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A cognitive taskanalysiswasperformedto aid in the developmentof a cognitive modelandassociated
tutor for the task of correctly solving a subsetof the analytic ability questiondrom the GraduateRecord
Examination(GRE). This taskcombinesa numberof importantissuegelevantto cognitive theoryincluding
working memoryload, building appropriatexternalrepresentationsymboluseandmanipulation problem
solving and goal structure,aswell asabstractversuscontet-sensitve learningandtransfer All of these
issuesareconsideredherein aninitial steptowardsthe developmentof amorecompletemodelof analytical
reasoningusingGRE problems.

1 Background

Thesubsetf problemsanalyzedereincludesonly theGRE problemsclassifiedasanalyticalreasonindAR)
problems AR problemsaredistinguishedrom logical reasoningLR) problemswhich arealsofoundin the
analyticalability sectionof the GRE. The LR subsetconsistsof problemsrequiringargumentanalysisin
contrasto the AR subsetvhich consistof constraint-satisfactioproblems.This classof problemsrequires
oneto understand given structureof arbitrary relationshipsamongfictitious persons places,things, or
events,andto deducenew informationfrom the givenrelationships.

Preliminary analysescenteredarounda variety of example problemstakendirectly from a pastGRE
exam. Theseanalysegesultedin the identificationof a numberof enigmaticskills that were effective in
determiningcorrectsolutions,rangingfrom the generalskill of efficient symbol useand manipulationto
themoretask-specifi@bility to distinguishrelevantconstraintsrom boththe passagandthe givenbulleted
conditions.Theseskills werecondensethto threepossiblesourceof difficulty that,onthesurfaceappeared
to offer themostopportunityfor appropriaténterventionstrategjies. Eachof thesewill bediscussedh turn.

Intermediate Inferences The GRE AR classof problemshasat leasttwo levels of difficulty. The easier
level consistof thoseproblemswhoseanswersanbe determinedy directly applyingthe givenconstraints
to theanswerchoicesto eliminatethosethatare not consistent.The moredifficult problemsmay consistof
thosethatrequireintermediaténference$o bemadefrom thegivenconstraintsA stratgy thatwaspresented
very early on in the analysiswasto apply eachgiven constraint,oneat a time, to the answerchoices,and
successikely eliminatethosethatwerenot consistentvith eachconstraint.This stratey clearlybreaksdown
whenan inferencemustbe madethatis not givenin the problem. Neverthelessthe stratgy remainsasan
effective methodfor narraving therangeof possibleanswerchoices.

Oftenit is the casethatmoredifficult problemscanbereducedo a key inferenceor insightwhich is the
mostchallengingto form. Subsequenb thetime thatkey inferenceis made,theremainderof the problem
tendsto unfold with relative ease Reachinghepointatwhichthekey insightis usefulwhile atthesametime
notyethaving thatinferenceeitherimmediatelyavailablenor having it be easilyconstructeanayaccountor
longerresponsd¢imeson a particularproblem.

The questionthat remainsis what characteristioof the problemsthat require intermediateinferences
makethem harderto solve? One possibleexplanationis basedon the theory of working memorycapacity
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[Baddels, 1990. When participantsare requiredto solve a problemthat canonly be solved correctly by
makingan intermediatenference they mustfirst seekout the relevantrules,and only thoserelevantrules.
Thenthey mustcombinetheserulesin orderto inducea new rule which is theinference. The reasonwhy
thisis notalwayssoeasilydoneis becausé& may bedifficult to keepmorethanonerule in workingmemory
atagiventime. In casesvherethe participantmustseekout morethantwo relevantrulesto inducea new
rule, this may overloadthe participantsworking memory makingit hardfor that participantto makethe
connectionsecessarpetweerall therulesin orderto makethatintermediaténference.

Therefore,it seemgeasonabléo provide hints thatwould specificallyaddresghe key intermediaten-
ferencesneededo solve more difficult problems. Thesehints would essentiallybe helpingthe participant
to seekrelevantrules,andallow themto constantlyreferbackto the hint whentheworking memorysystem
becomewverloaded.

A numberof researctefforts have focusedheaily on the developmentof methodgto scafold interme-
diateinferences.In particular a major designprinciple of reasoning-congruetéarningernvironmentsis to
visibly renderandopenlyprovide commentsn the normallyinvisible intermediatestateshetweerthe given
statement&ndthe endsolution[Merrill andReiser 1993. The designof cognitive tutorshasalsostressed
theimportanceof intermediateesultsin theform of explicit communicatiorconcerninghegoalstructuren-
volvedin successfuproblemsolving[Andersonetal., 1995. In every comple problem-solvingcontext, the
procesf determininga final solutionis greatlyassistedy the utilization of effective skills for combining
known resultsandapplyingthoseresultson a pathleadingtowardthefinal goal.

Organizational Representation Anotherway to classifythis classof problemsinto two types,easierand
harderproblems,is by the type of representatiomequiredto solve them efficiently and effectively. Previ-
ousresearchasdistinguishetetweerproblemswith determinatesolutions(i.e. statesufficient constraints
to determinea uniquesatisfyingmodel)versusthosewith indeterminatesolutionsandthe typesof organiza-
tionalrepresentationthataremostappropriatdor eachof them[Cox etal., 1999. In thisresearchgraphical
representation@@.g. tablesmatricesandgraphs)verecontrastedvith sententiaforms(e.g. usingsentences
comprisedof wordsor symbolswhich adhereto a setof syntacticalrules). Graphicalrepresentationkave
theadwantageover sententiaformsbecause¢hey takeadvantageof the parallelsearchingnechanismsf the
humanvisualperceptiorsystem.Ontheotherhand,graphicakepresentatiorsreconsideredo beweakly ex-
pressve sincethey areforcedto leave noinformationunspecifiedandasaresult,therearemary abstractions
which they cannotexpresswithout the useof anindefinitelylarge numberof diagrams.

Understandingn what problemseachof theseforms is appropriateis a valuableskill. Not only is it
likely thatappropriatechoicesfor a graphicalrepresentatiomay be one of the mostimportantfactorsfor
successfuproblem-solvingn thisdomain,it is alsolikely thattheskillsinvolvedin doingsoarevery comple
and hardto learn. Previous work hasbeendonewhich shows that beginning math studentsoften choose
graphicalrepresentationsasecn surfacecharacteristicendsimilaritiesratherthantheir appropriatenes®
the specificsortsof analysisrequired[Bakeretal., 200]. Beginningstudentsn all complex domainsoften
spendittle time weighingalternatie representationhoices sinceits resultis oftennottangibleandusually
doesnot contributeary immediate measurabl@rogressowardananswer Yet, the hiddenskills involvedin
choosingthe mosteffective representatiomay be the primary, underlyingsourcefor efficient andeffective
solutionstratgyies. Thereforejt isimportantto considemppropriaténterventionsfor scafolding theseskills.

From a cognitive standpointdiagramsare usefulbecausdhey lessenthe working memoryload on the
userby dividing the load betweerthe visual andtextual systemsThis freeingup of resourcesn the textual
working memorysystemmay bejust whatis neededo turn anunsuccessfuolutioninto a successfubne.

Decontextualization Althoughthe GRE AR problemsare presentedn story format, they areoftenvery
comple, involving a rangeof objects,qualities,and relationships.Although a considerableamountof re-
searchhasbeenundertakerwhich supportsthe claim that context is valuablein forming effective solution
stratgies,the compleity of this classof problemsaswell astheirfictitious cover storiesleadto questioning
the appropriatenessf thatclaim for this particulartask. The cover storiesseemgjuite arbitraryin the sense
thatthey rarelyif ever give the participantmore informationabouthow to solve the problem. If arything,
they causeheintrusionof irrelevantinformation[PassolunghandSiegel, 2001.

Sincethereis somuchinformationthatthe participantmustorganizeandretainin working memoryin
orderto solve thesetypesof problems,decont&tualizationmay significantly reducethe cognitive working
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memory capacityof the participantby essentiallygiving the participant“less to work with” thatis more
relevantto the problemat hand. It is quite clearin psychologythat humanshave a very limited working

memory capacity The more numbersand lettersthat arein working memory at one particular point in

time, the lesstotal numbersandlettersthat participantwill be ableto work with. Thereforet would make
senseahat decontgtualizing the irrelevantlettersand numberswould give the participantmore capacityto

work with ata giventime, therebyincreasinghe chanceshatthe participantwill makeconnectiondetween
necessaryulesandinfer appropriatémmediateinferences.

2 Methods

The cognitive taskanalysisconsistedprimarily of two empiricaldescriptve approachesan informal think-
aloudstudyandamoreformaldifficulty factorsassessmeiDFA). Thethink-aloudstudysenedtoinformthe
designandimplementatiorof the subsequerDFA. Easyaccesgso largenumbersof authentigproblemsrom
pastexamsandthe simplified scoringsystemof the standardizedestssupportedhe decisionto concentrate
ontheDFA astheprimarysourcefor data.

Think-Aloud Thefirst form of the empiricaldescriptve analysiswasa short,informal think-aloudstudy
The purposeof this aspecbf the studywasto obtaina clearerinitial ideaof what stratgieswerecommon
in solving GRE AR problemsandfor exposureto someof the factorsthatwerepossiblycommonsources
of difficulty. Thethink-aloudswere conductedusinga groupof problems,containingboth easierandmore
difficult problems selectedrom a pastGRE exam. Themoredifficult problemswvereappropriatén orderto
effectively challengehethink-aloudparticipants.

Eachparticipantwasgiventhe questiondn their original paperformat, alongwith extra blank sheetso
be usedfor scratchwork.Two subjectgarticipatedn theinformal studyandeachweregivenasmuchtime
asthey neededo solve the problems.Their spokenwordswererecordedandtheir paperscollectedfor later
inspection.The participantawvereboth college undegraduatesn their final yearof school,with minimal or
no experiencesolving GRE AR problems.

DFA Thesecondorm of the empiricaldescriptve analysiswasa onefactor studydesignedo determine
themostappropriateandeffective interventionstratgy for succesén thetargettask. Theinterventionfactor
wasvariedaccordingto the threepossibleinterventionstratgies discussedbove. Eachof thesestratgies
wereconfirmedto be worthy of further consideratiorbasedon resultsfrom the informal think-aloudstudy

Thosestratgieswere:

e decontetualizing problemstatementandanswerchoices;
e scafolding intermediaténferencesandkey insights;and
e providing anorganizationaknd/orgraphicalrepresentation.

We chosefour difficult problemswvhosedifficulty wasdeterminedy thepercenof examineesvhoanswered
the questionscorrectlyon this particularedition of the testwhenit wasusedasan official GRE exam. The
DFA consistef four conditionsfor eachproblem.Thefour conditionswerecrossedvith thefour problems.

This resultedn four distincttestformsin which eachdifficulty factorandeachproblemwerepresented
once.Therewasno controlfor problemorderingsincethatwould requiresignificantlymoretestformsthan
wasappropriatdor thisinitial cognitive taskanalysisstudy

Twenty-foursubjectavereaskedo participatein the study eachcompletingoneof thetestforms. Their
final answersandsolutiontimesfor eachproblemwererecorded.The participantaveretakenfrom arandom
sampleof college studentsr recentgraduatesThe participantsvariedin termsof experiencewith the GRE
AR classof problems.

3 Realts

Think-Aloud Theresultsof the think-aloudstudywerethe difficulty factorstestedin the DFA. In Figure
1, thefirst participantmadean inferenceregardingthe relative positionsof objectsandlandscapeswhich



Analytical ReasonindCognitive TaskAnalysis 4

weretwo typesof drawingsto be orderedin onegroupof problems. This inferenceleadthe participantto
recognizewhich type (objector landscapejnustbein an evenposition,andwhich onesin anodd. This key
inferenceaidedthe participantin several of the problems.

No two dravings next to eachother Ok thatmeansyou mustgo object,landscapegbject,
landscape..Sinceyou have 4 objects,and 3 landscapesyou have to have thelinesbegin
with anobject. Which alsomeansyou have to endwith alandscapeno, object.

Figurel: Subjectl from thethink-aloudstudyformedakey intermediate
inference.

The secondparticipantexperiencedlifficulty relatingto issuesof context. Even thoughthe subjectde-
contextualizedthe problemin the beginning, he abandoneds usefor the remainder The subjectalsospent
significanttime attemptingo understandhenames Theparticipantprovidedthefollowing commentshavn
in Figure2. Thisseemgo beadirecthintto thefactthatcontetualizationandworkingmemoryarebig issues
in thedifficulty of solvingtheseproblems.

FionaandGabriela, Judith—I'm goingto nametheseby their letters.F, G andJ, K, M, S,
T, andY.

| will saythatfor all of thesethehardesthing is keepingtrack of all of theseeightnames!

Figure2: Subject2 from the think-aloudstudy recognizedhe needto
translatethe context to symbolswhich reducesvorking memoryload.

DFA The quantitatve resultsfrom the DFA indicatedno significantdifferencein regardto the cover sto-
ries, but therewere significantdifferencesbetweentwo of the difficulty factorsandthe original problem
(IntermediatdnferenceandDecontatualization). Theresultsaresummarizedn Tablel.

| Condition || Original Problem| Representatior} Interm.Inference| Decontatualized |

% Correct 62.5 66.7 79.2 83.3
% Increase - 4.2 16.7 20.8
Effect Size - 0.3 1.0 1.3

Table 1: Resultsfrom the DFA, percentcorrect,percentincreaseand
effect sizefor eachcondition.

4 Discussion

Theresultsof our DFA will influencethe designof the cognitive tutor. Both decont&tualizationandinter-
mediateinferencescafolding improved performanceon the GRE problems however organizationarepre-
sentationdid not prove to be significant. It may be possiblethatorganizationarepresentationlid not have
aneffectin our DFA becausearticicipantamayhave to createtheir own representatiom orderto interpret
anduseit correctly Participantsin this experimentnotedthatthey eithermisunderstoodhe representations
givenor usedit incorrectly If this the casethenvisualrepresentationsiay be an effective problemsolving
strat@y, but our approacho scafolding themneedso be differentsuchasteachingthemhow to makethe
decisionwhatkind of representatioto usedependingn type of problem.This shoulda worthy next stepin
our researclprocess.

Basedonthefactorsin the DFA thatdid have a significanteffect, our tutorwill scafold theseactionsby
referringto the objectsto bemanipulatedn amoresymbolicform, andif necessaryshaowving the userhow to
decontatualizetheproblem.Thehint messagewill belargely basediponhelpingtheuserformintermediate
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inferences.As shavn by the DFA it is importantto aid the userin forming a deeperunderstandingf a
probleminsteadof relying on amoresurfaceunderstandinghatmayleadto incorrectassumptions.

One participantin the DFA, who had more experiencetaking GRE examsthan mostof the other par
ticipants,offereda retrospectie analysisof stratgiesandanswerchoices.In particular he relatedhow on
oneproblemheidentifiedit asan“easy” problemfrom the context of the questionsandthereforechosethe
correspondingeasy” answetwithout considerinchis decisionmorecarefully. He cited his useof test-taking
stratgiesspecificto the GRE andthe needto finish the problemsin a shortamountof time asjustification
for his stratgy choice. Theanswerhechosewasnotthe correctone. This supportghe claim madeherethat
relyingonintuition is oftenafragile andmisleadingapproactio adoptwhenthegoalis to answettheseGRE
AR problemscorrectly The particulargoalof this researchis notto developamodelof desiredperformance
thatincludegest-takingstratgies,but rather onethatincludessoundskills for consistenthaccuratesolutions
of this domainof constraint-satisfactioproblems.In the samemannerit is likely thatintroducingcontext
in problemstatementsandmorespecificallythoseexamineesvho rely on thatcontet, is morea sourceof
difficulty to be overcomethanit is a bridgeto a variety of informal modesof correctreasoning.With the
compleity presenin the structureof theseGRE AR problems,jt maybe a wise decisionto developa set
of general abstracimodesof thinking that providesthe validity andassuranceeededor consistensuccess
in thisdomain.
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