuppsyclological eviderce from the brealdowvn of languag
following braininjury thatdemanstrateghatlanguag prodiction may be compomisedwithout affecting
langiagecomprdiensionColtheart,Sartori,& Job,1987%.

Clearlythe cogritive psyctology of langua@e is a vastsubject. Within the above context, this tutorial
will focuson the receptia of syntax A nunber of appr@achesto the parsingprablem — the prodem
of testingwell-formednesof a sequene of words andassigningan uncerlying phrasalstructureto the
sequene — will bedeveloped,culminatingin a sophsticatedmocdel informedby somewell-attestecem-
pirical reguarities.

3.2 Syntactic Structure

Considera simplesentencesuchasthecatbit thedog. Like mary sentencesf English,this sentencean
be analysedhsconsistingof a nounphrase(the cat) followed by a verbphrasgbit the dog). This simple
factof the structureof Endish sentencemaybeexpressedy a phrasestructuerule:

S— NP VP

whereS repesentssentencelP represent®iounphrase,and VP repesentsveh phrase.Therule states
thata sentencenaybe compasedof anounphraseollowedby averbphrase.

Thetwo principal constituent®of the above sentencenay alsobe deconposed.The nown phrasecon-
sistsof adeterniner (i.e.,aword suchasthe a, every, some etc.) followedby a comnonnoun Thevelb
phraseconsistsof a transitve verbi.e., a verbthatrelatestwo things)anda secondnounphrae. These
factsmayalsobeexpressedasphrasestructurerules:

NP — Det CN
VP =TV NP

In order to analysethe sentencecompetely, it is alsonecessaryo know the syntacticcatagyaries of the
wordsinvolved— thattheis a determirer, catanddog arecomma nowns,andbit is atransitve verb.

It is comman to representthe structureof sentencegictoridly usingatree. Figure9 shaws the tree
represetationfor the catbit thedog. Thenodesin thetreedirectly corresponihg to wordsarereferedto
asterminalnodes.The other higher, nodesarereferedto asnon-teminal nodes.The existenceof such
nodes is inferred from regularitiesacrosssentenceaypes. Thus,eventhe previous threesentencgin this
paragaphcanbeanalysedn termsof thesimpleS — NP VP rule, althoughthe NPsandVPsinvolvedare
relatively complex. (In thefirst casethe NP is thenodesn thetreedirectlycorresporling to words in the
seconctasethe NP is theother highe, nodes andin thethird casethe NP is the existenceof sud nodes)

Many more phrasestructue rules are obviously requred to describeEndish, or ary othernatually
occuing humanlanguage.In the caseof English,we might startwith:

NP — Pro
NP — PN
NP — NP PP

11



PP— Prep NP

Theserulesstatethata noun phrasemayconsistof a pronoun(e.g.,him, her, you mé, aprope name(e.g,
John Mary, Londm) or anown phrasefollowedby a prepsitionalphrasge.g.,thecatonthemai), where
aprepsitionalphraseconsistof a prepsition (e.g, in, on, at) followedby a nown phrase.
Similarly, thereareaddtional typesof verbphrasejncludng:

VP = IV

VP — DV NP NP

VP — DV NP PP(to)

VP — VP Adv

VP — VP PP

Theseulesstatethataverb phrasemayconsisiof asingleintransitveverb (e.g.,runs sleep$, aditrarsitive
verbfollowedby two nounphrasege.g.,gaveMary thebook), aditrarsitive verb followedby anown phrase
andprepaitionalphrasein the“to” form (e.g, gavethebodk to Mary), avetb phrasdollowedby anadwer
(e.g.,runsquidkly), or averbphraseollowedby a prepsitionalphrasele.g, sleptin the park).

Threemoretypesof verbphrasearecomnon, andwill be usedin exanpleslaterin thetutorial:

VP = Vins1 VP(inf)

VP — Vins2 NP VP(inf)

VP(inf) = INF VP

VP =V omp S(comp

S(comp — Comp S
Theserulescover verb phrasessuchaswantsto washthe dishes promisedMary to washthe dishesand
thoudht that Mary liked him. Thefirst statesthata verb phrase may consistof aninfinitival-complemat
verb (suchas wantg followed by a verb phrasein the infinitive form (e.g.,to washthe dishe3. The
secondstatesthat a verb phrasemay consistof a secondtype of infinitival-complenent verb (suchas
asled promised pretendedifollowedby anounphrase(e.g.,Mary) andaverbphrasein theinfinitive form
(e.g.,to washthedishe3. Thethird stateghata verb phrasein theinfinitive form consistsof aninfinitive
(i.e., to) followed by a standad verb phrase.The fourth statesthat a verb phrasemay consistof a that-
compementverb(e.g, thoudt, believed followedby asentencén thecompform, andthefifth stateghat
asentencén thecompform consistof acomplenentiser(e.g.,that) followedby a sentence.

This analysisbeagins to shav the conplexity of the structue of English,yet it hardly scratcheshe
surface: it doesnot considey for examge, nunber agreerent betweensentenceompaments(e.g., The
catschasesthe dog is ungammatical) conjurction (e.g.,John took the bus but Mary cycled, tenseand
aspec{e.g.,whatis thestructureof Johnwill betakingthe bus?), so-callednovement(asin Whic busdid
Johntake?) or “it-cleft” sentencesuchaslt wasJohnwhostolethebus Spacedoesnotpermita proper
treatmen of suchissuesandtheinterestedeadeiis directedto standad texts on linguistic structue (e.g,
Burton-Roberts1986.

Exercise1: Using the above phrasestructue rules, drav treesshawving the syntacticstructue of the
following sentencs:

(1) a. Johngave Mary akitten
b. Johnatethe cake quicky
c. JohnasledMary to washthecar
d. Mary persuaddJohnto washthecar
e. Johnsawv thekittenin thepark

Noticehow thelastsentencés ambigious.Johnmayhave seerthekittenthatwasin thepark or Johnmay
have beenin the parkwhenhe sawv thekitten. You shoud beableto draw two distincttrees correspnding
to thetwo distinctmeaning, for this sentence. o
3.3 Parsing and Syntactic Structure

As Englishspealkerswe areableto detectwhena putative sentencaloesor doesnot conformto therules
of English. While testinggrammdicality is not normelly somethirgy thatwe areawareof, the factthatit
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appeas to bedoneby ourlanglageprocessingystemmposesertaincompuationalrequrementsonthat
system.

The processof deternining the syntacticstructureof a sentencer sentencdragmentis refered to
asparsing.Much earlywork in the cognitive scienceof languag assumedhatthe linguistic capaliities
of humans were embadalied within a system(sometimegefered to asthe Human SentenceProcessing
Mechatsm: HSPM) thattook asinput sequencesf wordsandgeneatedfrom thosewordsa meaning
Mary researcherfurtherassumedhatakey stage(possiblythefirst stage)of proessingwithin theHSPM
wasparsingof theinputword sequence.

This view of the processingf languae,andthe assumptiorthatlanguag is rule-govemed(i.e., syn-
tacticstructue is deterninedby a setof phrasestructurerules,suchasthoseabore), wasreinforcedby the
factthattherearemary exampleword sequencethatare,accordimg to mostphrasestructue formulations
of English,well-formedsyntactically but (to the untréned,atleast)not obviously granmatical. Oneoften
cited caseis centre-erbeddiry. ConsiderExanple 2abelown. Simplifying somavhat, it is a nounphrase
constrictedfrom arule thatmight be representeas: NP — Det CN COMP NP TV. If we applythis
rule twice, we find that Exanple 2b is alsoa nowun phrase.Adding a verb phrase(e.g.,corsisting of the
intransitive verbsqueded) to Example2ayields Exampe 2¢, whichto mostEnglishspealersis anaccept-
ablesentenceDoing the sameto Exampe 2b yields Example2d, which to mostEnglishspealersis not
acceptale.

(2) a. themouwsethatthecatchased
b. themouwsethatthe catthatthe dogbit chased
c. themouwsethatthe catchasedsquealed
d. themouwsethatthe catthatthedogbit chasedsquealed

Casessuchastheseled Chomsly (1965 to distinguishbetweeninguistic competene andlinguistic per
formance. Competencén ary domainis theidealisedknowledge upan which processingin thatdoman
is based.Perfornanceis corcernedwith the resultsof usingthatknowledge. Useof knowledgemay be
constraired,for exanple, by memoy limitations,andso conpetenceanay exceed perfomance.

In mary waysthe competence/pedrmarce distinctionis intuitively plausible. Many cognitive pro-
cessesappearto be resouce-bound (by, for exanple, limited short-tem memoy). If languae is rule-
basedandary partof linguistic proassings resourcebourd, thentherearelik ely to be sentencethatare
gramnatically well-formedbut not parsabe by the HSPM.

However, the competence/pdormarce distinctionalso raisesprodems concening the preciselimits
of gramnaticality: shouldthe unaceptabilityof a putative questionsuchasWhodid Mary give the bodk
that John borrowedfrom to Bill?, wherethe who refeis to the personJohnborrowed from, be attributed
to aviolation of the gramnar rulesor a perfamanceviolation? For a giventheoryof syntacticstructue,
the unaccembility of a sentencahatis granmaticalaccoding to the theoy but unaceptableaccoding
to human participantsmay be attributedto perfamancefactors. Hence,a granmaticaltheorycannad be
falsifiedthroughover-predictia (i.e., through predictirg thatunacceptablesentencearegranmatical). In
this way, the conpetence/pdormancedistinctionunderminesthe statusof granmaticaltheoy.

Theabove is only true, however, if the granmaticaltheoy is statedin the absencef a perfomance
theory Perfomance,which shouldbe undestoodat Marr’s level two, is the product of a sub-opimal
process operding with correctand completeinformation (e.g, phrae structue rules). A well-specified
theoryof linguistic perfamancetied to atheol of linguistic competenceshouldaccounfor all andonly
acceptale sentencesf the languageuncer corsideration. This view led a numter of researchrsin the
197G and198)s(e.g.,Kimball, 1973 Frazier& Foda, 1978; Wanner 1980 to focuson principlesof the
parsingprocesghatmightgive riseto (andhenceexplain) datafrom humanlinguistic perfamance.

Several typesof perfamancedataarerelevantto this enterpise. First andforemast aregrammaical-
ity (or acceptaliity) judgements,whereparticiparts or “native spealers” agreethat word sequenesare
acceptale or unaccefable fragments of their langua@e. A secondtype of perfomancedatarelatesto
sentencethatareagreedo beambiguas. In suchcaseghe competenceheorywill typically allow mul-
tiple syntacticstructuredor a singleword sequencérecall Exampe 1e). Ambiguoussentencesftenhave
prefered reading, wherenative spealkrsshav a strongprefeencefor onereadingover otherreadirgs.
This constitutesandhertype of perfamancedata: in suchcasesa perfomancetheoy shouldpredictthe
preferedreading.
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A further typeof performarce datarelateso sentencethatareacceptale only afterasecondeading
Sentencesuchasthosein examge 3 illusratethis pheromena.

(3) a. Thehorseracedparsedhebarnfell
b. SinceJayjogsamile seemsasmalldistanceo him
c. Teachergaugh by the Berlitz metha passedhetest
d. Theofficertold thecriminal thathewasarrestingherhuskand

Thesesentencesire knovn as gaiden path sentenes (cf. Bever, 197Q Frazier& Rayner 1982 Crain
& Steedmnm, 198). They arisewhenmultiple partial syntacticstructuresare possibleat somepoirt in
the left-right sequencef processinga sentencei.e., the sentencds locally ambigwus), when one of
thosepartial syntacticstructuesis prefered, and when the actual syntacticstructue correspondig to
the completesentencds not basedon the preferredone. The reality of garden path effeds hasbeen
demanstratedhroudh sophisticateghsycholimguisticexperimentysee e.g.,Frazier& Rayner198; Crain
& Steedmanl1985 Altmann & Steedmanl1983). Perfomancetheoriesmusttherebre accoum for why
theHSPMinitially failsin attemptingto parsesuchsentenes.

3.4 SomeDimensionsof Parsing

A numler of key issueshave arisenin compuational appr@achesto natual langua@ parsing Wanner
phrasesomeof thesdssuesas“dimensionsof theparsingproblem” (Wanner1988 p. 80). Onedimensim
concensthedegreeto which parsingis incrementé Increnentalparsersncorporateeachsuccessie word
into somestructureor sentencdrameaseachword is encoutered. Non-incrementalparsersoperateon
compete sentencesA seconddimensionconcens the directionin which the syntacticrepesentations
constricted— from termind word nodego anonterminalsentenc@ode or viceversa Bottomup parsers
groy wordsin the input into phrasesandthenthosephrasesnto larger phrases,andso on. Top-dovn
parsershypothesisethat the word sequene is a sentencgandthatit consistsof a noun phrasefollowed
by averb phrase,andsoon, deconposingeachcatagary until a matchwith the sentencéeirg parseds
achived. Thereis cleareviderce that both top-down andbottan-up processesareinvolved at different
stagesn human sentencgrocessing

Wanners third dimersion concens the degree of parallelisminvolved in the parsingprocess.Serial
parsersuild andmaintainonesyntacticstructue atatime, evenwhenmultiple structuesarepossible(as
in sentencesontainng local ambiguties). If thatstructue provesto beincorect, the serial parsemust
attemptto reanalgethesentenceisingadifferentpossiblesyntacticstructure Parallelparsersin contrast,
maintainmultiple possiblesyntacticstructuresat poirts of local ambiguty. Conseqgeantly parallelparsers
do not needto reanalyse sentene if onestructureprovesincorect. Gardenpathsentencesuggesthat
human parsirg may be serial,but it may still be the casethat someaspectof human parsinginvolve the
simultaneas maintermnceof multiple syntacticstructuesin someshot-termlinguistic store.

A fourth dimersion of parsirg (nat discussedy Wanner(1983)) concens the role of semanticsor
meaniry andcontext on parsing Most parsersely purely on syntacticinformationwhenconstricting the
syntacticstructureassociatedavith a sentencebut CrainandSteedmar§1935) point out thatthis neednot
be the case. The humanparsermay be influened by semanticor context during the parsingprocess,
andthisinfluencemay leadto differert syntacticstructuesbeingfavouredin differert semanticcontets.
Evidercefor suchaninteraction betweersyntaxandlinguistic cortext is presentedby CrainandSteedma
(198) (seealsoAltmann& Steedmanl988). Tanenlaus,Spivey-Knowlton, Ebertard,andSedvy (1995)
have furthershavn, with eye movementstudiesthatsentencg@rocessinganalsobeinfluenedby visual,
noniinguistic, context.

Thesedimersionspravide a context within which specificparsingmodelsmay be conpared. Two
dimensims — the bottomup/topdown dimensionandthe parallel/seriadimersion — areillustratedin
depthby themodelsdevelopedlaterin this tutorial.
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4 SenterceProcessing:A First Model

4.1 An Incremental Input Module

Humansentencegrocessings geneally corsideredto involve the presentatiorof linguistic input to the
HSPM oneword or phraseat a time. This presentatiormay be mocdelled within COGENT by an exper-
imentermodde that, on eachtrial, selectsan input word sequencdrom a setof stimuli andthenfeeds
thatsequencepneword at atime, to a subjectmodue (which, it is assumegattemptsto parsetheinput).
Theexpeimentermodue may; on successieftrials, feedsuccessie word sequencgto the subjectmodue,
allowing the subjectmoduleto betestedon a vaiiety of inputs.

A minimd experimentermodule that performsthe above task consistsof: one propositional buffer,
Stimulj thatinitially contairs the full setof stimuli (word lists) andthatis reinitialisedonly at the startof
a subject;oneprocessPresentStimuli that presets onestimulusfrom Stimulion eachtrial, deletingthe
stimulusasit is presentedandanothe propositionalbuffer, Current Stimuls, thatis usedfor tempaary
storageof the current stimulusduiing thetrial on whichit is beingpreseted. Within the minimal expeii-
mentemodude, PresentStimulimustbeableto readfrom andwrite to bothpropositionalbuffers. It shoud
alsosendto aninput/autputprocesdocatedwithin the subjectmodue.

Exercise2: Createanew researctprogrammeandanev model within thatresearctprogamme.Draw
a box andarrav diagramwithin the new mocel consistingof two compaind boxes, Experimente and
Subjet, correspndingto anexpeimentermodue anda subjectmodule. Populatethe two modueswith
boxes asdescribedn the previous paragaphandlink the boxeswith apprgriatearrows. S

Experimenterrequres two rules: oneto selecta test sentencdor the curren trial and transferit from
Stimulito CurrentStimulws, andoneto drip-feedwords from Current Stimulusto the subjectmodule. The
two rulesin Figure 10 perform thesefunctiors. Rule 1 assumeshat Stimuli contairs elementghat are
lists of words(the putative sentencesvhich areto be parsedon successie trials). Rule 2 is triggeral by
system_quiescent. Thisensureshatit only fireswhenall otherprocessingvithin thesystemnis comgete.
This mears thatthe subjectmodue may perfam arbitrary processingn receiptof eachword, andonly
whenaword hasbeenfully processedwill the next word be fed to the subject. This will allow maximal
explorationof increnentalleft-to-right processingvithin the parserglescribedaterin thetutorial.

Rule 1 (refracted): Selecta sentenceo parsefromthe Stimulibuffer
IF: thecurrent cycleis 1

onceWordList isin Stimuli
THEN: deleteWordList from Stimuli

addwords(WordList) to CurrentStimulus

Rule 2 (unrefracted): Whenquiescentfeedonemore word to the subject
TRIGGER:system quiescent
IF: words([Head|Tail]) isin CurrentStimulus
THEN: deletewords([Head|Tail]) from CurrentStimulis
addwords(Tail) to CurrentStimulus
sendword(Head) to Subjet Input/Output

Figure10: Incrementainputrulesfrom PresentStimuli

Exercise3: Add therulesfrom Figure10to PresentStimuli Also adda range of putative sentenceso
Stimuli Eachsentenceshouldbe expressedasa singlebuffer elementonsistingof alist of words.Ensure
thattheinitialise propertiesof bothbuffers aresetasdescribedibore, andtestExpeimenterby monitaing
themessagesentto Input/Ouput whenthemode is run. o
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Figure 11: A compgetedchartfor thekittensbite thedog

4.2 A Bottom-Up Parallel Parser

As notedabore, thereare several apprachesto the problam of verifying that a sequencef words is a
well-formedsentenceand,if so,deriving thesentence syntacticstructure Onesimpleapprachinvolves
constricting a grid or chat asin Figurell. Thenumkereddisksarereferredto asverticesor nodes, and
thelines spanniig theverticesarereferedto asedgesor arcs. The goalof chartparsimg is to constructan
edgethatspangheentiresequene of vertices.If theword sequeneis intendedo bea sentencethenthe
edgeshouldbelabelled‘s” (asin Figurell).
Chartsmaybeconstrictedin avarietyof ways,correspadingto thedimensios of parsingoutlinedin

Section3.4. Thus,thechartmaybe corstructedoottam-up or top-davn, throughexploring possibleedges
in sequencer in parallel,etc. In all casesthegeneal methodis referedto aschartparsing.

4.2.1 Functional Components

A simplechat parsemithin COGENT consistsof: a buffer in which to construct the chart,a procesghat
enterswordsontothatchart,buffers containirg lexical knowvledge(i.e., the syntacticcateyories of words)
andgrammaical knowledge(i.e.,thephrasestructurerulesof thegrammay, anda processhatusedexical
and grammatical knowledge to enteredgesonto the chart. Figure 12 shavs the compmentsand their
intercomectiors.

E B e De 0 000 [=I'al[=]
File Edit Run Help.. Done HE| S| th|25] || @] > 5| @
Name: ‘Subject Type: « | Box/Compound/Subject

Brief Description: |A simple parallel chart parser
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Figure12: Theboxandarraw structureof the parallelchartparser
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Rule 1 (unrefracted): Adda word to thefirst positionof the chart
TRIGGER:word(W)

IF: notedge(_, _, ., _) isin Chart

THEN: addedge(0, 1, word(W), 0) to Chart

Rule 2 (unrefracted): Adda word to the next positionof thechart
TRIGGER:word(W)
IF: edge(NO, N1, word(W1),Y)is in Chart
notedge(N1,N2, word(W2),Y) isin Chart
N2isN1+1
THEN: addedge(N1, N2, word(W), Y) to Chart

Figure13: Rulesto enterwordsontothe chart(from Input/Outpu)

4.2.2 Input/Output

RecallthatExperimentewasdesigredto deliver oneword atatimeto Input/Ouput, andthatinput/Output
mustenterwordsasthey arepresentd ontothechart. Thismaybeachiezedwith two rules:oneto enterthe
first word spaning verticesO to 1, anda secondo entereachsuccessie word to theright of the previous
word. Therulesin Figurel3accomplistheaboretasks. They representhartedgesy termsof theform:

edge(LeftVertex,RightVertex, Content, Level)

whereLeftVertex andRightVertex areinteger vertex labels,Content represets the conten of the
edge(e.g.,word(cat)), andLevel is anintegerthatwill be usedfor formattingthe visual representation
of the chart. Giventhis propositionalrepresetation, display rules may mapthe conterts to Chart to a
visual,chartlike, repesentationFigure 14 shovs two suitablerules.

Display Rule 1: Drawarcsfor all catggoriesenteedonthechart
IF: edge(NO,N1,C, L) isin Chart
X is (NO + N1) % 50
YisL x 25+ 50
THEN: shav text(chart,Caligned (c,c) at (X,Y), [colour(black)])

Display Rule 2: Draw arcsfor all catggoriesenteedonthechart
IF: edge(NO,N1,C, L) isin Chart
X0 isNO %100 + 5
X1isN1x100—-5
YO iSL % 25+ 40
Y1iSsYO—5
THEN: shav 1ine(chart, (X0, Y0) to (X1,Y0), [colour(black)])
shav line(chart, (X0, Y0) to (X0,Y1),[colour(black)])
shav line(chart, (X1,Y0) to (X1,Y1),[colour(black)])

Figure14: Displayrulesfor Chart

Exercise4: Draw theboxandarron diagiam of the chartparserandaddtherulesgivenin Figure13to
Input/Outputsothatwordsareappopriatelyaddedio the chartasthey arereceved Also addthedisplay
rulesgiven in Figure14to Chart Testthe systemby opering Chartin Current Display view andruming
themodelover severaltrials. On eachtrial, the wordsmaking up onestimulussentencehouldappeaion
thechart,togetherwith edgescorrespondig to eachword. o
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4.2.3 Lexical Look-Up and Creaing Chart Edges

Onceawordis enteredon the chart,it is straightbrwardto enterits correspading gramnatical cateyory

by looking up thatcategary in alexicon (i.e.,alist of wordsandtheir properties). If Lexiconcontairs the
syntacticcateyory of all knawn words,thenthis maybeachieved by a singlerule within Elabaate Chart,

asin Rule 1 of Figurel5. Therule matchesanelemenin Chart, looksupits cateyory in Lexicon, andadds
acatgory edgeatthenext level to Chart Therule assumeshatLexiconcontairs termsof theform:

category(the, det)
category(kittens, cn)
category(dog, cn)

Rule 1 (refracted): Lexical look-up

IF: edge(NO, N1, word(W),L1) isin Chart
category(W,C) isin Lexicon
LisLli+1

THEN: addedge(NO, N1, cat(C),L) to Chart

Rule 2 (refracted): ApplyUnary GrammarRules

IF: edge(NO,N1, cat(C1),L1)isin Chart
rule(C, [C1]) isin GrammarRules
LisL1+1

THEN: addedge(NO, N1, cat(C),L) to Chart

Rule 3 (refracted): ApplyBinary GrammarRules

IF: edge(NO, N1, cat(C1),L1)isin Chart
edge(N1,N2, cat(C2),L2)is in Chart
rule(C,[C1,C2]) isin GrammarRules
Lismax(L1,L2) + 1

THEN: addedge(NO, N2, cat(C),L) to Chart

Figurel5: Rulesfor addirg edgeso Chart (from Elabaate Chart)

Exercise5: Add Rule 1 to Elaborate Chart to perfam lexical lookup. Also addsomelexical entries
to Lexicon Testthe partial mocel by runring it on various testsentencesDo this by specifyng the test
sentence the Experimentemodue. S

4.2.4 Building Phrases

It is intencedthatphrasestructue rules(suchasS — NP VP) arerepresenteth GrammarRules andthat
this bufferis accessewhenapplying phrasestructurerules. GrammarRulesmight therefge containterms
suchas:

rule(s, [np, vp])
rule(np, [det, cn])

rule(np, [pn])

Here,thefirst agumentof rule/2 specifiesthe syntacticcatayory on the left side of the phrasestructue

rule andthe secondargumentis a list specifying the categyories (in orde) on the right side of the phrase
structurerule. Unary phrasestructurerules(i.e., rules of the form NP — PN, wherethereis a single
catgoary ontheright sideof therule) maythenbeappliedwith a COGENT rule suchasRule2 in Figure15.

Similarly, binary phrasestructurerules(e.g, S — NP VP) may be appliedwith a rule suchasRule 3.

Rule 3 extends the useof termsof the form edge(NO, N1, cat(det), L) within the chart,suchthatedges
may spansequenesof words(e.g, edge(0, 2, cat(np), 2)).

18



Exercise 6: Add appr@riate phrasestructue rulesto Gramma Rules Also addthe above rulesto
Elabaate Chart Testthe mocel on a rangeof sentences.The modelshouldnow be ableto constrict
compete chartsfor all sentencespecifiedoy the gramnar. o

4.2.5 Discussionof the Model

Thechart-mrserdescribedboreis extrenely simple,yetit is compete. It is bottan-upbecaus@arsingis
driven by theaddition of wordsto thechart. Thechartis thenexparded“upwards” (from lexical categyories
to phrasalcateyaries) asfar as possible. If at arny stagein proessingno further additiors to the chart
are possible,the systemquiesceq(i.e., no morerules fire), and Experimeter sendsin the next word.
The systemis parallelbecase COGENT’s default betaviour is parallel. If multiple additionsto the chart
are simultaneasly possible thenthoseadditiors will be madesimultan®usly In particdar, if a word
is syntacticallyambigwus (i.e., hastwo possiblesyntacticcateyories), both categaries will be addedto
the chartsimultaneasly, andanalysesasedon both cateyories will be exploredin parallel. While this
resultsin a messychartwith alternatve analysesappearingto over-write eachother it doesnot affect
the performarce of the parser Subseqant sectionsof this tutorial will explore modficationsto boththe
bottomup andparallelnatureof this system.

Exercise7: Extendthelexiconandgranmarrules.For a particdar challemge,try to addphrasestructue

rulesthatallow sentencesuchasThekittenthat chaseshe dog bitesthe manand Thekittenthatthe dog

chaseshitesthewoman For presenfpurpses restrictattentionto sentence# the simple presentense.
<

Exercise8: The COGENT rulesfor applying unaryandbinary phrasestructue rules containsomere-
dundang. They arealsoinsufiicient for casesnvolving ternaryphrasestructue rules(andotherhigher
orderphrasestructurerules). Suchrulesappeato be implicatedin a rangeof grammdéical constructios,
suchasthoseinvolving verbs with multiple comgements(e.g.,dative verbs, suchasgive, andsomeverbs
with infinitival complenents,suchaspromiseandpersuaa). Merge the two COGENT rulesfor building
phrasesnto a singlerule that canapply irrespectve of the numkber of elemes on the right side of the
phrasestructue rule. It maybeusefulto approachthis exerciseby creatinga userdefinedcondition (e.g,
spans/3) thattakesasargumentstwo integers(representingvertices)andal list of syntacticcategyoriesand
succeed# thelist of syntacticcatgyories spanghetwo vertices. Another userdefined condtion maybe
requiredto deternine the level of spanningelementonthechart. o

4.3 Extending the Grammar: Agreement

Onedifficulty with the parserdevdlopedabore is that,if givenappiopriatelexical entries,it will success-
fully parseill-for medsentencesuchasthefollowing:

(4) a. JohnchaseMary
b. Everykittenbitethedog
c. A kittensrun

This is actuallya difficulty with the gramnar (i.e., the rulesof syntax),andnot the parser For examge,
nounphraseswithin Englishcanna consistof arny determirer followed by any conmonnown: the deter
minerandcomman nown mustbothbeeithersingdar or plural. Thus,a kittensis anill-formednounphrase
because¢he deterniner (a) is singularbut thecommonnouwn (kitteng is plural.

Oneway in whichnumbe agreenentmaybe correctly takeninto account is by elaboréing thelexicon
with number information andaddingagreemat specificationgo the grammar rules. The former may be
achieved by replacinglexical entriessuchas:

category(a,det)
category(the, det)
category(kittens, cn)

with:
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Tablel: Pronousandtheir person/mmber/@sefeatures

Numker/Case
sing/nom | sing/acc| plural/nom | plural/acc
5|1 I me we us
g 2 you you you you
a | 3| helshe | him/he they them

category(a,det(sing))
category(the, det(.))
category(kittens, cn(plural))

Notethatbecasethecanbesinguar or plurd, its nunberspecificatioris left asavariabe (theunderscore
charactey.
Thelattermaybeachieredby replacig granmarrulessuchas:

rule(np, [det, cn])
with:
rule(np(Num), [det(Num), cn(Num)])

whichindicatethata noun phrasewith numberspecificatiorNum may corsistof a deterniner with numkber
specificatioriium followed by acomma nounwith the samenumker specification
Similarly, therule thatlicensesvetb phrasesheadedy transitive verbs:

rule(vp, [tv,np])
mustbe elaboratedvith numker agreenentspecifications:

rule(vp(Num), [tv(Num), np(.)])
Theunderscoe characteis usedn thisruleto indicatethatthenunberfeatue of thenouwn phrasdollowing
atransitive verbis independen of the nunberfeatureof thetransitive verbor the verbphraseasawhole.
Thus, chasesthe kitten and chasesthe kittensare both singularvelb phrases,becasethey canboth be
prece@dby asingulamounphrasge.g, John) to yield awell-formedsentenceNeithercanbelegitimately
preceéd by a plurd nowun phrase(e.g, the dogs) to yield a well-formed sentenceln contrastchasethe
kitten andchasethekittensareboth plural, asthey canbothbe precedd by a plural noun phraseto yield
well-formedsentences.

Exercise9: Extendthelexicon andthe gramnar ruleswith nurmberinformation. Checkthatthe parser
now corredly discriminatebetweersentencewith correctnumteragreenentandsentencewith incorrect
numter agreemenby providing arange of granmaticalandungammaticalexampesin Stimuli o

Two otherforms of agreerent of relevarce to Englishnoun andverb phrasesconcen personandcase.
Persommaybefirst (e.g.,I, me we), seconde.g.,you) or third (e.g.,he she it, him her, therm). Casemay
benomirative (e.g.,l, heshé or accusatie (e.g, meg himher).
Persorandcaseagreenentareseemmostclearlyin nown phrasegonsistingof prorouns.Thus,Tablel
shaws standad prorounsfor the various comhbnationsof person,caseandnumter. Personandnumter
features alsoapplyto vebs. Henceatablesimilar to Table1 couldalsobe constructd for eachverh
Grammaticality requresthatnoun phrasesn subjectpositionmustbe nominative caseandthe persm
featureof the subjectnounphrasemustagreewith the personfeatue of the following vetb phrase.Noun
phrasesn objectposition(i.e.,following a transitve verbwithin averbphraseébasednthatverb)mustbe
accusatie case.To ensureagreemantof all featues (number personandcase) all phrasestructurerules
relatingto nounphrasesandverb phrasesnustberevisedto include nurber, persam andcasefeatures For
exampe:
S — NP(@umber, Person, nom) VP(Number, Person)
VP(Number, Person) — TV(Number, Person) NP(, , acc)
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g The : kittens 2 bite g the g dog 2
| det ] cn | tv | det ] cn |
np/cn vp/np np/cn
np
s/vp
s/np
s/cn

S

Figurel6: A fully incremetial chartfor thekittensbite thedog

NP @Number, 3, ) — Det@umber) CN(Number)
NP(@umber, Person, Case) — PN{Number, Person, Case)

In theserulesNumber, Person andthe uncerscorechaacterrepresentvariables.

Exercise 10: Exterd the lexicon and granmar to include agreenent on numker, personand case,as
describedabove. Testyour solutionwith sentencesortaining prorounsin avariety of forms. °

5 SenterceProcessing:Towards Incr ementalinter pretation

It is gererally agreel thatsentenc@rocessingis increnental,in the sensehatwordsin aninputstreamare
incorporatedinto mentalstructuesasthey areencountered,andnotat, for examge, theendof a phraseor
sentencécf. Mitchell, 1994 Crocker, 199). On this count,the bottan-up parallelchartparserdescribe
above lackspsyctologicalplausibility. Whenparsingthekittensbite thedog, for exanple, theparsemust
parsethe compete verb phrase(bite the dog) beforecombning it with the nown phrese. Worse, after
processingthe kittensthe parserhasno expectatims abou the next word or phrase. Englishspealkrs, in
contrast, know thatthenext constituenis likely to beaverbphrase(or, in certainsituationsanounphrase
modifiersuchasin the garden).

5.1 Left Corner Parsing

Thebottomup parsingalgaithm canbe modifiedto incomporateincremental processingandpredidion by
theintroduction of “active” chartedges.An active edgeis onethatrepresets anincomgete constituen
Thus,in Figurel16,the edgelabellednp/cn,andspanniig thefirst instanceof the, is anactive edge corre-
spondng to anincomgete nounphrase Thenotatian np/cnindicateghattheedgemustbe meigedwith an
edgelabelledcn (andhencespaning acomman nown) to yield acompletenown phrase. Thenp/cnedgeis
licensedby the granmarrule thatstateshata noun phraseconsistsof adetermirer followedby acomma
noun

In thefigure theedgelabellednp/cnandspanting theis followedby anedgelabelledcn (andspanniig
kitteng. Theseedgestogethericensea furtheredge labellednp andspannig the kittens The gramnar
rule thatstatesa sentenceonsistf a nounphrasefollowed by a verb phraseallows andheractive edge
spanniigy the kittensto be added to the chart. This edgeis labelleds/vp, indicating that the kittensis a
sentencé¢hatis missingaverbphrase.

Thetransitive verbbitesmaysimilarly be spannedby anedgelabelledvp/np (becaseatransitve verb
is equivalentto averbphrasemissinganounphrase).Incremental processingnaybemaintainedy addirg
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anedgespanniig thesentencénitial fragment(labelleds/vp)andtheverbphrasenitial fragment(labdled
vp/np). Togetherthefragmentsyield a sentencenissinga nown phrasesothe new edge is labelleds/np.
Similar principles licensean edgeincorporatingthe seconddeterniner (labelleds/cn) andthe final edge
spanniig the entiresentene. Figure16 shows the conpletechat resultingfrom this approgh. Thechart
is fully increnentalbecauseachsuccessie word maybeincorporatedinto the structue to its left.
Theincremetal techniqie depedsuponthreeaugnentationdo the earlierapprach:
1. allowing prgectionof edgescorrespondimg to completeconstituentdo active edgesspanninghose
corstituents(e.g.,projedion from acomgete Y constituento anincomgete X/Z constituefspan-
ning the samematerial for eachgrammarule of theform X — Y 2);
2. allowing anedgelabelledX/Y followedby anedgelabelledY to bespanedby anedgelabelledX;
and
3. allowing anedgelabelledX/Y followedby anedgelabelledY/Z to be spanedby anedgelabelled
XIZ.
Thefirsttwo of theseaugnentationharacteris¢he“left corne” family of parsingalgoritims. (Sonamel
becausein augmatationl, the constituenty is theleft correr of the phraseX, sophrasesreintroduced
whentheir left corrersareencountered) Thethird augmetation,whichis sometims referedto ascom-
position,is notessentiafor successfuleft-correr parsingbut allows greaterincremerality.

5.2 A Parallel Model of Left Corner Parsing

Corversionof the parserevelgpedin Sectiond.2to aleft correr parserequres modificatian only of the
represetationsof syntacticcatagariesandtheruleswithin Elabaate Chartfor creatingedgesonthechart.
No modificatilmsarerequiredto the Lexiconor GrammarRules

Full generdity requresthatit bepossibleto represenseveraldifferentkindsof syntacticcateyory. The
simplestarethosecorrespndirg to compgete constituentgwith no missingcorstituents),suchasnp, vp,
ands. Inconpleteconstituerslacking onesub-castituentwereillustratedabove, but in genealincompete
constituetts maylack multiple sub-cmstituentsasillustratedby dative verbs (suchasgive), which require
anounphraseanda prepositionalphraseto form acompleteverbphrase(This correspond to thefactthat
dative verbsareintroducedby ternay phrasestructurerules.)For full generdity it is therebreappopriate
to repesentsyntacticcatgyaries asstructureof the form atom/1ist, whereatom is the main categyory,
andlist is alist of the catgyaries of missingconstituents. This apprach allows all cateyoiies to be
represetedin a uniform manrer, for examge:

np/[ ]: thekittens

s/[vp]: thekittens

s/[]: thekittensbite thedog

np/[cn]: the

vp/[np]: bite

vp/[np, pp|: gave

vp/[cn, pp): gavea

s/[cn, pp|: thekittensgavea
Giventhisrepesentationtheactionof therulefor lexical look-up (Rule 1 from Figure15) mustbe modfied
to specifythatlexical itemscorrespondo comgete constituets, asin Rule 1 of Figurel7.

A seconduleis requredto applyphrasestructue rulesby projectirg up from theirleft cornes. Rule2
of Figure17 applieswhenChart containsanedgecorresjpndingto a completeconstituat andGrammar
Rulescontairs a phrase structue rule with thatcorstituentasits left corner Thelist representationsised
for missingconstituets ensurghatRule 2 mayapplyfor all phrasestructurerules,includng unaryphrase
structurerules(e.g, projectinganintransitive verb (iv/[ ]) up to a completeverbphraseg(vp/[])), binary
phrasestructurerules(e.g.,prgectinga deterniner (det /[ ]) up to aninconpletenounphrasgnp/|[cn])),
and higherorder phrasestructurerules (e.g, prgecting a dative verb (dv/[]) up to anincomgete verb
phrasg(vp/[np, pp)))-

GivenRulesl and2, athird rule (Rule 3 in Figurel17)is requiredto meige edgesRule 3 applieswhen
a partial constituenis followed by a compgete constituen of an appopriatetype. Its actionis to addan
edgespanninghosetwo corstituents.
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Rule 1 (refracted): Lexical look-up

IF: edge(NO,N1,word(W),L1) isin Chart
category(W,C) isin Lexicon
LisL1+1

THEN: addedge(NO, N1, cat(C/[]),L) to Chart

Rule 2 (refracted): Projectcompete constituets

IF: edge(NO, N1, cat(C1/[]),L1) isin Chart
rule(C, [C1|Tail]) is in GrammarRules
LisL1+1

THEN: addedge(NO, N1, cat(C/Tail), L) to Chart

Rule 3 (refracted): Merge activeedgeswith following edge

IF: edge(NO, N1, cat(C/[H|T]),L1) isin Chart
edge(N1,N2, cat(H/[]),L2) isin Chart
Lismax(L1,L2) + 1

THEN: addedge(NO, N2, cat(C/T), L) to Chart

Figurel7: Rulesfor parallelleft-correr parsirg

Exercise11: Thethreerulesin Figure17, togaherwith the triggeredrulesfor addng initial edgesto
the chart(Rules1 and2 in Figure13), constitutea complete parallel,left-comer parser No userdefinel
condtions arerequred. Createa new chartparsermodd (basedon the mockel developed earlierin the
tutorial)andconvertit to aleft-comerparsemy replacirg therelevantcontentsof Elaborate Chartwith the
aboverules. Testthe parsemon arangeof sentence. o

Exercisel2: Rule3from Figurel7 only allowsthe combinationof edge whenthe seconcedgespansa
compete constitueh Therule therebredoesnotallow compgition. Many constructias licensedby the
phrasestructurerulesgiven earlierin thetutorial cannottherefoe be parsedn afully incrementalfashion
by a parsetbasednly ontherulesin Figurel7. Modify Rule 3 to overcomethis restriction. S

6 SenterceProcessing:Serial Parsing

All parses developedthusfar have operdedin pardlel. At eachstageof processingall possibleparse
structurs have beengereratedand,in the caseof constituatswith multiple possiblestructues(including
bothlocal andglobal ambiguty) all structureshave beenpursuedin pardlel. COGENT is well suitedto
the develogpmentof parallel parsingsystemshbut garcen path sentencegasin Exampe 3) provide clear
evidercethatthe HSPMdoesnotwork this way; for if it did suchsentencewould presetno problem: all
parsestructuresvould beexploredin parallelandtheincorrect garcen pathstructue would not prevent or
impactupan thesimultaneas geneationof the corre¢ andcomgete structure

Theaists have adopteddifferentinterpretationsof gaiden pathandrelatedphenanena(seeMitchell
(199%) for areview). On someaccouts, parsingis a parallelprocesssimilar to thatdescribedabore, but
alternatve parsestructuesarerankedin order of preferace(e.g, MacDorald, Pearlmutter& Seidenbeg,
1994 Trueswell& Tanenlaus,19%; Vosse& Kempe, 2000. Garderpathsentencgarethosethatrequre
a high-rankng parseto be discontined anda low-rarking parseto be shiftedto the top of therankorder.
On otheraccounts, parsingis a strictly serial processin which a single structure,correspading to the
“preferredreadirg”, is constructediuiing processinde.g.,Frazier& Fodor, 1978; Abney, 1989).

6.1 Computational Requirements of Serial Parsing

Within serial parsingmockls, at eachpoint of potentialambiglty the parserselectsone structureand
ignoresall others.If this structue provesto beincorrect (asin a garden path),thenthe parserretracests
stepg(or backtacks)to a previous point of ambiguty, disassemblingncorrectly parsectonstituatsonthe
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way, andselectsa different structue to pursue. On this view, gadenpath sentencesausethe parserto
backtack. In severecaseghis backtrackng mayfail, yielding granmaticalsentencethatcanrot be parsed
(i.e.,adissociatiorbetweerlinguistic competenceandlinguistic performarce).

Seriallinguistic processingtherefae hasseveral computationalrequiements. First, at eachstageof
processingthe parsemustselectbetweerelaboratilg existing memoy structuredi.e.,in the currentcon-
text, addinga new edgespanniig existing chartelements)processingthe next word, or backtraking to
someprevious stateof processinglf multiple source of informationderiving from, for exanple, seman-
tic context, syntacticprocessingpreferewes,or statisticalbiasesmay contritute to this selection— and
someempitical work suggestghat this is the case— thenthe selectionprocesshearssomesimilarity
to the processof opeaator selectionin prodem solving seealsoNewell (199D, pp. 440-459) and Lewis
(1998)). Recallthatopertorselectioris amulti-stepprocessjn which operates arefirst prgposedandthen
evaluatel. This allows multiple sourcesf informationto contrilbuteto anopemtor’s evalugion. Whenall
operaorshave beenevaluatedthe operntorwith thehighestevaluation is selectedandapplied Theprocess
thenrepeds.

Theseconccomputationalrequrementof serialparsingis that, atleastin the context of chartparsing
processingshouldinvolve depthfirst ratherthanbreadthfirst searchof the parsespace.Thatis, parsirg
shouldinvolve building a structurerepreseting onepossibleparse andabananingthis only if andwhen
it proves counterproductive. Chartparsingas describedn the previous sectionstendsto build a chart
in which all edges(representingall possibleparses)are present. Serial parsingwithin the chartparsirg
framawork therefoe requiesinhibiting the prodiction of someedges Specifically serialparsingrequres
thatonceanedgehasbeenspannedi.e.,coveredby anew edge) it shouldbecomeunavailalde for further
processing.

A third computationalrequrementis thatprevious statesof the parsemustberecoverablewhenback
trackingis requirel. Within the context of chat parsingprevious statesof the parserarerepresentedoy
edgeson the chartthatare spannedy other newer, edges. Backtrackimy therebre consistsprimaiily of
removing edgesrom the chat, thusexposingedgesaddedearlier andmakingthemona againavailable
for processingBacktraclng alsorequresthat,whenreparsinga constituet thesystemyieldsanalterna-
tive parse.Thus, whenmultiple waysof combiring corstituentsareavailable the parsemustdifferertiate
betweerthosethathave beenpursuedandfound to bewanting,andthosethatremainto be pursued.

In sum,serialchartparsingmay be achievedwith a systembasedon operato propaal, selectionand
application, wherethe principal parsingoperato is “add anedge”,wherebacktraking (which involvesthe
removal of edges)may betriggeredif no operateos are available,andwherea meclanismis includedto
allow the systento recover from backtrackng with analternatve parse.

6.2 A Serial Model of Left Corner Parsing
6.2.1 The BasicAr chitecture

Figure 18 shavs a box andarrowv diagam for an operdor-basedserialchartparser The diagam differs
from theparallelnonopeatorbasedrersion(Figure12)in two principd ways. First, the Elaborate Chart
processhasbeenreplacedy threecompmpnents:ProposeOpelators (a proesscontainng rulesthatinspect
Chartandproposepossibleoperaorsandevaluatians),Operators (abufferin which proppsedopeatorsare
stored),andApply Operator (a procesghatselectsthe operaor in Opeiators with the greatesevaluation
andappliest to Chart). Secoul, thelnput/Outputprocesshasbeendeletedn its place,ProposeOpematars
hasreadaccesgo Paper. This configurationof compamentsassumeshatthereadingof wordsis achieved
through selectionand apgication of an apprriate opeator (rather thanthrough a separaténput/autput
process).

The useof anoperato to readthe next word requiresa rule within ProposeOpemtors to proposethe
operdor attheappopriatetime (i.e.,whenno otheroperateos arebeingprocessedandarule within Apply
Opeinator to applysuchanoperato if it is selected.

Incrementaprocessingsuggestshatopeatorproposalshouldinvolve proposinganopeatorto readthe
next word ateachstagen processingbut thattheoperato shouldhave alow evaluation (sothatproaessing
of previously readwordsis preferred). Rule 1 of Figure 19 is apprariate. This rule will only fire when
Opematarsis empty If thereis anunreadword, anoperato to readthatword will be proposed(i.e.,addel
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Figure18: Thebox andarrow structureof theserialchartparser

to Opeiators), andgivenanevaluationof zero.

Rule 1 (unrefracted): Proposereadingof next word
IF: notAnyOperators is in Opemators
next_unread word(Word)
THEN: addoperator(add word(Word), value(0)) to Opemtors

Condition Definition: next unread word/1: Getthenext word fromthe paper
next_unread word(Word) : —

notedge(-, -, word(.), -, .) isin Chart

word (0, Word) isin Paper
next_unread word(Word) : —

edge(_,N,word(_),_,_) isin Chart

notedge(N, _,word(_), -, ) isin Chart

word(N, Word) is in Paper

Figure19: An opertorproposalrule for readingthe next word

Exercisel3: Createacopy of thepreviousversionof theleft cornemparserandperformthemodifications
to boththetop-level andthe Sulject box andarrav diagransnecessarfor anopeatorbasedappoach(cf.

Figure18). Add Rule 1 andthe definitionof next unread word/1 from Figure19to ProposeOpemators.

(Hint: Thecondition shouldcomparethewordson Paperwith thewords enteredn Chart If thereareno
wordson Chart, theargumentshoud be unifiedwith the first word on Paper. If therearesomewordson
Chart, theindex of theright-mostword shouldbeusedto identify thenext wordin Paper, andtheargument
shouldbe unifiedwith this.) Testthe modificatims. The systemshouldbegin by proposinganopeatorto
addthefirstinput wordto thechart. o

With theopeatorproposalrule of Figure19,only oneoperato will bepraposedatatime, andthatoperato
will alwayshave anevaluationof zero. In geneal, however, multiple opeatorswith differentevaluations
maybeproposedduring theparsirg process. ApplyOperator requiresarulefor selectingrom theavailable
operaorsoneopertorwith the highestvalue. Therule shouldfire wheneer Operators contairs evaluatel
operaors,andshouldchang thestatusof oneof thoseopertors(theselectedperdor) to selected. This
effectis achievedby Rule 1 of Figure20.
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Rule 1 (unrefracted; once): Selectan operator
IF: operator(Operator, value(Score)) is in Opemtors
notoperator(Any0Op, selected) is in Opermtors
notoperator(Other0Op, value(OtherScore)) is in Operators
OtherScore is greatetthanScore
THEN: deleteall operator(Any0Op, value(AnyVal)) from Opemators
addoperator(Operator, selected) to Opemtors

Rule 2 (refracted): Adda word to the next positionof the chart
IF: operator(add.word(W), selected) is in Opemtors

get_word position parameters(NO,N1)
THEN: addedge(NO, N1, word(W), W, 0) to Chart

Figure20: Selectedperdor selection/aplication rulesfor Apply Operator

Rulesarealsorequiral to applyselectedperdors. Thus, if anadd word/1 opeatoris selectedanew
wordedgeshoud beaddedto thechat asin Rule2 of Figure20. Otheroperatos (asintroducedbelow) will
requile additiond opeator application rules. Rule 2 assumeshat get word position parameters/2
determirestheverticesof theedge.If thechartis empty this condtion shouldbindits argumentsto 0 and
1. Otherwisethe verticesshouldbe determired from the valuesof theright-mostword onthechart.

A furtherrule (nat presentetherg is requiredn Apdy Operator to remove selectedpertorsoncethey
have beenapplied While this couldbeachievedby addng anapprariatedeleteactionto Rule2 above, the
actionis requiredfor all operato applicatin rules,andsois betterperfamedby a singlegeneal purpose
rule thatcapture this generafact.

Exercise14: Add the opertor selectionandapplicdion rulesasdescribedabove (including a rule for
deletingselectedoperates). Testyour solution. The systemshouldnow proposeandapgy a seriesof
operdors, resultingin all wordsin the stimulusinput for the curren trial beirg added in anincremental
fashionto thechart. o

Exercisel5: Theremanderof the parsig modelmaynow be corvertedto a serial,operato-based)eft
corne, parser Furtheropeator proposalrulesarerequiredfor thethreeedgeadditionrulespreviously de-
finedin Elabaate Chart (for lexical look-up, projedion from theleft-comerof a phrasestructurerule, and
composition of consective constituents).Eachopeator proposalrule should,like the opeator proposal
rule above, only fire whenOperatorsis empty(i.e., whenprocessingof the previous operatoris complete)
andshouldaddoperato specificatios (i.e., elemets representingedgedo be added to Opemators. These
operaors shouldalwaysbe preferredto the add word/1 opeator, but asyet we have no justificationfor
favouring oneover the other Therdore give the opeatorsgeneatedby eachrule equalpositive evalua-
tions. For presehpurpasesdo notattemptto restrictoperateos to edgeghatarenot otherwisespannd, and
do not attemptto include backtacking. (This versionof the parsemwill therefae not attemptdepthfirst
parsing but will perfam a serialversionof breadtkfirst parsing) °

Exercise16: Thefollowing grammar fragmentlicensesgarden path sentencesuchasthe horseraced
pastthebarnfell:

NP — PN PN:john mary

NP — Det(Num) CN(Num) Det(sing) a,every
CN(Num)— CN(Num) RedRel Det(): the

RedRel— VP CN(sing):horse barn

VP — IV IV: fell

VP — TV(Comp) Comp TV(PP(mae)). raced
PP(X)— PrepK) NP Prep(ove): throwgh, past
S— NP VP CN(plural): horsesbarns

26



Thegardenpatheffectarisesn thegrammar becausehe clauseracedparsedthe barn maybeanalyseds
aconstituenof type RedRel(aredwcedrelative clause thatmay modfy acomma nown) or a constituat
of type VP. Notealsothatthegramnar includestherule:

VP — TV(Comp Comp

Thisis a“metarule” thatlicensesavarietyof transitve verbtypeconstrutions. In thegramnarthelexical
catgoary of racedis definedasTV(PP(mae))(i.e.,atransitve verb takinga singlecompgementof cateyory
PP(mae). Themeta-ruleherefaelicensegphraessuchasracedpastthebarn (becaseotherruleslicense
pastthe barn asa constituehof catgyory PP(mave)). If thegranmaralsoincluded alexical entrysuchas
chasedof catggary VP(NP),the samemeta-ule would licenseVP phrasesuchaschasedthehorses
Replacaheexistinglexiconandgramnarruleswith theabove, andsubstituteappopriatetestsentences
(involving garcenpathandnon-garde pathsentencebcensedby thegranmar)in the Experimentemod
ule. Testthe parser It shouldprovide correctparsedor both gadenpathandnongarden pathsentences
of thegramnar. It shouldalsoprovide unusuaparsedor various constituentsFor examge, the horsefell
shouldbe parsakte asbotha completesentenceandasa nounphrase(via the redicedrelative constrie-
tion). (In fact,thehorsefell is notagrammaticanounphraseof English.It is only licensedassuchby this
gramnar becasethe grammar lacksfeatuesmarking aspect.Specifically rediwcedrelative constructios
requie averb phrasean progessve form (e.g.,racedpastthebarnor felled), ratherthanonein thesimple
past(e.g, fell).) o

6.2.2 Restricting Operator Proposal

As notedabove, serial (degh-first) parsingimplies that thereis one syntacticstructureunderconstrie-
tion at a time, and that, when addingedgesto the chat, only operateos that exterd this structureare
proposed. Operatorshat contrikute to other structuresor that reandyse existing sub-stragturesare not
proposed. This may be achiezed by addirg extra condtions to the operato proposal rulesthat prevent
thoserulesfrom applyirg to edges thathave alreadybeenspanmd. To illustrate,corsiderthe definition of
edge_is_spanned/3 in Figure21. Thecondtion is true of anedgebetweeriv0 andwi andatlevel Y1 if
andonly if thereis andheredgeon thechartspaniing atleastthe samevettices,but ata higherlevel. Any
suchhigherlevel edgeshouldprevent the lowerlevel edgebeingusedto trigger the additionof anotter
edge.

Rule 2 of Figure21 shavs how edge_is _spanned/3 maybeintegratedinto lexical look-up. With the
additionof the condtion to checkfor spanniig edges, add .edge/4 operatos deriving from lexical look-up
will only be propasedwhenawordis nototherwisespanied.

Rule 2 (unrefracted): Proposédexical look-up
IF: notAnyOperator is in Opemtors
edge(A,B,word(W),L) isin Chart
notedge_is_spanned(A,B,L)
category(W,C) isin Lexicon
L1isL+1
THEN: addoperator(add.edge(4,B,C/[],L1), value(5)) to Operators

Condition Definition: edge_is_spanned/3: Is anedge alreadyspanmred?
edge_is_spanned(W0,W1,L1): —

edge(NO,N1,C,L)is in Chart

WO is notlessthanNo

W1 is notgrederthanni

L is greatetthanL.1

Figure21: A ruleto restrictlexical lookup (from ProposeOpemators)

Exercisel?7: Addthedefinitionof edge is _spanned/3from Figure21to ProposeOperatorsandmodify
all operato proposal rulesto block the proposal of opeatorsthat involve edges that have alreadybeen
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Figure22: A partialchartfor thehorseracedpastjohn

spannedTestthemockl. It shouldnow only build oneparsefor ary constitueh Thatis, it shoud now be
bothincrenentalandsequentialNote however thatthis versionof the parsemwill notbeableto backtrak
or recover from incorect parsingattempts:oncea parsehasbeenestablishedor a constitueh thatparse
canna bealteredor deconposed. o

6.2.3 Simplified Operator Evaluation

In the modé developedthusfar thereare threesituationsthat may leadto an edgebeing addedto the
chart:lexical look-up, projectionfrom theright-cornerof aphraseo its parentphrase,andcomposition of
consective edges With randan opeatorselectionasabove), therewill benobiastowardstheadditionof
ary particdar type of edgewhenmultiple edgesesultingfrom the differentsituationsmight beadded To
illustrate,considetthepartialchartin Figure22. Two possibleedges mightbeaddedatthis poirt (assumig
thegramnarintroducedin Exercise 16):

1. Thetwo constituets might be meigedthrough compgition, yieldingans/[ ] constituen

2. Thenp/[ ] constituen(john) coud beprojectedupto s/[vp] (via thesententiatule S — NP VP)
In the situationshawn, thefirst of theseoptionsshouldbe favoured, anda gereral parsingstratgy might
consistof alwaysfavouring compsitionof edgesover prgectionof left-comers.Within thecurrentframe-
work, this stratgly may be enfoiced by giving composition operatos highe evaluaions thanprojectian
operaors.

Exercisel8: Alter the operato proposalrulesto give highernumeic evaluatiors to compgition opeia-
torsthanprojedion operates. Ensue thatthis resultsin appiopriateopaator selectionwhenparsingthe
exampe above. o

The above operdor evaluation stratgy is nave in mary ways. For examge, given a sentenceendirg
in a nounphrasefollowedby a prepaitional phrase(e.g., Exanple 1e), it will resultin the nown phrase
being attachedo the verb phraseand the sentencéefote processingof the presitional phrase. The
prepaitionalphrasewill thenactasa sentencenodfier, ratherthana nowun phrasemodfier. The stratgy
therefae corflicts with thatof late closule, identifiedby Kimball (1973). Lateclosuredemanisthatclause
modifiers areattachedf possiblebefae the clauseis “closed”. In the premsitionalphrasemodifier case
alludedto above, this requres that the prepaitional phraseis attachedto the noun phrase,and not to
the sentence Kimball (1973 arguesthat late closurecaptues humanambigiity resolutionpreferences.
However, violations of late closuredo occu. For exampe, Crain and Steedmar{1985) and Altmannand
Steedmar{1983) have demorstratedthatdifferen prior contets canbiassentencerocessingleadingto
early closurein somesituationsandlate closurein othes. In essencethey proposethata nown phraseis
closed(i.e.,incorporatedinto the sententiaktructue, through anoperaion suchascompgition) precisely
whenit identifiesanappr@riaterefeent. Thus,in a contet with multiple cats,a fragment beginning the
catwill leadto anexpectationof a modifierof theinitial nounphraseg(suchasarestrictive relative clause
or apremsitionalphrase)put if thereis only onecatin the cortext, the samefragmentwill be parsedasa
competenown phraselncarporationof thepropaalof Crain,Altmann& Steedmainto thecurrentparser
requiresinclusionof arepresetationof context, anduseof this representatiorto biasopertorevaluation.
Suchextersionsarebeyond the scopeof this tutorial.

Opeator evaluation might also be biasedtowardsprefaential applicationof certainphrasestructue
rules. For exanple, nounphrasemodfication by a prepositional phrase or a relative clausemay be pre-
ferredover nown phrasemodificationby a reducel relative constructio. Suchpreferecesmay beincor-
poratal into operato evaluation by taggingall phrasestructue ruleswith a numeric strength andbasing
the evaluation of anoperator on the strengthof therule thatlicenseghe operateo. The strengtls of phrase
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structurerulesmight thenbe modfied with use(e.g, adoptirg the laws of exerciseandeffect (Thorndike,
1911), suchthatrulesarestrengtienedwhenusedsuccessfullandwealenedwhenusedunsucessfully).

6.2.4 Backtracking and Reanalysis

In orde to allow backtrakingit is necessaryo recordpointsin proessingvheremultiple opeatorsmight
apply Thesepoints areknown aschoicepoints. If parsingfails, backrackingmaythenbe achieed by
undang all processingincethelastchoicepoint, andselectinga different operaor from thosepossibleat
thatchoicepoint. Multiple choicepointsmay occu during normal processing.Full gererality (i.e.,com-
pletenessat the competencdevel) requresthatall suchchoicepointsarerecordd andthat backtra&ing
alwaysinvolvesreturnirg to the mostrecentchoicepoirt thathasnt beenfully explored. It is therefae
appr@riateto recordchoicepoints (andthecontext in whichthey occurrel) onastack.Whenchoicepoints
areencountered their detailsmay be pushel ontothe stack. Whenbacktraking is triggeredthe top-nost
choicepointmaybepoppedfrom the stackandits context restored.

To illustrate backracking considerthe processingthat ensuesafter parsingthe as an np/[cn] and
horseasacn/[]. Several opeatorsareapplicalte, including compaingthe constituetts to give annp/| ]
constituehandprojectirg horseto a cn/[rr] (Whererr dendesareducedelative constrction). Thisis a
choicepoint becausenorethanoneopeatoris applicable.Processinghouldtherebre involve selecting
oneoperdor to apdy andpushingheotheropeatorontothechoicepoirt stack.Giventhenadive evaluation
stratgy above, theformer will beselectedlf this selectionturnsoutto beinapgopriate (asin the caseof
garcenpathsentenceshackrackingrequireshatl) all edgesaddedo thechartafterthe choicepointare
removed,2) the seconcbpentoris selectecand3) processingesumedrom thechoicepoirt.

Exterding the mocel devdlopedthusfar to include backtacking requires addition of a stackbuffer
(ChoicePoints) to Subjet thatis readdle andwritable by Apply Operator. Theoriginal operato selection
rule (Rule 1 from Figure20) may be retained but additioral rulesarerequred to pushchdce points onto
thestackwhenthey occu. Thisis achievedby Rules2 and3in Figure23.

Rule 2 (unrefracted): Applytheselectedpemtoar, remoreall others

IF: operator(Operator, selected) is in Opetors

THEN: deleteall operator(-, ) from Operators
addoperator(Dperator, apply) to Opemtors

Rule 3 (unrefracted): Pushunselecte@pemators ontothe stadk
IF: operator(Operator, selected) is in Opertors
Ops is thelist of all operator(0, value(V)) suchthat
operator(0,value(V)) isin Opemtors
V is greatetthano
Ops is distinctfrom [ ]
get_context(Context)
THEN: sendpush(choices(Context, Ops)) to ChoicePoints

Condition Definition: get_context/1: Getthe currentcontext id
get_context(0) : —

notAnything is in ChoicePoints
get_context(Cl): —

choices(C,.) isin ChoicePoints

ClisC+1

Figure 23: Operatorselectionrulesfrom Apply Operator, modifiedto usea context andrecordchdce
poirts

Rule 2 fires afteran operato hasbeenselected It changsthe stateof the selectedperato to apply
(signalingapplicatian of theoperato by addtional rules)andremavesall otheroperatos from Opentors.

Rule 3 fires only whenmultiple operatos are applicalte (i.e., whenone operato hasbeenselected
andwhenother unselectedpperates with positive evalugionsremair). Severalaspectf therulesare

29



critical. First, if therule fires, it will fire in parallelwith Rule 2 (i.e., it will betriggeted before Rule 2
removesall unselecte@peraors). Secondif it firesit will pusharepresetationof thecurrent choicepoint
ontoChoicePoints Thatrepiesentatiortonsistof a choices/2 term. Thefirst agumentof thistermis a
represetationof the context. Theseconds thelist of unselectedpeatorswith positive evaluatiors. This
meanshatif thereareseveral unselectedut applicalte operates, they will all be pushedontothe stack
within a singlechoice point. Therationalefor this is describe below.

Therepresetation of context is deteminedby get context/1, adefinitionfor whichis alsogivenin
Figure23. This definition givesa contet valueof 0 if the choie point stackis emptyandC + 1 if the
top-nostelemen of the choicepoint stackwascreatedn contet C. Thus, if thetop-mast elementof the
choicepoint stackwascreatedn context 4, a call to get context/1 will bindits agumentto 5.

Opeatorapplicationrulesfollow theformat setby Rule 2 of Figure20, with two exceptims:

1. aruleis requiredto deleteappliedoperdors,and

2. edgesmustinclude a specificatiorof the context in whichthey wereadded.

Rule 4 in Figure 24 addressesdeletionof appliedoperdors. Rule 5 illustratesthe additian of a context
specificatiorto chartedgeqcf. Figure20).

Rule 4 (unrefracted): Remweeappliedoperators
IF: operator(Operator, apply) is in Ope@tars
THEN: deleteoperator(Operator, apply) from Opemtors

Rule 5 (unrefracted): Adda word to the next positionof the chart

IF: operator(add word(W), apply) is in Opemtors
get_word _position parameters(NO,N1)
get_context(TS)

THEN: addedge(NO, N1, word(W), 0, TS) to Chart

Figure24: Selectedperato applicdion rulesfrom Apdy Opeiator, modifiedto usea context

Exercise19: Createa new modelbasedon the previous no-backtrackimg serialmodel, addthe Choice
Point stackto the Subjectandmodify therulesin Apdy Operator asdescribedabove. (Be sureto include
arule for applying add _edge/4 operatos. Therule is notgivenabore.) Testthemodel. It shouldbehae
muchasbefoie, excep thatasprocessingproeedsChoicePoints shouldgrow. o

Utilisation of choicepointinformationrequilesdetectim of parsingfailure and,on suchfailure, popping
the top elementof ChoicePoints andrestorirg the cortext prior to pushing thatelement.Thethreerules
in Figure25 perfam the necessarppeations. Also givenin thefigureis a definitionfor the userdefinal
condtion parse_successful/0, whichis truewhenandonly whentheinput hasbeensuccessfullyarsed

Rule7 restoreshecontext prior to thepreviouschoicepointby remaving all edgedrom thechartwhose
context (or time stamp)is afterthatof thechoicepoint. Rule8 restoresll operaors (andvaluations)which
werenot appliedwhenthe choicepoint wasfirst encountered. This allows processingto resune from the
selectionphaseof the opeator processingcycle. Rule 9 removesthe choicepoint from the stack. All
of theseruleswill fire in parallelwhenbacktra&ing is necessary However, Rule 7 will have multiple
instantiationsf multiple chartedgeswere addedin the previous context, and Rule 8 will have multiple
instantiationsf severaloperatorswerepossibleat the poppedchoicepoirt.

With thegivendefinition parse successful/Owill betrueif andonly if thereis anedgeof cateyory
s/[] (i.e.,acompletesentence$paning theentireword sequenceThis couldbeimprovedbut is sufficient
for presehpurposes.

6.2.5 Discussionof the Model

Themodé shouldnow be ableto parseboththe horseracedpastjohn andthe horseracedpastjohnfell,
but in the latter caseparsingwill involve extersive backrackingandreanalgis,andwill only be possible
if the chdce point stacks capacityis suflicient. The modeltherebre captuessomeof the principal facts
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Rule 7 (unrefracted): Badtradk (stepa: remare unwantecedges)
TRIGGER:system quiescent
IF: notparse_successful
choices(TS, Operators) is in ChoicePoints
edge(NO,N1,C,L, TS1) is in Chart
TS1 is greatetthanTS
THEN: deleteedge(NO,N1,C,L, TS1) from Chart

Rule 8 (unrefracted): Badtradk (stepb: unsta& stadkedopemators)
TRIGGER:system quiescent
IF: notparse_successful
choices(TS, Operators) is in ChoicePoints
Operator is amemler of Operators
THEN: addOperator to Operators

Rule 9 (unrefracted): Badtrack (stepc: popthestadk)
TRIGGER:system quiescent
IF: notparse_successful
choices(TS, Operators) is in ChoicePoints

THEN: sendpop to ChoicePoints
Condition Definition: parse_successful/O: Hasthe parsesucceedd?
parse_successful : —

edge(0,N, cat(s/[]),-,-) isin Chart

notedge(N, _, word(_), _,_) isin Chart

Figure25: Rulesfrom Apply Operatar for processingchdce points

surrowndinggardenpathsentenced\everthelessmary aspect®f the mocel areclearly highly simplified,
including the detectiam of parsingfailureandthe evaluatian of opeators.

Consideffirst the detectionof parsingfailure. This is crucialin triggerirng backtraking, but the cond-
tion definitionsuggeste@dbore depend on the parserbeinggiven self cortainedsentencesAt first glance
this may seento requite a further parserto segmern thewordsin theinputinto sentencestHowever, both
writtenandspolenlangua@ cortain cuesthatmayassisin determiiing whena phraseor sentencés com-
plete (andhene whethe parsinghasbeensuccessful)In the caseof written langua@g, the cuestake the
form of punctuation. In the caseof spolenlangwagethe cuesareembedeédin the prosod, or charging
toneandrhythm, of theinput.

Opeatorevaluationis perhgsthe leastsatisactoryaspecof the model. Giving opeatorsfixed eval-
uationsmeansthat the parsercanna adjustits perfaomancein anattemptto minimisebacktra&ing, and
thatthe parseris insensitve to the greate contect in which a sentencenay occur Giventhis, the model
is perhgs betterviewed asa framework within which different appoachego operato evaluation may be
explored.

The constrietion of choicepoirts alsorequres commen. Rule 3 in Figure 23 builds a choicepoint
from the setof all applicatbe but nonselectedopeatorswith positive evaluations. Operdors with zero
or negative evaluationsaretherefae excluded from the choicepoint, and,becausef the mechanisnfor
recovering whenbacktacking occus, canrot be selectedon backtra&ing. This is primarily becauseof
the mechaism usedfor readingsuccessie words. At almostevery stagein processingan add word/1
operaor is proppsed,sothatthe parsermay procee to the next word if processingof the previously read
wordsappeargomgete. If suchoperatos wereviewedason aparwith legitimateoperates for projectirg
wordsor combiring categaries, thenevery operato selectiorstepwould becong a choicepoint. (To verify
this, try alteringtherulessothatoperdorswith zeroevaluationareincludedin thechdce point)

The secondcritical featurerelevart to the constretion of choicepoints concers the situationwhen
multiple unselectedositively evaluatedopemrtorsexist. All suchoperatos areincluded in the choice
point. Whenbacktraking occus, the full setof suchopegtorsis recreatedn Opeiators, allowing the
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standardopeator selectionprocessto resume. If after selectiontherestill remainmultiple unselectd

positively evaluatedopeators,thenthe choicepoirt will be re-estalished, but with only the remainirg

unselectedpentors.In this way, backtrackng will if necessarprogessin sequenethroughall possible
operdors,irrespectve of thenunberof possibleopeators.An alternatve apprachwould beto keeptrack
of thoseopeatorsthat had beenunsuccesfully apgied (andthe contet in which they hadfailed), and
thenallow regererationof all operatos whenbackrackingoccurs. Failed opeatorscoud thenbe given

negative evaluatians.

Exercise20: Themodelasdevelgpedaboveis acompetencanodé in thesensedhat,althoudn it is serial
andmay perform comgex backtrackng while attemptingto parsea sequene of words, it is ableto parse
all (andonly) sentenceof thegramnar definedby its lexiconandphrasestructue rules.Onewayin which
perfamancefactorsmayimpinge uponthe models behaiour is through the capacityof the choicepoint
stack.Explore theeffectof restrictingthe stacks capacity(throughthe Properties panelof ChoicePoints).
How doesa limited stackaffecttherange of sentencethatmaybe parsed? o

7 Conclusion

This competesthetutonal. To recap,COGENT hasbeenintroducedandusedto develop a seriesof models
of sentenc@rocessing. The mocklsillustratemary aspect®f the COGENT appra@ch,including research
progammemanag@menttheuseof boxandarrowv diagamsatthemodel level, andthedivisionof amodel

into experimenterandsubjectmodules. They alsoillustrate COGENT'’s flexibility, with both paralleland

serialmodds, andwith modéds usinginformationin bothtop-down andbottomup ways. Thetutorial has

not attemptedo illustrate COGENT’s geneality. As notedin theintroduction, COGENT modelshave been
developedin arange of cogritive domairs, andCOGENT is well-suitedto bothteachingandresearch.

32



ReferenceManual

A Configurable Preferences

A rangeof userspecifiablepreferencesllow the behaiour andappearace of COGENT to betailoredto
individualusers'tastes.Thesepreferencesrespecifiedhrougha popupwindow accessibleitherfrom the
researctprogrammemanaer’s Preferences... buttonor from the Preferences... item on the Edit menuof
arny boxwindow. Prefeencegelatingto differentaspect®f COGENT’s functioning areshovn on separate
pagesof a notetmok, uncer the headinys describedbelon. Not all optiors areavailablein all versionsof
COGENT — somearespecificto theWindows versionwherea otheas arespecificto the UNIX version In
addition someoptionsareonly availableto registeredusers.

If a prefeenceis alteredthe alterationtakesimmediateeffect for the current session. If alterations
areintendel to be permanentthenthey mustbe explicitly saved usingthe Save button at the top of the
prefeencewindow. Notethatthis buttonis context sensitve: it only savesthe prefereiwesonthecurrerly
visible page.UnderWindows, preferemcesaresavedin the usersregsitry entry Unde UNIX, prefereces
aresavedin afile namedcogentrc theusers homedirectory

A.1 Folders

Theseprefeencesspecifylocatiors for somecritical systemanduserfiles.

Projectdir ectory: This is the folder or directoryin which COGENT storesresearctprogammes. Nor-
mally eachuserwill keepall his/herresearctprogiammesin his/herown file space but alternate
corfiguratiors are possible. Usersworking within a group might, for examge, which to sharere-
searctproglammesin suchcasesll membes of the group may sharea project directory.

Script direciory: A COGENT scriptis afile containng instructiors that contiol model execution. (See
Sectionl.) Severaldefaultscriptsareprovidedin the standardlistribution. Theseshouldbelocated
in the script directory. Wheneer a modelis createdcopiesof the conters of script directory are
assignedo the nev mocel. Undernomal functioning the defaut value of this prefeencewill not
needto bealtered

A.2 Help

COGENT providesa web-basedhelp systemcorsistingof a network of hypertext files. Thesefiles maybe
viewed by a standardveb browser andaccessee@itheronline (e.g, from the COGENT web site or from
somelocal alternatve) or offline (i.e.,from your machiresharddisk)

Useonline help? If this preferencds setCOGENT will attemptto useonlinehelp(seeOnline help URL).
If the preferencds not COGENT will attemptto useoffline help (seeOffline help dir ectay).

Online help URL: If online helpis beingused,this preferencespecifiesthe URL locationof the help
system.

Offline help directory: If offline helpis beingused this preferecespecifieshe directay or folder con-
tainingthe helpsystem.If COGENT hasbeeninstalledcorrectly, the defaultvalue will becorrect.

Show help with index frames? If this prefeenceis set,andyour systemis capable help pageswill be
displayedwithin anindex frame. This simplifiesnavigation through the helpsystem Webbrowsers
andplatforms thatsuppot this optionincludenetscap@andmozillaon UNIX.

Help browser? Thispreferace(only availableunderUNIX) specifieshewebbrowvserto usewhenview-
ing helpfiles. A numberof built-in valuesareprovidedon adrop-down menuy but arny value maybe
typedin. UnderWindows, the defaut webbrowseris used.

Help browseracceptsremotecommands? This preferencewhich is only availableunderUNIX, spec-
ifies whetherthe web browvsershouldbe accessedisingthe “remote” command. Certainbrowsers
functionbetterwhenoperedwith thesecommaunls(e.g.,netscapandmozilla). Otherbrowsers(e.g,
opeaa) function well without usingremoteconmands. Others(e.g, lynx) arenot ableto function
remdely.
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A3 0OO0S

Oo0s (Object OrientedSceptic)is nameof COGENT’s mockl execuion langwage. Several preferaces
contrd its behaiour, thoughif standadl installationis followedall default valuesshouldbe acceptale.

OOS executable: This prefeencespecifieghelocationof the 00s execuable.

OOSclassdirectay: This specifiesthe locationof the 0os classfiles. Thesefiles definethe behaiour
of thevarioustypesof box

OOSlibrary directay: Thisspecifieghelocationof variousoos library files (including operato decla-
ratiors and,in someversiors of COGENT, suprt for optimisatior).

OOSI/O directay: This is the nameof the folder or directay in which files containirg model output
(e.g, from datasinks)arecreated.

Show debugging information: If thispreferences setdetuggng informationis printedto theoos output
tracewindow.

Save messagdogs: If this prefaenceis setall messagethat passbetweenboxes are stored(andhence
viewale within eachbox’s Message panel). If messagdogs are saved, they canbe valuablefor
dehuggingpumposes.However, saving messagéogs significantlyslovs modé execution,andmay
eatup large amourts of disk space.

Optimise: If this preferencds setoos will useoptimisedversionsof variousinterral funcions. This may
resultin a substantialncreaein speedf modelexecution.

Show console: If this preferencgwhichis only availableunderWindows) is set,00s will runin its own
window. Normally thiswindow is suppessedandary outputdestinedor thewindow is forwarded
to the 00s outpu trace.

A.4  Printing

A number of preferencesallow contrd over the cortent, form, andappe&ranceof printed output. These
prefeenceganay be seteitherthrough the apprariate page on the Preferences window or on the dialoge
window thatpopsup whena print commandis issued.

Print to file: If set,printeroutput will beredirectedfrom theprinterto astandad file. Furtherpreferaces
asdescribedelow allow theformatof thatfile to be specified.

Print directory: If Print to file is set,this prefeencespecifieghedirectoryor folderin which the print file
will bewritten.

Print file: If Printto file is set,this preferencespecifieghenameof theprintfile (within theprintdirectay).

Printer command: This preferaceis only availableunderUNIX. If Print to file is not set,the preference
specifieghe printer commandto useto print the output. Usefulvaluesof this preferecearelp —c
(for SOLARIS andIRIX 5.X), 1pr (for SUN OS 4.X and LINUX), andghostview to preview
PostScripputput without printingit.

Output format: This preferencespecifiesthe forma in which print outpu shouldbe geneated. It is of
mostusewhenPrint to file is set. Possiblformatsinclude: PostScript, Plan Text, HTML, andLaTeX.

Output pagestyle: This prefeencecontrds the orientation andstyle of output in PostScripbutpu. Pos-
siblevaluesarePortrait, Landscape andTwo Up. In Portrait stylethelongedgeof thepape is vettical.
In Landscape stylethelong edgeis horizortal. Two Up pagestyle consistsof two logical pagesper
sheebf pape. Thepage areoriertedin pottrait style,but redu@dby afactorof 1.414 andprinted
sideby sidewith thelong edgeof the paperhorizantal.

Printer font size: Thisprefeencecontrds thefont sizeusedin PostScripprintous. It is ignoredfor other
output formats.

Print new box on new page? Whenthis prefaenceis set,a pagebreakwill begereratedprior to printing
detailsrelatingto eachbox within a mocel. If the preferenceis not set, pagebreakswill only be
gereratedwherenecessaty

Show initial contents? If set,theinitial conterts of boxes will beincludedin the printout.

Show user-definedconditions? If set, definitiors of all userdefinedconditins (contaired in process
boxes)will beincludedin the printout.

Shaow curr ent contents? If set,the currentcontentsof boxeswill beincluded in the printout.
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Shownv messagesf set,thelist of messagesentto andfrom boxeswill beincludedin the printout.

Show buffer mappings? If set,thenary mappirg rulesthatexist for buffersincludedin the printout will
alsobeprinted

Recursethr ough subobjects? If set,the detailsof all subboxsof any commundboxes will beincluded
in the printout.

A.5 Archive

COGENT providesanintegratedarchive managementsystem.This allows competeresearctprogammes
to be packagedinto a singlefile, eitherfor backup or for excharge with otherusers.The processof pack
aginga researctprogrammeis referedto asarchving. The procesof recoveringa researctprogamme
from anarchiveis known asextracting.

The behaiour of the archive systemis contwolled by a numter of prefeences.Eachcanbe seteither
from theappr@riatepageof the preferencevindow, of throudh the archive browset

Archivedirectay: This is the nameof the folder or directoy in which archives of COGENT research
programmnesarestored.

Archiveformat: This speciegheformatin which archve files will be created.Several formas aresup-
ported,through COGENT’s native format (the“car” file) is recommended

Sort archivesby: This prefeencesspecifieghe sortkey (name format,creationdateor size)usedto sort
arclivesin thearchive browser

Retain reseach programmeafter archiving? Whenset,archving aresearctprogrammewill notmake
theresearclprogrammaenaccessibléromtheresearciprogrammemanaer Whennotset,archving
aresearctprogammewill remoreit from theresearciprogrammemanage

Retain archive after extracting? When set, extracting an archive will not make the archive inaccessi-
ble from the arctive browser Whennot set, extracting an archive will remove it from the archive
browser

A.6 Fonts

TheFonts panelallows modfication of somefonts usedon COGENT’s windows. Alternative fontsmay be
usedto give COGENT a persomlisedlook, or if sometliing bigger or smalleris requira (e.g.,for demon
strations) Notethatdifferentcomputers(andin thecaseof UNIX, differentdisplays) maysuppaot different
fonts.

Canvasfont: Thisprefaencespecifieghefont usedfor draving mocel namesonthe mainhistorycarvas
andboxnameson boxandarrown diagrans.
Output font: This preferencespecifieghefont usedwhendisplayingthe curren statesof objects.

A.7 Warnings

Several preferacescontiol whetherCOGENT genegateswarningmessagef unexpectedsituations. By
defaultall but thefirst of theseis set.

Reassue on success?f set,displayareassuringnessagavheneer afile operaion is successfullcom-
pleted

Warn onfile accessrrors? If set,displayawarningmessagevheneer afile read/wite fails.

Warn on syntaxerrors? If set,displayawarningmessagevherever a syntaxerra is detectedn aterm
within amodel.

Warn oninvalid model specification? If set,displaya warnirg messagevhen&er somethingoddis de-
tectedin amocel specificatiorfile.

Warn on memory allocetion failur €? If set,displaya warnirg when&er memoy allocationfails. Such
warnirgstypically indicatethatthereis insuficient RAM onyour machire to continte processing.

Warn on miscellaneouserrors? If set,andary unexpectedevents not covered by the abore occus, dis-
play awarningdescribirg the evert.
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A.8 Confirmations

Thedegreeto which COGENT seeksconfirmationbefaeirreversible actscanbe contrdled throudgh anum
berof confimationpreferences.

Confirm discard of model edits? If set,quey theuserbefae ary unsaed editsarediscarded.

Confirm project/modeldeletion? If set,querytheuserbefole mocklsor entireresearctprogammesare
deleted

Confirm overwrite file? If set,quel theuserbefae overwritingary files.

Confirm before printing PostScript? If set, and printing in PostScriptformat unde UNIX, querythe
userbefae thefile is printed The quel will anrouncethe nunber of pagesto be printed, thus
allowing large print jobsto beaborted

Confirm save of model prior to running? If set, quey the userbefole sazing wheneer a modelwith
unsaed editsis run.

A.9 Miscellaneous

A nunberof further preferencesontrd otheraspect®f COGENT’s opertion:

Doubleclick interval: This prefaencespecifiesthe maximum numkber of millisecona that can elapse
betweertwo mouseclicksif they areto beinterpretedasa dowble click.

Grid size: This preferecedeterninesthe sizeof the grid (in pixels) to which boxes dravn in a box and
arrov diagamwill autonatically snap.

Display Precision: This valuespecifieshe numter of significantdigits that COGENT useswhenpreset
ing realnunbers.(Maximum precisionis usedfor internalcalculation.)

Rememberwindow positions? If set,recod the sizeand positionof all windows associatedvith each
mocel andusethis information to recreatehe displaystate(i.e., exactwindow sizesandpositions)
of thatmockl whenit is re-qpened.

X Drift:  If Remember window positions is set,this specifieghe horizontal correction(in pixels)thatmay
be necessaryo ensurewindows repositionthemseles correctly. SomeUNIX windov managrs
regure smallnonzerovaluesfor this prefeence.

Y Drift: As for X Drift, but for vettical corredion.

Enable virtual window management?If set,allow windows to be locatedon multiple virtual desktgs.
This is extremdy usefulif COGENT is beingrun under a window managethat suppots multiple
virtual desktop Suchfacilitiesarecomnonwithin UNIX but rarewithin Windows.

Summarisebox contents? If set,shav noncompaindbox conterts in asummarisedorm. (A buttonon
eachboxwindow allows togglingbetweersummarise@gndexpandedform.)

Edit on create? If set,automaticallyopenanappopriateeditorwheneaeraboxor boxelemenis created

Scalehistory? If set,thetime-line displayof researctprogammehistorieswill usethe creationtime of
mocklsto scalethe hotrizontal axis of the display The horizontal distancebetweenmodelson the
displaywill thenrepresenthedifferencein their creationtimes. If the prefeenceis not set,models
will be spacedquallyonthehistorydisplay

Smoothscrolling of text elements?If set,usesmoothscrollingfor Initial Contents windows. This looks
nicebut is impradical on slov machinesvherethe alternatve, jump scrolling is better

Position edit palette above canvas? If set,positionthe paletteof edit buttonsfor all box windows above
themaincarvas. Otherwisepositionthe edit palettebelow thecarvas.

Show scrollbarson canvases?If set,displayhorizantal andverticalscrollbas on all box andarrow dia-
grams.

Show toolbars on box windows? If set,displaytoolbas providing shortciis to comnon functiors on all
boxwindows.
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B Reseach ProgrammeManagement

Theresearctprogammemanage consistsof awindow with threeparts: a row of ments andbuttors for
accessing@ variety of functions, a list of the users researctprogammesanda display of the currerly
selectedesearchprogamme.

Theresearchprogrammemanage suppats thefollowing opeations:

New: Createanew researctprogamme.Theuserwill be prompedfor a namefor the progamme.

Delete: Deletethecurrenly selectedesearctprogamme.

Rename: Chang the nameof the currerily selectedesearctprogmmme.Theuserwill be promptedfor
anew namefor the programne.

Copy: Createacopy of thecurrently selectedesearctprogamme.Theuserwill be promptedfor aname
for the copiedprogmamme.

Print: Printthecurrently selectedesearciprogamme.A print dialogte window will appeaallowing the
userto selectwhich aspectof theresearctprogammeshouldbeincludedin the printout.

In addition, archive functiors (e.g, for backng up aresearctprogamme)areavailablethrowgh thearchive
browser

A researchprogammemay be opered by selectingits namewithin the list of researctprogammes
on the left of the researchprogammemanagr. When a researchprogrammeis opered, the research
progammemanageprovidesaccesdo a graphcal History view anda text-basedDescription view of the
researctprogamme. The History view represets the researctprogammediagammatically with nodes
correspndirg to individual modelsandlines betweemodes shaving ancestratelationsbetweerrelated
modds. A modé maybe opene by doube-clicking on its nodewithin the History view. The Description
view is intendedor ary notesthe usermaywhich to associatevith theresearctprogamme.

C The Hierarchy of Object Classes

Eachbox within a COGENT box and arrov diagran hasa class,somepraoperties,and somecortents.
Differert classesof box have differert functionality (e.g, buffers function as storagedevices whereas
processesfunction asinformationtransfomationdevices), different propertiesthat govern aspectof that
functionality (e.g, buffershave propertiesthatgoverndecay),anddifferen typesof content (e.g.,buffers
containelementswhereagproessesontan rules). This sectiondescribeshe basicfunctiorality, type of
conten, and configurablepropertiesof eachbox class. The full rangeof available classesare shovn in
FigureC.

C.1 Compound

Compaund boxes are boxes that cortain otherboxes. They provide a bracleting mechaism that allows
a setof relatedboxes to be groupedtogetherinto a single functional unit. Thus,a comple functioral
commnentwithin aboxandarron diagrammaybeimplementedasa compaind,whoseinternalstructue
is specifiedby a separatdox andarrav diagramembededwithin the compund This box andarrov
diagran maybeaccessebtly openingthe compaund(e.g.,by doule-clickingonit).

Arrows drawn to or from a compundbox allow commuicationbetweerboxesembededwithin the
compundandboxesatthe higherlevel. Theadditionof suchanarronv betweenfor examge, box A and
box B, wherebox B is acompaind,will make box A accessibléo boxes embedédwithin box B.

Sincecompund boxes are basicallybracleting devices, they have no specific propertiesgovernirg
their behaiour. There are, howvever, two subclassesf compundbox Compand/Gerric and Com-
pourd/Subject.Boxescorrespadingto thesesubclassearedistinguishe diagranmatically by the letter
G or Sin thetop-right cornerof the compaundicon. Genericcompunds may cortain boxesof ary type,
andplaceno restrictiors on the conterts of thoseboxes. Subjectcompunds may only containboxes that
malke sensewithin a modelof a subject.For exanple, databoxesandgenericcompunds may not occur
within a subjectcompaind, becausesuchboxes may have accesgo the internal stateof COGENT in a
way thatis unrealisticfor a subject. Certainbuilt-in condtions arealsonot accessiblérom subjectcom-
pourds (e.g, statisticalfunctions). Subjectcompaindsaremeantto provide a small degree of corstraint
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onthe developmentof cogritive modelswithin COGENT. Userswho find suchrestrictionsdisagreeale or
unde-motivated mayignoresubjectcompaindsandusegeneic compundsin prefeence.

C.2 Buffer

A bufferis aninformationstore— a placewhereinformationcanbeplacedfor laterretrieval. Buffersmay
be configuredthrowgh subclasseandpropeties soasto behave in a variety of differentways (allowing,
for exampe, decayof elementsr capacityrestrictions) This flexibility meanghat buffers maybe used
for both shortterm storage(aswhenmodelling aspectof working memory for examge) andlong term
storaggaswhenmocklling storageandretrieval of knowledge acquiredover anextencedtime periad).
Buffersaretypically initialisedwith asetof buffer elemem. During processingexisting buffer elements
maybematchedr deletedandadditinal buffer elementsnaybecreated Matching anelemenin abuffer
is achieved throughuseof the match conditionwithin arule. Thecondtion mightappeawithin arule as:

term(Argl, Arg2) is in SampleBuffer

where SampleBuffer is the nameof a buffer that is read&le by the process containirg the rule and
term(Argl, Arg2) is atemplatefor the elemen beingmatched.Sucha condition will be satisfiedif there
is an elementin Sampe Buffer that unifieswith the template,in which caseary uninstantiated/ariables
within the templatewill be bound to the valuesthey take in the term matchedin the buffer. If a buffer
contairs multiple elemens thatmatchthetemplatetheorde in whichelementsareretrieved is determine
by thebuffer’'s Access praperty (seebelow).

Buffer contentamaybealteredby sendinganapprariatemessageo the buffer. Thisrequiresthatthe
box doingthe sendinghasawrite arrav leadingto thebuffer. Fourtypesof messagarerelevart:

addterm(argl, arg2) to Sampe Buffer
clearSamge Buffer

deleteterm(argl, arg2) from Sampe Buffer
deleteall term(argi, X) from Samje Buffer

Thefirst of theseaddsa single elementto SampleBuffer (subjectto the buffer's capacitylimitations: see
below). Thesecondclearsall elementsrom the buffer. Thethird deletesa singleelementrom the buffer
(provided that elementmatche the templategiven for deletior). The fourth deletesfrom the buffer all
elementghatunify with the given template.

There arefive typesof buffer, eachhaving differentbehaiour. They all sharethefollowing six prope-
ties:

Initialise [Each Trial/Block/Subject/Experiment/Session; default: Each Trial]: Thetiming of buffer initial-
isation. If thevalueis Each Trial, the buffer will reloadits initial cortentsat the beginning of each
trial. If the valueis Each Block, buffer conters will be preseved acrosgtrials, but re-initialisedat
thebeginning of eachblock. Analogaisbetaviour is achiaredwith the othersettings.

Decay [None/Half Life/Linear/Fixed; default: None] Thedecayfunction (if ary) thatshouldoperateoverthe
buffer's cortents. Whenthevalueis None, elemets will remainin a buffer until they areexplicitly
deleted forcedout by the buffer overflowing, or the buffer is re-initialised Whenthe valueis Half
Life, elementsdecayin a randanm fashionbut with the probability of decaybeingconstanion each
cycle. This prokability is specifiedn termsof a half life (specifiedoy theDecay Constant propety).
Thehalflife is thenumbe of cyclesit takesonaveragefor half of theelementgo decay Thebuffer's
cortentsalsodecayin a probabilistic mannemwhenthevalueis Linear, but in this casethe probability
of anelementdecayirgy within n cyclesof enteringthe buffer is directly proportionalto n, with the
rateof decayagaindetermired by the Decay Constant property. Whenthevalueis Fixed, elements
remainin the buffer for afixednumtler of cycles(specifiedby the Decay Constant property).

Decay Constant [1-9999; default: 20]: Thedecayrate(if Decay is hotNone). If the preferece’s valueis
r, then:for Half Life decaythe prolability thata givenelementdecayson a given cycle is corstant,
andthe prabability of decayng within r cyclesis 0.5; for Linear decaythe probability thata given
elemen decayswithin n cyclesof beingaddeds % (for n < r); for Fixed decaythe probability that
agivenelementecayswithin n cyclesof beingaddeds O unlessn = r, in which caseit is 1. In all
casesthelargerthe corstantthe slower thedecay
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Limited Capacity [No/Yes; defaut: No]: A switchthatdetermiresif thebuffer's capadty shouldbelimited.
If Yes, the maximum numler of elemers that may be storedin the buffer at ary time is specified
by the Capacity property (belov) andthebehaiour whenthebuffer overflows is specifiedby the On
Excess property. If No, the Capacity andOn Excess propertiesareignared.

Capacity [1-9999; defaut: 7]: Specifieshe capacityof a buffer in termsof the nunber of itemsit may
hold. This property hasno effectif Limited Capacity is No.

On Excess [Random/Youngest/Oldest/Ignore; default: Random]: Determineghe buffer’s betaviour when
its capacityis reachecandan attemptis madeto adda new element.If setto Ignore, new elements
will beignored (urtil the buffer’s capacitydecreases)lf setto Random, a randan elementwill be
deletedrom thebuffer to make way for thenew elemen. If setto Youngest, themostrecentlyaddel
elemen will bedeletedto make way for the new element.If setto Oldest, theleastrecertly addel
elemen will be deletedto make way for the new element. This property hasno effect if Limited
Capacity is No.

C.3 Buffer/Propositional C)

Propaitional buffersarea subclas®f buffersthatstorepropositionsor terms,with eachtermcorrespod-
ing to a distinct buffer element. There are no restrictionson the kinds of termsthat may be storedin a
propositionalbuffer. As such,they maybeusedfor generapumposestorage.

Promsitional buffersinherit all of the propertiesof the parentbuffer class(Initialise, Decay, Decay
Constant, Limited Capacity, Capacity andOn Excess). They have two additioral properties:

Access [Random/FIFO/LIFO; default: Random]: Theorderin whichthebuffer's elementareaccesseby
match opeations.|f accesss Random, thenmatch will instantiatats argumentto anelementrom
the buffer selectedat rancbm (providedthatelementunifieswith the agumentof match). If access
is FIFO (FirstIn, First Out),thenmatch will returnthe oldest elementhatunifieswith its algument.
If accesss LIFO (LastIn, First Out), thenmatch will returnthe yourgestelementthatunifieswith
its argument.

Duplicates [No/Yes; defaut: No]: A switchthatdeterninesthe buffer’s behaiour whenit receves anadd
messagdor anitem alreadyin the buffer. If Yes, theitemis simply addel to the buffer accoding
to the usualrules(which depend on the otherpropertiesof the buffer). If No, theitemis notadded
but its previous occurencewill be“refreshed”. (This is actuallyeffected by deletingthe previous
occurencebeforeaddingthenew occurence.)Theprocedirethattestsif anelements alreadyin the
buffer requireghatthe givenelemenimatchtermfor termandvarigble for variableanexistingterm.
It is not simpletermunification Hencefor the purppseof duplicatetestingthe elementsi tem(X)
anditem(cat) aredifferent,but theelementsitem(X) anditem(Y) arethesame.

Promositional buffers may alsobe augmatedwith displayrules. Theserulesplay no partin model
perfamance but allow propcsitional buffer elementdo berendeedin a graphcal form. This may sim-
plify interpretationof the models behaiour. Displayrulesaresimilarto standargroessrules(seeSec-
tion C.9),excep thattheir conditimscanmatchonly elemeisin thebufferto whichtherulesareattached
andtheir actiors mustall take theform:

show X

whereX is specifiesatwo-dimersionalgraghical elemen (e.g, aline, box, circle, etc.) Thus, adisplayrule
maytake theform:

Display Rule 2: Repesentouffer elementgraphically
IF: edge(NO,N1,C, L) isin Chart
X0 iSNO 100+ 5
X1iSN1x100—5
X iS X0 + X1/2
YisL %25+ 40
THEN: shav text(chart,Caligned (c,c) at (X,Y), [colour(black)])
shav line(chart, (X0,Y) to (X1,Y), [colour(black)])
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SectionC.5 providesdetailsof thefull setof possiblegraghical elementaindestoodby COGENT. Any of
thesemaybe usedwithin the show actionof adisplayrule.

C.4 Buffer/Stack C)

A stackbuffer is a kind of buffer that automéically ordes its elementsn termsof receny and limits
accesdo the mostrecent(or “top-most”) element. Therearethreeoperatios that may be periormedon
a stack:thetop-mcst elementmay be matchecd a new elementmaybe“pushed ontothetop of the stack
(thusmakingthe previous top-mast elementtempoarily inaccessible)andthe top-mostelementmay be
“popped” off of the stack(thusrevealirg a previously inaccessiblelement).Thefirst of theseis achieved
through the standardnatch condtion. The othertwo areachieved by sendingspecialmessageto a stack.
Otherbuffer opeations,suchasadd, delete andclear, maynotbeusedwith stacks.

An elementmay be pushedntoa stackby sendingthe stacka messagef the form push(Element).
Thetop-nostelementmaybe pogpedfrom a stackby sendinghe stacka messagef theform pop. Thus,
the actionsof a rule which popsthetop elementoff Goal Stak andreplace it with subgoal mightlook
like:

send pop to Goal Stak
send push(subgoal) to Goal Stak

Normally, the ordering of rule actiors doesnot affect the order of execution of thoseactions:actionsare
normally effedively perfamedin parallel. However, messagesentto stacksareprocessedlifferently. If
multiple push/1 and/g pop/0 messageare sentto the samestackfrom the actionlist of onerule, then
thosemessageareprocesseth theorderin whichthey appeaontheactionlist. If multiplepush/1 and/o
pop/0 messagearesentto the samestackfrom multiple rules,thenmessagefrom the samerule will be
processedn order but messagefom differert rulesmaybe processedn ary orde.

Thecurrert cortentsof stackbuffers maybeviewedin text modeor in agraghical mode In text mock,
the elemetts in the stackaredisplayedwith the top-nostelementat thetop of thetext view. In graphcal
mode the stackis displayedpictorially, with anarraov pointing to the top-mast element.Both views may
be printedby selectingshow current contents? onthe print popup window.

Stackbuffers inherit all of the propeties of the parer buffer class(Initialise, Decay, Decay Constant,
Limited Capacity, Capacity andOn Excess), but have no additinal properties.

C.5 Buffer/Analogue @

Analogue buffersarespecialiseduffers whoseelemets maybeinterpretedasrepresentinggraphcal ob-
jects. They may be displayedgraphically, but they may also be accesse@nd modified with standaal
COGENT rulesandcondtions. They alsohave propertiesthatrelatespecificallyto the graphi@l or imag-
istic represetation. They are probably mostusefulin modelsinvolving concepions of time or imagey
processes.

Analogue buffers may be either one-dimensionalor two-dimensional. (Dimensimality is setvia a
property.) In bothcasesglemers arerenceredgraphially by a specialpumposeviewer, whichis displayel
by selectingheanalogie buffer’s Current Image view. By defaulttheviewer colou-codegheobjectsand
displaysalist of colou/objectcorresponénces.

Analoguebuffer elementgake the following geneal form:

Type(Name, Geometry)

whereType specifiesthe type of element(e.g.,point, line or circle), Name is anidentifier for the
elementGeometry specifiegtheelemeti's position
For one-dmensionaknalg@uebuffers, elementsnusttake oneof thefollowing forms:

point(Name, Coord): A pointat the specifiedcoodinate. This, point(foo, 15) will be displayedasa
poirt, 15 units (alorg the horizontal) from the zeroposition
x_mark(Name, Coord): Thesameaspoirnt but displayedasa smallx.
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text(Name, Text aligned Alignment at Coord): A text marleratthespecifiedcoodinate.Thealign-
mentspecifier which is optional, may have oneof thevalues 1 (left), ¢ (cente) or r (right), andif
omitted defauts to left alignmer.

interval(Name, Start to End): An intenal on the dimensim startingat Start and endingat End.
Start is constrainedo belessthanor equalto End. Theinterval is dravn asaline.

line(Name, Coordl to Coord2): A line betweerthecoodinatesNo restrictiors onrelative positiors are
imposed.

For two-dimensionalanalogie buffers elementanusttake oneof the formslisted below. In all cases
the X axisis horizontal, with zeroattheleft andincreasingo theright. TheY axisis verticalwith zeroat
thetop andincreasiig to the bottom.

point(Name, (X,Y)): A poirt atthespecifiedX, Y) coadinates.For exanple,point(foo, (15,7)) dravs
apoint 15 unitsfrom theleft and7 unitsfrom thetop.

x_mark(Name, (X,Y)): Thesameaspoint but displayedasa smallx.

text(Name, Text aligned (Xalign,Yalign)at (X,Y)): A text markeratthespecifieccoordnates.The
alignmentargument,whichis optioral, specifieshorizantal (1, c, r) andvertical (b, c, t) alignment
of thetext with respecto thecoodinates. Thus,text(foo,blah aligned (c,c) at (21,7)) draws
thestringblah, centredhoiizontally andvertically, atthe poirt (21,7).

box(Name, (W,H) aligned (Xalign,Yalign) at (X,Y)): A rectamle of widthw andheigh H atthespec-
ified coodinates. The alignment argumentis optional. Thus,box(foo, (5,10) aligned (1,t) at
(21, 7)) dravs abox5 unitswide and10 high, whoseleft, top correris locatedat the point (21,7).

circle(Name,Radius at (X,Y)): A circlewith thegiven radius centredatthegiven (X, Y) location

line(Name, (X1,Y1) to (X2,Y2)): A line betweerthecoordnates.

polyline(Name,List0fPoints): A structue of linkedlinesjoiningthe (X,Y) pointsin List0fPoints
in sequene. Thus,polyline(foo,[(34,27), (59,70), (83,36)]) drans oneline between(3427)
and(59,7M) anda secondine between59,7M) and(83,36).

polygon(Name, List0fPoints): Likepolylineexceptthelastandfirst pointsin thelist arejoinedto give
aclosedfigure. Thuspolygon(foo, [(34, 27), (59, 70), (83, 36)]) dravs atriande.

Note that for onedimensiomal analogie buffersthe coordnate argumentshouldbe a singlereal numter,
but for two-dimensionalnalogie buffers the coadinateargumentshoud bea pair of realnumbes.

Both onedimensiomal and two-dimersional graphcal objectsmay be given a third, optional, style
argument,consistingof a list of secondar property specificatios. For exanple, a circle canbe coloured
redandfilled by specifying it asfollows:

circle(name, 50 at (100, 100), [colour(red), filled(yes)])
Thefollowing secondar propertiesmay occurin thestylelist:

colour(Colour): Colour maybeary of the atomsblack, blue, green, brown, violet, grey, red,
orange, yellow Or white, or aninteger from 0—26. The objectwill be dravn usingthe specified
colou, andwill notbelistedin the buffer’s list of colourobjectcorrespondenes.

filled(Boolean): (2D objectsonly)|f Booleanistrue oryes theobjectwill bedravnfilled; otherwise,
it will bedravn asoutline.

style(Style): If Styleis dash, dashed or dashes, lineswithin the objectwill be dashed Otherwise
they will bedrawvn assolidlines.

weight(Weight): If Weight is a positive integer, lineswill be dravn Weight pixelswide. The default
Weight is 2.

Analoguebuffersinheiit all of the propertiesof the parentbuffer class(Initialise, Decay, Decay Con-
stant, Limited Capacity, Capacity andOn Excess). They have severaladditioral properties:

Dimensionality [1D/2D; default: 2D]: The numter of dimersionsavailablewithin the buffer. This deter
minesthetypesof objectsallowed,andtheir graghical interpreations.
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Access [Random/FIFO/LIFO/Left—Right/Right— Left/Top— Bottom/Bottom— Top; defaut: Random]: The
order in which the buffer's elementsareaccessedy match operatims. Random, FIFO andLIFO
have effectsanalogais to propositionalbuffers (seeSectionC.3). The directicnal optionssuchas
Left—Right andTop—Bottom will retun elementsn ordesdepeentontheirspatiallayou. Objects
areaccesseth theorderin whichthey would be encountered by scanniig the geometical spacan
the given directicn. So for example, by scanningeft to right, object A would be retrieved befae
objed B if objectA’sleftmostpoirt is farthereft thanobjectB’s. Theeffeds of directioral scanniiy
accesaredepadenton the buffer's dimensiomlity: in the2D casethedirectiors correspadto the
directims visible on the analoge buffer viewer’s carvas,wherasin the 1D case,Left—Right and
Top—Bottom are equvalent, and give the sameresults. Essentially in the 1D case,left andtop
correspondo low values, whereasight andbottomcorrespad to high values.

Duplicates [No/Yes; defaut: No]: A switch that determires the buffer's behaviour whenit receves an
add messagdor an item alreadyin the buffer. The possiblebehaiours areidenticalto thoseof
propositionalbuffers (seeSectionC.3).

Continuity [No/Yes; default: No]: If Yes, the spaceis treatedas being contiruousin all dimensims. If
No, the spaceis treatedasbeinggranuar in all dimersions,andall coodinatevaluesof all buffer
elemers areroundedto multiplesof the valueof Granularity.

Granularity [any positive realnumber; defadt: 1.0]: Thegrainsizeusedfor roundingwhenContinuity is
No. For examge, objeds may be constraird to integer coadinatesby settingContinuity to No and
Granularity to 1.

Point Movement [No/Yes; default: No]: When point movementis selectedocatiors are adjustedwith
smallrandbm deviationson eachprocessingcycle, sothatover time, the cortentsof the buffer tend
progressiely to distort. This property reflectsoneview of animagisticrepresetational mediun
thatis unable to represenlocationaccurately More gererally, however, it may be usedto provide
a sourceof randan variarce in the graphcal/imagisticdoman. The amoun of point movementis
cortrolled by theVvariance parameter

Variance [any positive realnunber;default: 1.0]: Thevarianceof thedistribution of rancbm point move-
ment(assumig Point Movement is Yes). With Variancesetto 1.0,apgoximately68% of deviations
will belessthanor equalto 1 scaleunit in magnitue. The effectsof point movementinteractwith
thoseof grarularity, sincewith smallvarancevaluesrelative to the granuarity values the probabil-
ity thata pointwill not deviate enoudp to reachthe next grainis increased As well asapgying to
all locationsexplicitly represetedin objectsin 1D or 2D buffers, point movementalso appliesto
circles’ radii, causingeirclesto changdn sizeaswell asto move.

Colour [True/False; defadt: True]: If True, displaywill bein colou, with a colour key shaving ob-
ject/colair correspondenes. If False, all objeds will be shavn in black,andcolou specifications
via secondry propertieswill beignored. It doesnotaffectthewayin whichanaloge buffer contents
areprocessed.

X Scale [0.0-10.0; defadt: 1.0]: A scalingfactorusedpurelyfor displaypurposesthatstretchesr com-
presseshedisplayof the holizontaldimension It doesnot affecttheway in which analogie buffer
cortentsareprocessed

Y Scale [0.0-10.0; defaut: 1.0]: A scalingfactorusedpurelyfor displaypurposesthatstretchesr com-
presseshe display of the vertical dimension It doesnot affec the way in which analogie buffer
cortentsareprocessed

C.6 Buffer/Table C)

Tablebuffersare a subtypeof buffer in which elemerts represententriesin a two-dimersionaltable (see
alsoSectionC.13: Data/Sink/Bble) All elementf atablebuffer shouldconsistof data/3 terms:

data(Row, Col, Value)

Suchtermsareinterpretedasindicatingthat the value of the cell within the tablethatis indexed by the
valuesof Row andCol is Value. Eachcell within a table may have at mostonevalue. Thus, whena
data/3 termis addcedto atablebuffer, it over-writesary previouselementwith the sameindices(i.e., the
samevaluesof Row andCo1l). Specialpurposeviewersareprovidedto displaythecontens of tablebuffers
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in takular form, andthis form may be printed by selectingShow current contents? on the print popp
window.

Propertiescontrd aspect®f tablelayout. Tablebuffersinheiit all of the propertiesof the paren buffer
class(Initialise, Decay, Decay Constant, Limited Capacity, Capacity andOn Excess). They have five addi-
tional properties:

Access [Random/FIFO/LIFO/Left—Right/Right— Left/Top— Bottom/Bottom—Top; defaut: Random]: The
order in which the buffer's elementsareaccessedy match operatims. Random, FIFO andLIFO
have effectsanalogais to propositionalbuffers (seeSectionC.3). The directinal optionssuchas
Left—Right and Top—Bottom will retum elementsn ordersdepelenton the Column andRow in-
dicesrespectiely. So,for examge, with a settingof Top— Bottom, elementdrom thetop of thetable
will bereturnedbefoie thosefrom thebottom andsoon. In thespatiallayou, rowsandcolumrs are
orderedalphatetically by row/columnlabel.

Column Label [an arbitrarysequene of letters; default: “Columns”]: The text usedto label the table’s
columswhenthetableis viewedin Current Table mode.

Row Label [anarbitray sequeneof letters;default: “Rows”]: Thetext usedto labelthetablesrowswhen
thetableis viewedin Current Table moce.

Cell Width [a positive integer; defaut: 70]: Thewidth, in pixels,of eachcolumm whenthetableis viewed
in Current Table mode

Cell Height [a positive integer: default: 25]: Theheight,in pixels,of eachrow whenthetableis viewedin
Current Table moce.

Sort : [Alpha/Reverse Alpha/Primacy/Recency]: The orderin which rows andcolumrs aredisplayeal in
the Current Table view. In the caseof Alpha andReverse Alpha therow andcolumrm heading are
usedto sorttherows andcolunmsbefaethetableasdrawn. In the caseof Primacy andRecency the
time atwhich rows andcolumrs werealteredis usedto sortthembefore thetableasdrawvn.

C.7 Buffer/Graph C)

Graphbuffers provide the functionality of a buffer with an optionto view and print the buffer contents
in graphical form. Elementsof a graphbuffer maytake two forms: type(DataSet, Type, Properties)

or data(DataSet, X, Y), whereDataSet identifiesa particlar dataset, Type specifieshe type of graph

requiredfor thatdataset(seebelon), Properties is alist of secondey propertiesspecifyingaspectof

theappeaanceof theparticulardataset(seebelow), andX andY arenumeic valuesfor thedataset. Grafh

buffer elementamay be matchedaddedor deleted,in away analogusto elemets from otherclassef

buffer.

Theris nolimit to thenunberof datasetsthatmaybe storedin onegraphbuffer. Normally therewill
be onetype/3 elementandsereral data/3 elementdor eachdataset. Multiple datasetswithin a single
graphbuffer aretreatedndepadently with thelimitation thatthe graph axesandlabelsaredeteminedby
graphproperties(seebelon), andarehen@ sharedy all datasetswithin agraph

A type/3termspecifieghestyleortypeof graphto bedrawn for agivendataset. Thesecondargument
mustbe oneof scatter, line, or bar. Thethird agumentspecieggraphpropertiessuchascolou and
marler style, in the form of alist of secondry properties(seeSectionC.5). Thus,thefollowing type/3
element:

type(frequency, bar, [colour(blue),fill(true)])

specifieghatthegragh associateavith frequency shouldbeabarchat dravn with bluefilled bars.This
could be changed to aline graphusingredfilled squaremarkers(andaredline) by replacingthe above
elementwith:

type(frequency, line, [colour(red), fill(true), marker(square)])

Threekinds of secondry property arerecogiised: colour, £ill, andmarker. Therearefour marker
types:square, circle, cross andplus.

Graph buffersinheritall of the propeties of the parentbuffer class(Initialise, Decay, Decay Constant,
Limited Capacity, Capacity andOn Excess). They alsohave seseraladditiona propertiesthatcortrol access
andappearance:
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Access [Random/FIFO/LIFO; default: Random]: Theorderin whichthebuffer's elementareaccessedy
match opeations. Interpretationof the property’s valuesfollows that of prapositionalbuffers (see
SectionC.3).

Title [an arbitray charater string; default: “Title”]: The gragh’s title, which is centredabove the gragh
whenviewedin Current Graph modeor whenthegraphis printed.

X Label [anarbitrary charactestring;default: “X"]: Thelabeldrawvn besidethegragh’s horizantal axis.

X Min [arealnumkber;default: 0.0} The minimum valueof thehorizortal coodinateof thegraph

X Max [arealnumber;default: 10.0: The maximum valueof thehorizortal coodinateof thegraph

X Units [a positive integer. default: 5]: The numter of unitsinto which the horizontal axis of thegraph is
divided.

Y Label [anarbitrary charactestring;default: “Y”]: Thelabeldravn besidethegragh’s verticalaxis.

Y Min [arealnumker;default: 0.0]; Theminimum valueof theverticalcoodinateof thegraph

Y Max [arealnunber;default: 1000]: The maximum valueof theverticalcoordnateof thegragh.

Y Units [a positive integer. default: 5]: The numkber of unitsinto which the vertical axis of the graphis
divided.

C.8 KnowledgeBase ©

Knowledge basesaresimilar to buffers, exceptthatthey arenot subjectto decayor capacitylimitations,
andthey may; if their propeties aresetapprgriately; be accessedrom otherboxeswithout appopriate
arrons. Theirbehaiour is determired by four properties:

Initialise [Each Trial/Block/Subject/Experiment/Session; defaut: Each Trial]: The timing of knowledge-
baseinitialisation. The effects of the variows valuesof this propety on knowvledgebasesarethe
sameastheidenticalvalues on buffer initialisation (seeSectionC.2).

Access [Random/FIFO/LIFO; default: Random]: The orde in which knowledge baseelemets are ac-
cessedy match operatims. The effectsof the various valuesof this property on knowvledge bases
arethesameastheidenticalvalueson propositionalbuffer matching(seeSectionC.3).

Globally Readable [True/False; default: False]: It set,the knowledgebasecanbe readby any box (or
sublox) of its parentcommund without the requrementof a readarrov from the box doing the
readng to theknowledgebase.

Globally Writeable [True/False; defadt; False]: It set,theknowledgebasecanbewrittento by any box (or
sublox) of its parentcompaund, without the requrementof a write arrav from the box doing the
writing to theknowledgebase.

Knowledge baseelementdake the sameform asbuffer elementsandthey are editedwith the standadl
buffer elementeditor However, it is anticipatedhatfuture versiors of COGENT mayinclude knowvledge
engireeringtoolsfor maintainingknowledgebases.

C.9 Process @

A (rule-based)processis a box that manipulatesand transfaoms information accoding to a setof rules
andcondtion definitions. The rulescontainel within a process generée messagegoftenin respoiseto
messagereceived by theprocess)andsendhosemessaget® otherboxes,triggeling processingelsavhere
in amodd. A process’behaiour is determired by its contents(i.e., the rulesand condtion definitions
within it) andthevaluesof its threeproperties:

Initialise [Each Trial/Block/Subject/Experiment/Session; defaut: Each Trial]: The timing of processni-
tialisation. Initialisation deternines the scopeof refractoy tests,suchthat refracta rulesfire at
mostoncefor ary particdar binding of variabdeswithin the specifiednitialisationlevel (trial, block,
subjectgetc.).

Recurrent [No/Yes; default: No]: A switch that specifiesif a processcan sendmessageto itself. By
defadt processereceve information,processt, andsendit on. Recurrehprocesseareableto feed
their outputbackinto themseles.
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Firing Rate [0.0-1.0; defadt: 1.0]: The probability of a process’rulesfiring whentheir conditins are
satisfied.By defaut arule will fire whereverits conditiors hold, but a processmaybe degradedby
settingits firing rateto (for examplg 0.8 meaningthatruleswill only fire on 80% of occasios on
whichtheir conditilms aresatisfied.

CoGENT'srulelanglageis descritedfurtherin SectionE.

C.10 Data/Source @

Datasourcegrovide a very simplemeansof feedirg a fixed sequene of messageto otherboxeswithin
amockl at fixed pointsduring proessing.Their usualfunctionis to actasinput devices,wherethey can
feeda streamof input to the model. Any Prologtermcanbe passedisa messageso datasourcexanbe
usedto feedinformationof arbitrary conplexity into a model. They mayalsosendmultiple messagesn
asinglecycle (including messaget different boxes). Thus,they canbe usedto triggerrulesin aprocess,
or to addelementgo a buffer.

Thebehaiour of datasourcess governedby oneproperty:

Initialise [Each Trial/Block/Subject/Experiment/Session; defaut: Each Trial]: Thetiming of datasourceini-
tialisation. Initialisationresetshesequencef inputmessagesthisresetmayoccu atthebeginning
of eachtrial, block, subject.etc..

Datasour@sareof limited usebecausef the fixed natue of theinput thatthey gererate.For models
with moresoplhsticatedinput demand, acommundbox containirg a propositionalbuffer andassociated
processmaybemore appopriate.

C.11 Data/Sink

Datasinksarethe output equivalent of datasources.They maybe usedto collectandview modé outpu.
Therearethreeforms of datasink: text datasinks, tatular datasinksandgragh datasinks. Thereis no
limit to thenumter of datasinksyou canhavein onemodel,andmultiple datasinksbehae asindeperent
devices. Thedetailsof their beraviour aregovernedby threepraoperties:

Initialise [Each Trial/Block/Subject/Experiment/Session; default: Each Trial]: Thetiming of datasink ini-
tialisation. The value specifiesthe point during mockl execution whenexisting datasink elements
shoud becleared.

File [anarbitrarycharactestring;default“data.curent”]: Thenameof the outpd file in which datashoud
bestored.

Location [Local/lO Directory; defadt: Local]: Thelocationof theoutput file (namedn theabove propety).
Sink outpu is nomally storedlocally (with the definition of the sink), but it may alsobe directoy
to thestandard/O directoy (seeSectionA.1), from whereit mayberetrieved e.g.,for inclusionin
adocunent.

C.12 Data/Sink/Text

Text datasinksareusedfor collectingtext-basedoutpu from a model. Messagesentto a text datasink
aresavedin afile (asspecifiedby the sink’s propeties)anddisplayedastext. Text datasinksinheritall of
the propertiesof the pareit datasink class(Initialise, File andLocation), but have no additianal propeties.

C.13 Data/Sink/Table

Takular datasinks accumiate output (in the sameway as otherdatasinks) andallow that output to be
displayed(andprinted) asatable. The conterts of messagesentto a graphi@l datasink areinterpretel
by thetableviewer in the sameway aselemets in atakular buffer (seeSectionC.6): they shoud all be of
theformdata(Row, Col, Value), whereRow andCol identify a particuar cell within thetableandvValue
specifiesthe value in thatcell. If two messagearereceved by a takular datasink that specify different
valuesfor the samecell thenthe secondvaluewill overwrite thefirst.
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Tahular datasinksinheritall of the propertiesof the parent datasink class(Initialise, File andLocation),
andseveral additioral properties(Column Label, Row Label, Cell Width andCell Height) thatgovernthe
appeaanceandlayoutof thetableview. Theinterpretationof thesdayou propetiesis identicalto thatof
theequiaent propertiesin takular buffers (seeSectionC.6).

C.14 Data/Sink/Graph @

Graphcal datasinksaccumulateoutput (in the sameway asotherdatasinks)andallow thatoutpu to be
displayed(andprinted) asa graph The cortentsof messagesentto a graphical datasink areinterpretel
by the gragh viewer in the sameway aselementsn a graphcal buffer (seeSectionC.7): they shouldbe
eitherof theform type(DataSet, Type, Properties) ordata(DataSet, X, Y), whereDataSet identifies
a particulardataset, Type specifiesthe type of graph requirel for thatdataset,Properties is a list of
secondey propetiesspecifyingaspect®f theapparanceof theparticula dataset,andX andY arenumeic
valuesfor thedataset.

Grarhical datasinksinherit all of the propertiesof the parent datasink class(Initialise, File and Lo-
cation), and severd additioral properties(Title, X Label, Y Label, X Min, X Max, X Units, Y Min, Y Max
andY Units) thatgovern the appearanceandlayout of the gragh view. Theinterpretation of theselayout
propertiesis identicalto thatof the equivalent propertiesin graghical buffers(seeSectionC.7).

Ao
C.15 Network/Feed-Forward _
FASATNN

Feed-foward network consistsof a setof input nodes anda setof output nodes, togetter with a setof
weightedconrectionsbetweerthe nodes. Feed-fawardnetworks mapinput vectorsto outpu vectors,and
areableto learninput/autputcorrespadenes(subjectto thewell-known percepron learninglimitations:
Minsky & Papet, 1983). Propertiesgovern aspectsof feed-brward networks’ betaviour, suchasthe
numker of inputandoutputunits, thelearring rule andrate,etc.

Feed-brward networks may be usedin two ways. They may be trained (by sendiy appopriate
train/2 messages)andthey may be tested(by matchingwith a test/2 term). The following match
condtion maybeusedto testa feed-brwardnetwork:

test(InVector,DutVector)isin Sampe Net

This condtion, which may occu within a rule contairedin a process,will succeedf InVector is alist
of N numkersandN is thewidth of theinputlayerof SampleNet It will bind QutVector to alist of M
numterswhereM is thewidth of the outpu layerof SampleNetandOutVector is geneatedby feedirg
InVector to theweightmatrix of SampleNet

A feed-brwardnetwork maybetrainedby sendingt atrainingmessage:

sendtrain(InVector, OutVector) to Samfe Net

whereInVector isalist of N nunbersandX isthewidth of theinput layerof Samge NetandOutVector
is alist of M nunbersandM is thewidth of theoutpu layerof SampleNet Suchamessagavill resultin
thefeed-brwardnetwork’s weightmatrix beingadjustedsuchthatthenext timeit is testedwith InVector
it will generatean outpu that more nearlyapprximatesOutputVector. If a network receves several
trainingmessagesn the sameprocessingcycle, thenall suchmessageareprocessedin pseud-pasllel)
andasingleweightadjustmen(correspondirgy to the meanof theindividual adjustmentsyvill bemade.
Thepropetiesthatcontrolfeed-fawardnetwork behaviour are:

Initialise [Each Trial/Block/Subject/Experiment/Session; defadt: Each Trial]: The timing of network ini-
tialisation. This parametedeterninesthe scopeof learnirg. Thus,if setto Each Block, learningwill
beconfiredto within block but not betweerblock.

Initial Weights [uniform/normal: default: uniform]: The shapeof the initial weight distribution function.
If setto uniform, thenon initialisation weightswill berandonly selectedrom a uniform (i.e., flat)
distribution, with lower andupper limits deternined by Weight Parameter A andWeight Parameter
B. If Initial Weights is setto normal, thenon initialisation, weightswill be rancdbmly selectedrom
a normal distribution, with meanand standarddeviation determired by Weight Parameter A and
Weight Parameter B.
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Weight Parameter A [any realnumber; default: —1.00]: If Initial Weights is setto uniform, this specifieshe
lowerlimit of theweightdistribution. It Initial Weights is setto normal, this specifiegthemeanof the
weight distribution.

Weight Parameter B [any realnumbe; defadt: 1.00]: If Initial Weights is setto uniform, this specifieshe
upper limit of the weightdistribution. It Initial Weights is setto normal, this specifiesthe standad
deviation of theweightdistribution.

Input Width [a positiveinteger, default; 10]: Thenumter of nodesin the network’s input layer.

Output Width [a positive integer, default: 10]: Thenumbe of nodesin the network’s outptt layer

Connectivity [0.0-1.0; default: 1.00]: The proportion of possiblecomectionsbetweeninput and output
nocesthatareactuallypresenin the network. Thus,a conrectiity of 0.50meanghat,on averag,
eachinputnode is connetedto only onehalf of the output nodes.

Act Function [linear/sigmoidal; default: linear]: Theform of activationfunction thatis appliedto weightel
inputs to determire network outpu. Two basicfunctions are available: linear, which emplo/s a
piecaviselinearsquashig function, suchthat1) inputsbelov onethresholdaremappedto the min-
imum activation 2) inputs greatethana secondhreshdd aremappgedto the maxinum activation
and 3) inputs betweenthe threshdds are mapped linearly betweenthe activation limits; and sig-
moidal, whichemplg/s anonlinearfunction basednthesigmoidor logistic equation,andmappirg
1) low inputs to valuesnearthe minimum actiation, 2) high inputs to valuescloseto the maximum
activation, and3) intermedate inputs non-linearly betweerthe activation limits.

Max Act [any real numker; default: 1.00]: The maxinum activationthatan output nodemay achieve (as
above).

Min Act [any realnumker; default: —1.00]: The minimum activation thatan output noce may achieve (as
above).

Act Midpoint [any realnumler; default: 0.00]: The weightel sumof inputsthat shouldmapto half way
betweenMin Act and Max Act. This property partially determires the activation fundion, but is
independen of theform of thatfunction (i.e., linearor sigmoidal).

Act Slope [any real numter; defadt: 1.00]: The gradien of the activation function whenthe input to
that function is Act Midpoint. This, togetherwith the abore paraneters,fully specifiesthe activa-
tion fundion in sucha way that selectingdifferert valuesfor Act Function will presere the basic
chasmcteristicsof thatfunction(i.e., its steepnesandits effectson extremeinputs).

Learning Rule [delta/Hebbian; defadt: delta]: The learningrule to usein weightadjustment.Learnirg
may be eitherthrough applicatio of the delta-rue or throudh Hebbianweight adjuistment.In each
casethelearningrateis deterninedby a separatgaraneter

Learning Rate [any realnumter; defadt: 0.10]: Therateof learnirg. In geneal, a high learnirg ratewill
meanthatthe weightmatrix resporls morequickly to input-autputtraining pairs,but mayresultin
thenetwork beinginsuficiertly sensitve to its pasttraininghistory.

Weight Decay [True/False; defaut: False]: If set,weightswill gradually “decay”in theabsencef learnirg
throughtheaddition of rancbm noise.

Decay Parameter [any real nunber; default: 0.00]: If Weight Decay is True, this paraneterspecifiesthe
standad deviation of noiseaddedo eachweighton eachprocessingcycle.

C.16 Network/Interact ive Activation I::}

Interadive activation network boxes containnodeswith associatedctivationvalues. Nodes may be cre-
ated,deletedexcitedor inhibited,andtheir activation values maybequeried

Theinitial conterts of aninteractive activationnetwork arethesetof namesf nodesinitially containe
in that network. Propertiesdetermire the distribution of initial activation values. Furthernodesmay be
addedthrowghtheuseof add actions:

addNodeName to Network

Similarly, nodes may be deletedthrough the useof clear actions,delete actions,anddelete all ac-
tions:

clearNetwork
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deleteNodeName from Network
deleteall NodeName from Network

Thefirst of theseremovesall nodesfrom a network. The seconddeletesone noce (whose nameunifies
with NodeName). Thethird deletesall nodeswhosenamesunify with NodeName.

Interactive activation networks will nomally co-exist with a processthat sendsappr@riate excite
messageto contol thenode activatiors:

sendexcite(NodeName, Excitation) to Network

Oneachprocessingycle, thenetexcitationto eachnode within the network is summed This netexcitation
is thenused,alongwith the currentactivationandnetwork properties,to detemine the new activation of
eachnoce.

In additionto exterral input, nock activations may be subjectto internalcompdition from lateralinhi-
bition andself activation. Eachof thesecanbe configured by additianal properties,allowing themto be
enabledseparatelyscaledappopriately andto usealternatve baselinesln addition lateralinhibition can
be configuredto useary of several different functions, and canbe calculatedover the whole network or
within sub-retworksthatpartitionthe setof nodesin the boxinto severaleffectively separataetworks.

If sub-retwork competitian is enabledNodeName mustbe specifiedasa structue containirg a slash
operdor (“/"), in whichthetermprior to the slashis the nameof the noce, andterm afterthe slashis the
nameof thesub-néwork, e.g.mynode/subnet1. Thisnodewill thenonly competewith othersbelorging
to the subnet1 sub-netvork.

Node activatiors within an interactie activation network may be queied by matchingagairst noce
names:

node(Name, Activation) isin Network

In the abore cordition, Activation will homally be an uninstantiated/ariable,and execuion of the
condtion will bindthatvariabe to theactivation of the node whosenameis bound to Name.

Thepropertiesthatgovern thebehaiour of interactive activation networks may be brokeninto several
catgaries:

C.161 General Properties

Max Act [any realnunber;default: 1.00]: Themaximumactivationthatary node mayobtain.

Min Act [any realnumber;default: —1.00]: Theminimumactivationthatary node mayobtain

Rest Act [any real nunber; defadt: 0.00]: The restactivation to which nodes revert in the absenceof
excitation.

Persistence [any realnumter; defadt: 0.90]: Thedegreeto which activationvaluespersistin theabsence
of excitation A persistencef 1.00 will leadto nodesmaintainirg their currert activationin the
absene of ary excitation A persistencef 0.00 will leadto nodesreverting immedately to rest
activation in theabsencef excitation.

Noise [any real numler; defadt: 0.00001]: The varianceof nomally distributed noiseaffecting the net
excitation of all nodes.

Update Function [MR/GH/CS; default: MR]: Theactivationfunction usedto calculatetheresultof excita-
tion andinhibition on eachnoce on eachcycle. Several update functionsusedin the literatureare
available,including:

e MR: McClelland& Rumelhart{1981)
e GH: Houghon (1990)
e CS: Cooper& Shallice(2000)

Eachof thesefunctionsis calculatedwvith respecto Min Act, Max Act, Rest Act andPersistence.

49



C.162 Initialisation Properties

Initialise [Each Trial/Block/Subject/Experiment/Session; defaut: Each Trial]: Thetiming of network initial-
isation. Whenthevalue is Each Trial, the network automaticallyinitialisesitself at the beginning of
eachtrial. Similarly for othervalues. Thus,if thevalueis Each Subject, activationswill bepreseved
within subjectdut re-initialisedwith eachnew subject.

Initial Acts [uniform/normal: defadt: uniform]: The shapeof theinitial activationdistribution function. If
uniform, thenoninitialisationactivatiors arerandonty selectedrom auniform (i.e.,flat) distribution.
The parametes that governthatdistribution aredeternined by Act Parameter A andAct Parameter
B. If Initial Acts is normal, thenon initialisation activations are rancdomly selectedrom a nomal
distribution. Again, the paranetersthatgovern thatdistribution aredetermired by Act Parameter A
andAct Parameter B.

Act Parameter A [any realnumter; defadt: —1.00]: If Initial Acts is setto uniform, this specifieghe lower
limit of the activation distribution. It Initial Acts is setto normal, this specifiesthe meanof the
activation distribution.

Act Parameter B [any realnunber; default: 1.00]: If Initial Acts is setto uniform, this specifieshe upper
limit of theactivationdistribution. It Initial Acts is setto normal, this specifieghe standardieviation
of the activation distribution.

C.163 Self Activation Properties

Self Influence [True/False; default: False]: If Self Influence is True, nodeswill besubjectto selfactivation
whichis calculatedusingthe Self Parameter andSelf Baseline propertiesasdescribedelow.

Self Parameter [any realnumter; defadt: 0.50]: A scalingfactorwhichis multiplied with the self input
(seeSelf Baseline) to give the self activation

Self Baseline [Min Act/Rest Act; default: Rest Act]: The baselinewith respectto which self activation
is calculated. If Rest Act is selectedthe value of Rest Act is subtrated from the noce’s current
activation to give the self input. In this caseself input canbe positive or negaive, depading on
whetlerthenock’s activation is greder or lessthanRest Act. If Min Act is selectedthevalueof Min
Act is subtractedrom thenodes curren activationto give the selfinpu, soselfinfluenceis always
positive.

C.164 Lateral Inhibition Properties

Lateral Influence [None/Whole Net/Sub Net; default: None]: If None is selected|ateralinfluenc is dis-
abled If Whole Net is selectedall nodesin the box contrituteto eachnode’s inhibition. If Sub Net
is selectedeachnodeis inhibited only by othermembes of its sub-netverk.

Lateral Parameter [any realnunber; default: 0.50]: A scalingfactorthatis multiplied with the output of
Lateral Function to give thelateralinhibition on eachnoce.

Lateral Function [Sum/Mean/Max; defadt: Sum]: A function thatdetermireshow lateralinfluerceis cal-
culatedfrom the influerces of individual competitor noces. If Sum is selected,nfluencesfrom
competitorsaresummed.If Max is selectedthe maximum individual influenceis used.If Mean is
selectedinfluencesareaveraged.

Lateral Baseline [Min Act/Rest Act; defaut: Rest Act]: As with Self Baseline, Lateral Baseline switches
betweenusingalternatie baselinevalues for the calculationof lateralinfluerce. To calculatethe
lateralinfluence current activationsof competitorsaresubtratedfrom the baselingeitherRest Act
or Min Act). If thebaselings Rest Act, thenlateralinfluercescanbe eitherinhibitory or excitatay.
If thebaselinds Min Act, thenlateralinfluenceswill alwaysbeinhibitory.

D Representationand Variable Binding

D.1 RepresentingInformation

Any information processingnodé requires that the informationto be processedis represeted in a con-
sistentway sothatthe modelcanapplywell-definal mechaismsto procesor manipuatetherepreseta-
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Table2: Typesof termwithin COGENT’s represetationlanguag@

Type Description Examples
Number Representaumeic information | 3 12.00
—7.24

Atom Representmformationwith no | column x23
internd structure cat

Variable Representmformationthatis X Time
unknown or thatvaries Height

List Representsequenesof [mouse, cat, dog, horse]
information [London)]

Compound | Representsomgex information | goal(subtract(c2,cl))
with arbitraryinternd structure | features(X, [legs(4)])

tions. Within COGENT it is necessaryo beableto represet) for exampe, theinformationcontairedwithin
buffers andthe contentof messagethat passhetweenjconponens. COGENT's representatio languag@
is borrowed from Prolog a programmirg languag originally develgpedfor artificial intelligerce apgica-
tions. Thefollowing sectionggive an ovewview of thelanguag. More informationmay be obtainedfrom
ary standard’rologtext (e.g, Bratko, 1986 Clocksin& Mellish, 1987).

The principal represetational unit of COGENT (and Prolog)is theterm All information thatis to
berepreseted mustberepresentedsaterm. Therearea numter of different typesof term, allowing the
represetationof anumter of differenttypesof information. Table2 givesabrief descriptim andexanples
of eachtype. Any or all of thesetermscouldappearwithin COGENT as,for exampe, anelemen within a
buffer or the contert of amessage.

D.1.1 Numbers

Numbaes arerepiesentedvithin COGENT usingthe standarchotationcorsistingof digits andan optioral
decimalpoint. Following Prolog,COGENT treatsintegers(e.g, 9) andrealnumters(e.g.,3.14159) slightly
differently. Be awarethat,for exanple, 6 and6.0 arenotidentical.

D.1.2 Atoms

Atoms aregeneally usedto repesentatomicthings. Thatis, to repesentsymbds thathave no internal
structure(or whoseinterral structureis notrelevantto the current task). Any unkrokensequene of letters
or othercharatersthat begins with a lower-caseletter (suchascat) is interpretedby COGENT to be an
atom,providedthatthe charactes following thefirst letter areuppercaseetters lower-casdetters,digits,
or theunderscorecharactel(* ”). Thusdog, four legs, anda X3bu areall atoms. Othercombnations
of characterganalsobe madeinto atomsby enclosinghemin singlequaationmarks. Thefollowing are
thusalsoatoms:'CAT', 'four-legs’, 'A&B'.

D.1.3 Variables

Variablesallow the representationof information thatis eitherunknavn or thatmay vary. Like atoms,
variabes are denotedby sequenesof letter, digits, and uncerscorecharactersbut variablesmustbegin
with an uppercaseletter or the underscee charater. Thus,CAT, Rat 4, and myvar areall varigbles.
Note that variebles mustnot have quotdion marksarourd them: a characteisequencéeginning with an
uppe-casdetterthatis surraindirg by singlequoteds understoodby COGENT (andProlag) to beanatom.
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D.1.4 Lists

Much of the power of the repesentatioanguag@ comesfrom the possibility of constructiig new terms
from otherelementsof the languae. Lists areonetype of termthatemploys this constrietion. Lists are
geneally usedto represensequenesof information. Thus,a list might be anapprariaterepresentation
to usewhenmodellingataskinvolving a sequene of actiities, whereorderin the sequeneis important.

Syntacticlly, alist consistof aleft squarebracletfollowed by acommaseparatedequene of terms
followedby aright squarebraclet. Thus, [cat, elephant, fish, 1ion, dog, fish] isalist with six atomic
elementsLists canhave ary numter of elementsbut thelist with zeroelementss special.lt is known as
theemptylist, andrepresetedas]].

A seconccomnonuseof listsis to repiesensetsof things(or evenmulti-sets:setswhoseelementsnay
occurmore thanoncg. This canbedoneby simplyignoling thesequetial orderirg informationcontainel
in thelist representation.Thus, thelist [cat, elephant, fish, 1ion, dog], may be usedto representa
set,ratherthana sequencepf animalnamesprovidedthatthe fundionsandprocesseshatoperateonthe
represetationdo not make useof order informationcontainedwithin thelist.

Theelementf alist neednot beatoms— they maybetermsof ary type. Hence variablesandlists
may occuraselementf alist. Thus,[cat, ANIMAL, fox, [rabbit, rat, mouse]] is alist whosesecond
elements avariable whosefirst andthird elementsareatoms,andwhosefourth elements itself alist.

D.1.5 CompoundTerms

Compaundstermsare, like lists, termshbuilt from otherterms. They are frequently usedto represent
structurel informationin which the structureis morecomgex thanthatwhich occursin lists. Compaind
termsallow, for example therepresetation of themeaningof sentences termsof representationsf the
sentencearts. Thus, the meaningof “Tiggeris miaoving” might be represeted by the compaindterm
miaows(tigger).

In geneal, acompundtermconsistof anatom(in theabore casemiaows) immedately followed by
a left rourd braclet followed by a comna-separatedequene of otherterms,followed by a right rourd
braclet. Theinitial atomis referedto asthecompundterm’sfuncta. Thesub-terns betweeracompaind
term’s bracletsareknown asits aguments andthe nurmber of argumentss theterm’s arity. Notethatthe
commaseparatedequencef termscannotoe empty(i.e., thearity of acompaindtermcannotbe0), and
theremustnot be ary spacebetweerthe compaindterm’s functor andthe opening round braclet. Space
maybeinsertedreelybetweeracompaindterm’sarguments(or betweernthoseargumentsandthecommas
thatseparate¢hem),andshouldbe usedconsistentlyto improve thereadalblity of therepresetation.

Theexampe compundtermsgivenin Table2 illustratethatcompundtermsmaybeembedeéd(i.e.,
an agumentof a compaind term may itself be a compundterm), or containlists andvariableswithin
theiraguments.Highly complex repiesentationsnay be built by usingthis structuringof terms.

D.1.6 Operators

In thelanguag asdescribedsofar, acompaindtermrepresentinga simplearithmeic expression(e.g.,3
+ 4) mustbe written usinga vely clumsynotation: '+/(3,4). Thisis a compmundtermwhosefuncta is
'+ andwhosearity is 2. Therepresetationlanguageallows somecompmpundterms(especiallyarithmetic
expressions}o bewrittenin a morereadablevay through the useof operdors.

Certainpre-definedfunctas areundestoodby COGENT/Prologto beopemtors.If afuncta is abinary
opertor, thenatermof theform '+/(3, 4) canbewrittenin the corventioral way, as3 + 4. Notethatthe
bracletsandthe singlequotes arenot requred whenthe alternatenotationis used.Operatorsmaybe used
in all kinds of terms(not just arithmeticexpressios). Thus, has —fur is the sameas '—'(has, fur), and
a/bis thesameas’//(a, b).

The setof pre-cefinedopeatorsincludesall of the standardarithmeticoperates (+, —, *, /, > and
<). Theseoperdors canbe usedin comgex expressionsandwhenusedin suchexpressionghey have
the usualpreceeénces.Thus,3 + 4 % 5 is is a compaindtermwith arity 2 andfunctor “+". The second
argumentof this termis 4 x 5, itself a compaind term. Precedece canbe overriddenby using rourd
braclets. Thus(3 + 4) = 5 is is acommundtermwith arity 2 andfunctor “+”. Thefirst agumentof this
termis 3 + 4, againacompundterm.
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A seconccomnon useof operates within COGENT is in specifyirg positioral informationfor objects
within analgue buffers. As descrited elsavhere,analogie buffers containtermsthat represenobjects
locatedin one-dmensionalor two-dmensionalspace. A graphical object may be centrel (or aligned
vertically or horizantally) by usingthealigned operato in the objects positionspecification:

text(" Centred text", (300,200) aligned (c, c), [colour(green)])

D.2 Unification: Matching and Variable Binding

Theconbinationof commundtermsandvarialles providesa geneal, expressve representationasystem.
Therepresentationasystemalsoprovidesa mechaism for matchingterms(e.g.,in thetriggering patterns
and conditiors of rules)andbinding variables. Considerthe Rule 1 of Figure 27, which comesfrom a
productionsysteminterpreterandwhich opeateson two buffers,ProductimsandMatches Suppaethat,
atsomepoint in processingProductions contairs theterm:

prod([subtrahend(0)], [do(copy minuend)]

Thefirst condition of Rule 1 may be satisfiedif the compaindtermprod(C, A) may be matchel with the
element. This in turn involves mappng or binding the variableC to [subtrahend(0)] andthe varialle
A to [do(copy minuend)]. Theoperdion in which prod(C, A) is matchedo a buffer elemen to produce
this binding is known asunification. Table3 shavs severalexamges of unificationbetweertermsandthe
resultantvariablebindings. Noticethat,in the caseof compaindtermsandlists, unificationis arecursve
process: two compundtermsunify if they have the samefunctor andarity andeachof their aguments
unify; two lists unify if they have the sameengthandeachof their agumentsunify.

Rule 1 (unrefracted): Addmatding productioninstancego matc memory
IF: prod(C, A) is in Productions

preconditions hold(C,M)
THEN: addprod(C, A, M) to Matches

Rule 1 with variables partially instantiated:

IF: prod([subtrahend(0)], [do(copy minuend)] is in Producti;s
preconditions hold([subtrahend(0)],M)

THEN: addprod([subtrahend(0)], [do(copy minuend)], M) to Matches

Figure 27: A samplerule from a productionsysteminterprete, anda partially instantiatednstanceof
therule

Returnirg to Rulel of Figure27, unificatian of therule’sfirst conditionwith theelemenin Productians
effectively yields a new instanceof the rule, as shaovn in the lower half of the figure. In this instance
the variablesC and A have beeninstantiatedwith the termsresultingfrom the successfumatchagainst
Productions. Therule’s secondcondtion inheritstheinstantiationof thevariables, andsois more specific
thanin the abstractrule. The rule’s action alsoinheiits the instantiationof varialdes, andis similarly
morespecific. In orderfor this instanceof therule to fire, however, the secondmore specific)condition
mustalso be satisfied. This condtion may leadto the variableM becaning instantiatecbefore the rule
fires. Alternatively, the seconccondition mayfail (i.e., theremaybe noway in which the vaiiablesin the
condtion maybe successfullynstantiatedgiventheinstantiationof C). In this casetherule will notfire.

The buffer that is being matched(Produdions) may also containmultiple elementsthat matchthe
rule’sfirst condtion. In suchcasesachmatchirg elemen leadsto a separaténstanceof therule, differing
only in the termsto which the variales C andA areinstantiated.All instancef all rulesarenormally
consideed on eachCOGENT processingeycle (unlessthe rule is explicitly marked to fire at mostonce
onary cycle). Thus, a singlerule may fire multiple timeson the samecycle, eachtime with a different
instantiation.(COGENT rulesmaytherefoe be undestoodasstatement®f predcatelogic, in which the
variabesareimplicitly universally quantified.)
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Table3: Exanplesof terms,their unification, andtheresultantvariabe bindings

Terms Their Unification Variable Bindings
X word(green) X — word(green)
word(green)
f(alpha,B, gamma) f(alpha,beta, gamma) | A — alpha
f(A,beta,G) B beta

G — gamma
£(X) Unificationfails
g(X)
£([2,B], ) £([a,2], ) B—a
£([B, a], M) Me ]
£ EL D Z(CA) B ]
£(L,B) L [a, []]
£([a,B],[]) Unificationfails
£([8,B], B)

E The Rule Language

Thereare two kinds of rules that may be usedfor manipuating information and geneating messages:
triggeredrules(consistingof atriggeiing patter alist of conditinsandallist of actions),andautonanous
rules(consistingof alist of condtions andalist of actions).

A triggeredruleis activatedwhenerer the proessthatcontaingherule receivesa messagehatunifies
with therule’s triggeling pattern.If, onceactivated therule’s condtions aresatisfied thenthe rule fires,
with all of its actionsbeing performedin pseudoparallel. Autonomots rules do not have a triggering
pattern.They fire wheneer their condtions aresatisfied. Triggeied andautoromous rulesmay be mixed
freelywithin a singleprocess.

Triggeredrules are normally triggerel by messagegeneatedby the firing of otherrules. Thereis
onespecialtrigger, however, thatis automaticallygereratedoy COGENT. At the endof eachtrial, block,
subjectandexperiment,COGENT autonatically generatea messagef theform system end(Level) (for
Level equalto trial, block, subject Or experiment, respectiely). Thesetriggersareintendedfor
useby taskervironmentboxes,for exanple to triggerstatisticalanalysisatthe endof atrial, block, subject
or expaiment.

Eachcordition in arule’slist of conditicnsis alogical testthatmay include unbaindvariables. Co-
GENT providesa wide range of built-in conditins for operatimy on list representationsevaluatingarith-
metic expressionsegtc. (seeSectionF), but addtional conditions may be definedwithin a proess(using
theconditin editor) andthenaccessedvithin rules.

A rule’s condtions are satisfiedwith a particularbinding of varablesif eacheachcordition in its
condtion list is truefor thegivenvariablebinding Thus, thesinglecordition:

X is a member of [cat, dog, mouse]
may be satisfiedn threeways(with X bowndto eithercat, dog ormouse), but the pair of condtions

X is a member of [cat, dog, mouse)]
X is a member of [rat, mouse, gerbil]

may only be satisfiedwith X boundto mouse.
By default, COGENT will considerll possiblevariabe bindngsof eachcondtion. However, condtions
may alsobe qualifiedin seseralwaysto limit thefiring of rules:

not cordition: Succeed# andonly if condtion is false.
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exists condition Succeed# andonly if thereis atleastoneway of binding variades suchthatcondition
succeesd. Uninstantiatedvariaeswithin conditian will notbebound evenif the qualifiedconditian
succees.

once condtion: Succeedif andonly if thereis at leastoneway of binding variaes suchthat conditin
succeesd. Unlike exists, uninstantiatedariadeswithin condition will bebound.

unique condtion: Succeed if andonly if condtion hasa unique solution i.e., if andonly if thereis a
uniqueway of successfullybindingarny uninstamiatedvariableswithin cordition. Variableswill be
bound only if the qualifiedcondition succees.

trace conditicn: Succeed# andonly if condition succees, with the side-efect of printing the conditian
andits variabe bindings to the processbox's Messages window. This qualifier is for detugging
pumposenly. It hasno effecton modelexecution.

Qualifiersmayalsobe appliedto sequencesf condtions. Thus,not condtion1 condtion2 will succeedf
andonly if thereis no variablebinding thatsimultaneasly satisfiesboth cordition1 andcondtion2.

If arule’scondtion list is satisfiedby a particularbindng of variadles (andtwo othercriteriadescribe
in the next paragapharemet), therule will fire. This involves bindng ary varialdesin the actionsand
geneating messagesorrespondig to eachactionin therule’s actionlist. Thesemessagewvill thenbe
sentto the boxeslisted in the actions. If any messagesentto a box consistsof the singleterm stop,
thenwhenthe target box receves that messagéts processingwill be completelyhalteduntil the next
initialisation. If the box is a compaindthenall boxeswithin the compaind will be stopped.The stop
messagéakeseffed immediatelyoveriding ary othermessagesentto a box onthe samecycle.

In addition to the above, rulesmay be marked asrefraded and/a asfiring oncepercycle. Refracted
rulesfire only oncewith eachpatternof instantiatiors of their variables. (Therefractorytestis reseteach
time the processcontainirg therule is initialised.) A rule thatfires onceper cycle will only succeedor
onebinding of its variadesonary processingycle. If aruleis markedasrefractedandasfiring onceper
cycle,therulewill fire for differentinstantiatios on differentcycles. Thismaybeusedto geneatea series
of sequetial behaiours.

F Built-In Conditions

COGENT suppats several classef built-in conditions that may be includedin rulesor cordition defini-
tionswithin procesdoxes.

Typechecking: A seriesof conditiors thattestthe type of termto which their singleargumentis bourd:

atom: Succeed# andonly if theagumentis bourd to anatom.
integer: Succeedif andonly if theargumentis bourd to aninteget
number: Succeedif andonly if theargumentis boundto a number.
variable: Succeedif andonly if theargumentis uninstantiated

Term comparison: A seriesof corditionsthatcomparetwo arguments:

is identical to: Succeed# andonly if bothtermsareidentical. This requresthatuninstatiatedvariables
occu in thesameplacesn bothterms,andthatall bourd elemetts areequal.

is distinct from: Succeedif andonly if is identical to fails.

unifies with: Succeedif andonly if thetwo termsunify. This mayresultin theinstantiationof uninstanti-
atedvariabesin eitherterm.

arithmetic: is equal to: Succeed# andonly if thetwo arguments whenevaluaed,arenumeically equal.
This shouldbe usedin prefeenceto is identical to for equality checkirg, asit correctly compares
integer andrealnumbes.

arithmetic: is not equal to: Succeed if andonly if the two aguments,whenevaluated are numerially
unequal.

arithmetic: is less than: Succeed# andonly if thefirst agumentis lessthanthesecond.

arithmetic: is not less than: Succeed# andonlyif thefirst amgumentis greatethanor equalto thesecond
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arithmetic: is greater than: Succeed# andonly if thefirst agumentis greateithanthe second.

arithmetic: is not greater than: Succeedg andonly if thefirstargumentis lessthanor equalto thesecond

alphanumeric: is before: Succeed if andonly if the first agumentis befae the secondin the standad
alphaaumeic order

alphanumeric: is not before: Succeed# andonly if thefirst agumentis equalor afterthe secondn the
standad alphanumericorder

alphanumeric: is after: Succeed if andonly if the first agumentis after the secondin the standad al-
phanumericorder

alphanumeric: is not after: Succeed# andonly if the first agumentis equalor beforethe secondn the
standad alphanumericorder

List processing: A range of condtionsthatopegteon lists:

member: Term is a member of List
Succeedif Term canbeunifiedwith amemberof List.

select: select Term from List1 leaving List2
Succeedif Term canbeunifiedwith amemberof List1 andList2 is thelist of all otherelements
of List.

length: Integer is the length of List
Succeedif Integer canbeunifiedwith thelengthof List. List shouldbeinstantiated.

reverse: List2 results from reversing List1
Succeedif List2 canbeunifiedwith thereverseof List1 (i.e.,List1 with its elementsn reverse
order) List1 shouldbeinstantiated.

replace: replace the first Term1 in List1 with Term2 to give List2
Succeedif List2 resultsfrom repladéng thefirst instanceof Term1 in List1 with Term2. Terml,
Term2 andList1 shoud beinstantiated.

replace all: replace each Terml in List1 with Term?2 to give List2
Succeed if List2 resultsfrom replacig all instancesof Term1 in List1 with Term2. Termi,
Term2 andList1 shoud beinstantiated.

sort: List1 results from sorting List2
Succeedif List1 is theresultof sortingList2. Sortingusesthe standardrder of terms,in which
nunmberscomebefae termsbeginning with upper-caseletterswhich in turn comebefore termsbe-
ginning with lower-casdetters.List2 shouldbeinstantiated.

first element. Term is the first element of List
Succeedif Term canbeunifiedwith thefirst elemenbfList. List shouldnomally beinstantiated.

last element: Term is the last element of List
Succeedif Term canbeunifiedwith thelastelemenbf List. List shouldnormally beinstantiated.

append: List1 results from appending List2to List3
Succeedif List1 is theresultof appexdingList2 to List3. With List2 andList3 instantiated,
andList1 uninstantiategappend will createanew List1. However, with only List1 instantiated,
append canbeusedto split thelist into two parts,gereratingall differentwaysof splitting the list.

delete: List1 results from deleting Term from List2
Succeedif List1 is theresultof deletingatermthatunifieswith Term from List2. If Term unifies
with morethanoneelementof List2 (e.g. if Term is uninstantiated)delete will be satisfiablein
multiple waysfor eachelemenbf List2.

rank list: Ranks are the ranks of List
List mustbealist. Ranks is alist of exactly the samelength,with elementscorrespadingto the
ranks of elementsn List. For exanple: theranksof thelist [3,8,7,8] are[1,3.5,2,3.5]. The
elemers of List do not needto be numters. If they arenot, thenthe standadl order of termsis
usedfor ranking. In this order numbes comebefore termsbeginning with uppercaseletterswhich
in turn comebefae termsbeginning with lower-caseletters. Note thatif the elementsof List are
expressionghatmayevaluateto numters,thentheexpressionsareranked notthenumklersthatthey
evaluateto.
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sublist: List1 is a sublist of List2
Succeedif List1 is asublistof List2. List2 shoud nomally beinstantiatedIf List1 is unin
stantiatedsublist will generé&e all possiblesublists.

find all: List is the list of all Term such that conditian
Succeed if List matchesthe list of all Term suchthat condition holds. condtion may be ary
comgex condtion (andis selectedas a subcomlition using COGENT’s usualpull-dovn conditian
editorments). Normdly Term will containatleastoneuninstantiatedrariade which alsooccusin
cordition, sothatList is alist of solutiors to cordition.

Arithmetic:  Arithmetic condtions consistof an expressionanda term, andinvolve equding the term
to the expression.In all casesary variableswithin the expressionmustbe bourd prior to evaluatirg the
arithmeticcondtion, andthetermmusteitherbe anunbaindvariable or anumker. If thetermis unbound
thecondition will succeedndthetermwill beboundto theresultof evaluatingtheexpression.If theterm
is bourd, the conditionwill only succeedf it is bourd to theresultof evaluatirg the expression.

is: Number is Expression

plus: Numberl is Number2 + Number3

minus: Number1 is Number2 — Number3

times: Number1 is Number2 x Number3

divide: Numberl1 is Number2 / Number3

sqrt: Numberl1 is the square root of Number?2

abs: Number1 is the absolute value of Number?2

log: Number1 is the natural log of Number2

exp: Numberl1 is e to the power Number?2

power: Number1 is Number2 to the power Integer

sigmoid: Numberl1 is sigmoid(Number?2)

factorial: Integer1lis Integer2 factorial

random number: uniform: Number is randomly drawn from U(Lower,Upper)
Succeedif Number matche anumbe dravn at randan from theinterval [Lower,Upper), with all
poirts beingequdly likely. This condtion is very unlikely to succeedf Number is instantiated.
Insteadit shouldbe usedto generata rancdbm numter within a specifiednterval.

random number: normal: Number is randomly drawn from N(Mean,Variance)
Succeedif Number matchesrandan nunberdravn from thenomal distributionwith thespecified
Mean andVariance (i.e., the squareof the standarddeviation). This conditin is very unlikely to
succeedf Number is instantiated.

random number: integer: Number is a random integer drawn from L to U inclusive
Succeedif Number matchesarandan integer drawvn from theinterval L to U inclusive.

trig function: sin: Number1 is sin(Number?2)

trig function: cos: Number1 is cos(Number?2)

trig function: tan: Number1 is tan(Number?2)

trig function: asin: Number1 is asin(Number?2)

trig function: acos: Number1 is acos(Number?2)

trig function: atan: Number1 is atan(Number?2)

trig function: cartesian / polar: cartesian CC is equivalent to PC with origin 0
CC represets apointin cartesian(X, Y) coadinates PC representghesamepointin polar[Radius,
Angle] coodinatesrelative to the cartesiarorigin 0.

list arithmetic: minimum value: Number is the smallest numeric element in List

list arithmetic: maximum value: Number is the largest numeric elementin List

list arithmetic: sum: Number is the sum of the elements of List

list arithmetic: product: Number is the product of the elements of List

list arithmetic: arithmetic mean: Number is the average of the elements of List

list arithmetic: geometric mean: Number is the geometric mean of the elements of List

list arithmetic: standard deviation: Number is the s.d. of the elements of List

list arithmetic: dot product: Number is the dot product of List1 and List?2
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Statistics: A setof built-in statisticalfunctiors andtests:

statistics: probability: Alpha is the probability of being greater than X in D
CalculateAlpha, the areauncer the curve definedby the distribution D betweenx and +inf. X
shoud be nurreric or evaluateto a nurmber. D mustbeoneof:

e z: thestandarchormal distribution;

e t(DF), whereDF is a positive integer: thestudent ¢ distribution with DF degreesof freecbm;
e r(DF), whereDF is apositive integerand(—1 < X < 1): Pearsors r distribution;

e chi_sq(DF), whereDF is a positive integer. the x2 distributionwith DF degrees of freedam;

e £(N,D), whereN andD arepositiveintegers:theF distributionwith N andD degreesof freedan;
e beta(A,B), whereA andB aremultiplesof exactly 0.5: the betadistribution with parametes A

andB; or
e gamma(A,B), whereA andB aremultiplesof exactly 0.5: the ganmadistribution with parane-

tersA andB.

Note: if youwantto calculatesignificancdevelsfor z, t orr, beawarethatAlpha is the probability
associateavith the positive tail of thedistribution. If you predct negative values,use—X insteadof
X asanamument.For two-tailedsignificancevalues,useabs(X) andmultiply Alpha by 2.

statistics: correlation: C is the Type correlation coefficient of List
List mustbe a list of pairsof numters (e.g.,[(2.3,4.2),(2.1,5.1)]). Type mustbe pearson,
spearman Of kendall. Thecondition returnsC, the Pearsors, Spearmais or Kenddl’ s correlation
co-dficient of thelist of nurbers.

statistics: related t: T is the t statistic of List
List mustbealist of pairsof nunbers(e.g.,[(2.3,4.2), (2.1, 5.1)]). Thecondtion returrs T, the t
statisticcalculatedrom the pairsof nunbers.

statistics: unrelated t: T is the t statistic of List1 and List2
List1 andList2 mustbelists of numters(e.g.,[2.3,4.2,2.1,5.1]). Both lists shouldbe of equal
length The condition returnsT, the t statisticcalculatedbetweerthetwo lists (which areassumed
to beindependentsamples).

statistics: chi squared: CSis chi” 2 of Tablel (with expected values Table2)
Tablel representsa contingengy table. It musteitherbe a list of numbeas (nomally integess),
repesentinga onedimensioml contirgeng table,or alist of lists of numbers,with eachof theinner
lists having the samelength represeting a two-dimensionalcontingengy table. In bothcases(s is
the valueof the 2 statisticcalculatedon thetable. If Table2 is not specified(i.e., notavariable)
it mustbe specifya tableof valuesof the samesizeasTablel. Thesevalues aretakenasexpectel
valuesfor eachof the cellsin Tablel, andthe x? statisticcalculatedaccordng to theseexpectel
valuesratherthanaccordiry to expectedvaluescalculatedby assuminga rancom distribution of cell
values.

Miscellaneous: Additional condtionsinclude:

match: Term is in buffer
Succeedif Term canbeunifiedwith anitemin thebuffer namel buffer.
call in module: call condition in buffer
Callstheuserdefinel condtion condition from the buffer buffer. Succeed# thecall succeeds.
get value of property: the value of the propertyproperty is Term
Succeedif propertyis a propertyof thecurrer box, andthevalueof thatpropety within thecurrent
box unifieswith Term. Thisis usedfor retrieving the valuesof box propgerties.
current cycle: the current cycle is T
Succeedif I matchesnintegerspecifyirg thecurrent COGENT cycle numker.
current trial: the current trial is I
Succeedif I matchesanintegerspecifyirg thecurrent COGENT trial numter.
current block: the current block is I
Succeedif I matchesnintegerspecifyirg thecurrent COGENT block nunber.
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current subject: the current subject is I
Succeedif I matchesanintegerspecifyirg thecurrent COGENT subjectnumter.

current experiment: the current experiment is I
Succeedif I matchesnintegerspecifyirg thecurrent COGENT experimentnumbe:.

is composed of: Term is composed of List
Succeedif Term is atermwhosecommnentsaretheelementof List. For exanple, £(a, b, c(d))
is commsedof [£, a, b, c(d)]. This condtion maybeusedto createor decanposeterms. Similar to
Prolay’s univ function.

generate symbol: S is a new symbol with base B
Geneatesa symbolby appenéhg aninteger to B, suchthateachcall yieldsa new symiml. Similar
to thegensym functionavailablein someprogammirg langlages.

call Prolog: call Term
Succeedif Term succeedasa Prologgoal. This is usedfor calling built-in Prologprediatesthat
arenotlistedelsavherein this apperalix.

cutl: !
The Prologcut. This condition always succeedshut fixesary variablesbourd in corditions prior
to it. (SeeBratko (1986 or Clocksin& Mellish (1987).) The condtion canonly be usedwithin
cordition definitiors. It is notavailablein the condtion list of rules.

G UserDefinedProperties

Thesetof propertiesassociateavith a box maybe augnentedon a box-by-box basisthroughthe addition

of userdefinedpraoperties. This facility allows the userto defineadditioral propeties associatedvith a
box,andthenrelateaspect®f thebox’s behaiour to thoseproperties.Six typesof userdefinedproperties
areavailable:

Enumerated: Thevaluemaybeary oneof anumberof explicitly listedvalues.
Positive Integer: Thevaluemaybeary positive integer.

Boolean: Thevaluemaybetrueor false.

RealNumber: Thevaluemaybeary realnumter.

BoundedReal: Thevalue maybeary realnumbe betweertwo specifiedimits.
String: Thevaluemaybeary charactestring.

Userdefired propertiesare of mostusewithin processboxes. Ruleswithin suchboxes maytestprop
erty values,andtherebyensurethat the process’behaiour is appopriatelydepenént on a userdefinal
property. For example anenuneratedproperty with nameBias andvaluespositive andnegative may be
definedwithin a processThefollowing rule within thatprocesswill thenapplyonly whenBias is positive.

IF: thevalueof the"Bias” propertyis positive

THEN:...
Userdefired propertiesprovide a corvenientway to paraneteriseprocesses(and therely mocels).
Oncea modelis paraneterised,COGENT’s scripting languae (seeSectionl) may be usedto condict

computationalexpeimentsin whichparaméersaresystematicallyariedin orde to determire theireffects
uponrelevant depemlentvariabes.

H The Execution Model

Fromacompuationalperspectie, a COGENT mockl maybe consideedto consistof a databusor black
board(to which messagethat passbetweenboxes are posted) and a setof modules(correspondirg to
theboxesin thebox andarrav diagam),with eachmodue conprisinga state a statetransitionfunction,
andanoutput function. A buffer, for exampge, correspndsto a modue whosestateat ary time is thelist
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of elementdn the buffer, whosestatetransitionfunction is determired in part by the buffer’s properties
concening capacitylimitationsanddecay andwhoseoutputfunction is null (becasebuffersdo notgen-
erateoutpu). In contrast,the stateof aprocessis thelist of rulesandconditian definitionscontairedin the
process,the statetransitionfunction is null (becasethe statedoesnt chang during processing andthe
outpu functionis deternined primarily by therulesandconditian definitiors contairedwithin themodue
(with propertiesof the proeessalsoplayingapart) Otherclasse®f boxaretreatedn ananalogasway.

Processingvithin the systemconsistsof two phasesin thefirst phaseall modues operde in parallel
to produceoutpu from the messagesn the bus (by applyingtheir outputfunctions). In the secongpohase
all moduleschangestatein respaseto their statetransitionfunctionsandthe conterts of the databus. The
two phasecycle thenrepeatauntil no further processingccurs. This point marks the endof thetrial. (If
thattrial wasthelasttrial in the current block, it alsomarksthe endof theblock Similarly if the current
blockis thelastblockfor thecurrentsubjectjt markstheendof thesubjectandif thecurrentsubjectis the
lastsubjectfor the currentexperiment, it marks the endof the expeiment.) As describectlsavhere,each
of theseeverts mayleadto thegeneationof system end(Level) triggess, which areprocessedwithin the
sametwo-phaseprocessingycle.

Coorer (195) providesa moreformd descriptionof an earlierversian of the exeaution mocel. The
principal differerce betweenthat descriptiom and the execuion mocdel now in useis that processings
shiftedonehalf phase Thatis, the previous“updatethengeneate” cycle hasbeenrepla@dby a“geneate
thenupdate” cycle.

| Experiment Scripts

An expaimentscriptspecifiesa sequene of stepscomgising anexperiment.lt may, for exanple, specify
twenty subjectseachin threecondtions perfoming five blocks of trials, with eachblock corsisting of
twenty separatdrials. Onceanexpelimentscripthasbeencreatedit maybe usedto contrd the execution
of amodel overanextencedperiodof time, allowing themodelto effectively replicatethestandargrocess
of labordory-basedexperimentatio.

Execution of experimentscriptsis contolled by the four run buttors on the top right of eachbox’s
window. Thesebuttors have thefollowing functiors:

Initialise: Initialise the mocel. This is a sessioninitialisation, which subsumes trial, block, subjectand
experimentinitialisation.

Step: Stepthrough onecycle of modelexeaition.

Run: Execuethecurren expeimentscript.

Stop: Interuptexecuion of thecurrert expeiimentscript.

Whena modelis createdtwo defaut experiment scriptsarealsocreated.One, called Trial, consistsof
threecommands:

initialise trial
run to end of trial
end trial

Whenrun, this scriptinitialisesatrial (therely initialising any boxes whoselnitialise propertyis setto Each
Trial), runsthe execuion modelto the endof thetrial, andthendoesary endof trial processindgby issuing
thesystem-geeratedsystem_end(trial) trigger) This scriptspecifiesa simpleoneirial experiment.

The secondscriptthatis createds calledDefault It is the onethat, by defadt, is initially associated
with the Run button. It consistsof the singlecommnand:

repeat Trial 1 times

Thisscriptinstructsthesystento runtheabove Trial scriptonce.Thus,eachtimetheRun buttonis pressed,
onecompletetrial will be perfamed. If the number of repditions is alteredandthe scriptsased, pressing
theRun buttonwill insteadrunthenew nunberof trials.

Thescriptlanguageallows more comgex scriptsto bewritten. It includesthefollowing commands:
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initialise Level: Initialise the modelat the specifiedinitialisation level. Level, which is selectedrom a
pull-donvn meru, maybetrial, block subject or experiment.

end Level: Performappopriateendof the level pracessing. (A correspadinginitialise Level comnand
shoud occu sometimebefore this command.) If the modelusesthe system end(Level) special
trigger for the specifiedevel, it will be sentat this poirt, andthe model will againexecue until no
more proessingoccus.

run to end of trial: Execue themodeluntil it reacheshe endof atrial.

repeat SutScriptN times: Execue the specifiedsubscripti times,whereN may be ary positive integer.
Sulscriptis selectedrom a pull-dovn menulisting the scriptsalread definedfor this model.

the value of Propertyin Boxis Value: Setthespecifiedpropertyin thespecifiedboxto thespecifiedvalue.
Progertiessetin this way have effectwithin the currentscriptandary subscrips until the endof the
currentscript,whenthey arerestorel to their previousvalues.

Thesecommarls may be assemblednto complex scripts(possibly calling embedeéd scriptsandsetting
propertiesto variows values)in orderto condict exterdedcompuationalexperiments.
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