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Analyzing Aptitudes for
Learning: Inductive Reasoning

James W Pellegrlno

University of Pittsburgh

I. INTRODUCTION

thL chidiiges in LOE“I(IO" .md pcnommme that occar as an individual moves from
1w 1o highcr C(iiiip(.(LnC" ina dom.un of knowlgdt,c and skill. A framework for

s trans¥ion in competencc can b‘. speuhed in
These

(Atkinson & Paulson, I‘)72. Gl.nscr I976) We are conu:rned here with (hc
second Lmnponuu———(hL initial state of the learner. Instruction begins with the

learner's imual knowledge and skill, and proceeds forward from this base. 7['711}75}.
ihitial stat¢ characteristics tacilitate or retard the learning of subject- -matter com-
They are c.ompnsed of subject-miatter skills thit can assist in leammg

ELENCE: Innul state

petence
and that are tr

also consists, of learning bRIlls lh.nl u)mnbutc w thc. acquisition of new knowi-

Ldgb lhns Lhdp(cr dcsulbe,s lhc bcg,mnmz, of an .mempt to gain theoretical and

thrL are a numb«.r of wiys in which the mnml LOI]lleLnLC with which an

mdlvndu.nl begins a course of leaming has been considered in educational prdc-

tice. Omne is assessment lhrough the use of aptitude and lmclllgcnu: iest scores

that are pl’LdlLllVL of scholastic achievement: A second is the diagnostic assess-

filent of 4 stadent’s strcﬁéiﬁs and weaknesses in a subject matter that might be
dltenided to in remedial programs in the course of specific instruction. A third,
o) 269
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used pnm iy with young children, 1s itie usxusmml .md training of reidiness
shills; e, certiin p;rupm.ﬂ and language LOlananLlLb required for instruction

m rLude and eleimentary grtimetic While these three approaches are interre-
jated. they eniphusize dmc ent gspects of pgrtonnzmu: namely, gcncml und

spgum apuitudes, \ub_]t.cl ... F piereauisities. and developmental level. Our

concern in this chapter is with th virst of these.
As 1 evidenced by carrent do e, o; itule and ll‘llclllbcnu. tests thL buomc

a well established asput ol our Ldu-.l“()lldl systeni: Hardly an individual has
cmerged trom our edacational system in the iveent pusl without having his or her

ability to learn measured by an aptitude test. Thz e tests of general mlclhbence

and of verbal and quannmuvc aptitude mieusore the kind [ iniellectual pertfor-

mance that is 1nost accurately called ° ;,anral scholusm avlity.’ ' Correlational
evidence his shuwn that the abilities tested are prLdlLllVL /1 suceess in uhool

fearming. This pmm is to be emphasized b‘.causc no test i u.inply valid in
general, but is iritended for a_specific purpose and situation. Awire of this
operational facl: textbooks and afticles on the subject (e.8., Cronbuuh 1970;
Scarr, 1978; fylu 1963) carefully puint oul that these tests are not tests of

intelligence in some ab\lr.n.l way. Rather, it we base our conclusions aboat what

these tests mieisure on their most effective ase. that is. their predictive vnhdlly,

then the verdict 1s that they arc primarily tests of abilities that are tieiptul in

present duy school situations. However, our understanding of these abilities for

learning is very incomplete. We Know that the abilities mcasﬂred by such tests
aceount tor 35 to 45% of the viriation in school performance over all school

lL\Lls We aiso know thit this Lorrd.monul knowledge does nol provide the kind

ol anderstanding that eiisibles os to enhance or rerediate these abilities for

learming.
‘There 1s current sugnum and social dl\\dll\ldt.llt)n with such tests for lhru

main reasons: (1) th prusunl up;r.munul detinition (validity Loc.mumls) of

these tests seems 1O have reached & pl.mau of eificiency with var prcscm

lechnology . Etforts to improve prcdnuuvc and dmgnosuu validity have run into
7777777 assesspietit of dblll[lLS that

diminishing returms. (2) The tests reflect @ restric

jimils their dtility in the guidance and nnprovz.mcm of student achievement. This
Is 50 because the tests provxdc information usetal primarily for go/no-go selective

decisions about program entrance; they do not provndc inforniation that could

change the course of instruction. To be Lonsldurcd adequate, diagnostic. measures

should assess ditterences in leaming abilities and acquired Knowledge, thereby

indicating how schools can adapt their lv.ammg environments 10 diverSe indi-

vidual needs. (3) hnally scientisis are now recognizing that current test theory
and techniygue tave not made contacl with modern pxyuhuloblwl theories of

leaming and cognition. New eftorts >hou|d be influenced by the developments n

these dreas: modern theory now appears capable of bringing us closer to under-

standing the componenls of cognition that underlie the abilities for leaming,
which leuad to suceess in school.
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W |1h th .1[10\-. needs 1 nind, our prograni of research uses the L()llLLpl\ and
Hicthods of cogmiuve psycholoygy 1o anilyze the ll“l.“LLludl fanctions assessed by
Hicsares ol seholastic aputude. The eveintial go il is to anderstand the consitu-
et pmu\\u and content mmvolved, and o show how th) ed
mmuﬂh nstruction. Betore we dese ribe our amaly ses however; itis appror e to

feview brictly two previous attempts o relate measured .xpnludu. to ditierent

.(‘.ll'nmg civironments.

A Previoos Attempts to Relate Aptitudes to Instruction

Vo Dviterentngl Apntiades. Ps\dmmunu.ms have not been reiiiss i at-
t -7\.|»mn 0 mutu Jdeoper o the ditterent l.lLLls of humuan u)gmlmn su that tests
musht be niote seiitive to mdnidr.ll differences. Some yeurs ago, dissitistuc-

Leoiy Wit foac. mh ail thie 10 .ind on mulllplL factors led 1o a de- mph.ms of the
centoeplovl pen, Ll ditethpencd < qnd increasing popularity of ditferential dplllUdL
PCses Lt o o all oven 4l measure of general aphitude. schiools bc"an o
drpios dests pm\nlul fiicisares ol o varicty of factors such as \pdlul
Hrewheitboad id absiaet redsaning: Ihuu test batteries .nlunpud 1o prLdlLl
Cieeas ol vocdiional progrditis that .xppg sred o require different apiitude piit-
HUTR
I v, a _aictul il 1S sis wois dunL by McNemar of the v. 1Iu11() Luumums
o cetiarn widery used dmuum al .lpmudc buticries. He argued froin hx\ .m.nly SIS
that, N aade Lot tests of ninierieal abiliny having ditferential value tor prudlu-
My s leeo] gl i ath: 1t seents, sale o conelude thadt the worth of malutest
bateiios i ditterential predictors of achievenient i schoot hus not been demon-
Grdted . e tar trom clear that tests of LLllerl nlethnu have been out-
re uscral prt.du.lm\ of schoal achieve

rieded by (he mislutest batteries s the m
Hicie \p 8755 NMore recent work reallifins McNemar's conclusion ((.xrmll
Y 7

Thus. the atiempt o tuither ditferentiate specific ability putterns and relite
thiem to spectiie educationsl progrinis wi at best. no more suceesstul than the
use ol general ability mieisures. Ditterential aptitude tests followed the dLLLplLd
practice of altempting o prLdul the tinal outcomes of learning, aid did no better
than genetdl abilify tests in .xlumpung ™) |dcnuty .md measure .nblllms lh.nl LOUld
be related to lHUdLl\ of leirning: and to p

vanous tasks. NMeNenidr (l‘)()-l) retlected on i po'mblu reasoni for this lack of

wecess i stted the tollowing:

Allilics, oF capacitics. ot .Apmudn of intelicctual skills. or whatever you choose
tor call thenii, dic diicisiied im ey of response produets 0 standirdized stinalos
CSitiitinns. The stmulus 1y presented to an organisi which by some procesy camesy
ap with 4 reaponsc: thus any atteinipt o theorize und/or study intellect in termy of a
simple shimulustresponse 5 Rj ps aradigm seems doamed o faitture unless. dr""ii'-

Aafid unnphn.ﬂud by the insertion of O Tor organisin Gid P tor

calby madified
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process. . . Studies of individual difterences never come w0 Brips with the process,
or upur.mon by which a given vrgiiiisii achieves an intellectual response. Indeed, 1t
15 ditticuli to see how the gvadluble individual ditterence daia cul be used even as a
siarung point for generating a theory as to the process natare of general inteHigence
or ol any other specified ability. (p. 881)

2. pmua& Treatment Interaction. Pb)’LhOxOblblS and edu

sedre tiers have been concerned about the relationship bclwccn measures of indi-
nduul difterences and learning viriables, To @ large extent; this work was
heralded by the 1957 book by Cronbach .md Gleser entitled Psvehological Tests
(.nd Personnel Decisions and its second edition in 1965 This book developed
dumon lhu)rv model tor the selection and pl.u.cmenl of lndwrduals into various

m.mm.m\ th word treatment was gw"n ia bro.nd meaning; n.lcrnn;, to what
ndividual in an lnblllulipli;jl 5 L in LdUCﬂllOll it rclcrs lo

is done with an |
the particalar progr:
ihe opportanity to select. This lhcormul .m.nlym ponmd out that dpllludc
iformation is usetul i modifying and sclecting treatments only when apgitude
aiid treatient can be shown to interact. This rc.se.m.h is di'ler;m from that of the
prcwoush mentioned work on difterential .npmude lLSllng in which cmphasis
wiis placed on determining the relationship betwecn measured aptitudes .md
lmrmnb cutcomes resulling trom reliatively thd curnc.ul.n In the ATI work,
cmph.mx is on determining whether dplllUdL\ can predict which of several dll-

terent learning methods inight help ditterent individuals attain similar educa-
Gional ouleolies.
Comprehensive reviews erurl detailed analyses of ATI siiidics (Br.uhl 1969:
Br.n.hl & Glass, 1908). Cr'on'b'.uh :ind Snow (1977) have carried out a very
exiensive feview and analysis of many of the ramificaliofis Ot thic ATl probl;in

Thev conclude that, with @ few nolable exceptions, ATl eftects h..ve not been
solidly dunonslr.md Thi Irequ;ncy ot studies in which th appropriute interac-

tions have been tound is fow and the memul evidence tound in tavor of such
mur.mnons is ofien nol vnry wnvmun s, In those ou..monul instances when
, no generat principles have cmerged because
of lhc l.u.k o consistent findings in replicated studies and in transfer to new
bubJLLl miatter tasks:

While one is .slruck by the absence of “any prcat.npuve assistance o instruc-
tion, certain sections of the Cronbach and Snow book sﬂz,beu a trend that bears
further study: A patlern of mor¢ promising results appeared in situations where
investipators were forced lo construct an dpllludé measure because no ready
tiidde and labeled aptitude tests were already .nv.ul.xblc There appears 10 be a
tr..dmn between the reliability oftered by ebtdbllbhud tests of aptitude and the

in’lo'nnanon aboul acquisition processcs dlforded by tesls spu.mlly consirucied
for experimental work. In research using prCl“C .xpnludcs it scems as though

6
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rescarchers prc\unud tht lhc label of u pdnuul.lr .lplllUdL measare had direct
unphicanions tor aistructiondl pricuee. For ex camiple: a xp.xlml uphludL test was
paied with procedires thid de- uiiph.mnd verhal content i instruction. But the
fiicic absuiive Of words (dl.n;__rim\. tor example) by no means implics the pres-
ciice vi abilities reguired 1o these tests:
) Phewe tesults Certiinly do iml recommend that standardized tests be aban-
divied s indpproprite IHLJ\UI”L\ in ATl rescarch-—the tault in these etlorts
sppear< @ be i hie dbsence ol .iquUJlL theuries of test performance rather than
e tie fests ticiiiselses, The clear need o that the use of traditional psychometric
fstranicits wdl have w be .lCCanp.uHLd by carcful analyses of provesses thal
feate aptiude Irc.mmnl, and the I\HL)WILL]EL or skills being learned. Testable
PR TR TR nqnlh.l it deseribe mmpu;nua measured 1n the pretest, com-
peciionos rogaired ot n\k p;.tnnn.mu, and treatment procedures that connect
e e S TIROGY AT the present lnm. penerally used aptitude constructs
Abe b pnedin e didiicisiens for e warng those individual ditferences that
derived from a
S5¢S

Coelact Wil wilfeieciit WEss of IL.nrmnﬂ These micasdres;

et selection orented taditon; do not .ipp; .|r to relate ta the proc
Upetiariiiadice it iave been ander mvestigation in experimental

Chocate s i

tevereptnental pey chlogy The HLJI!H( nis unvestigated in AT studies have

Sroee oeneiated by dily syseiiate analysts of the kinds of psychologival
Cowawe D Dabied Sipod i panicala pstructional methods, and individual dif-
e s mog Deeh dsstssed N terins nt refated pertormance processes.

« Cogiitive Performance and Individual Differences

Pro e caphed o the results obtaned from xu;h lldL.nur\ ds differential
Cresbatg ad ATT resedred Rus beeid ledriicd slowly: 11 1957; Crnnb.u.h
Pihat CConstucts onginaling in dm; renitial pxuhnlnw are now hung
i iesult, the whole theoretical pictare in such
RIPRINTIC! .;% Budniit abilitics is L iging It now becomes pussible ... ulu-
dately Lo diiie the peyihvlopy ot 1itelligence with the psychology of learming™

i B8 The ponit was fe werited m 1972 by Glaser who called for rescarch on
the ied dpttudes’ Uit would be xnurpuud in terms of process constructs.

Hnwuu tic Qines nl lx\L.tth le‘UﬂLd m lhl\ Lhdplk.r h.n unl) rucnlly bcgun

Do o caperimentat varnables

process cotistiutts Gt conteniporary thOﬂL\ of hum.m u)bnulon and cognitive
Jdeselupiiient.

e peirticubar nrluil;nmn and the \pulhn. problem that we uddrnss cian now b<.
sticciiictdy si wed the global ()hJLLll\ ¢ 15 1o contribute o an understanding ot the

wiys inw! el mdmdudlx ditier tn abilities tur learning. In the long run, our t,().nl
will be .uhuud nl w; L.Hl LOULh ahnhlm lo lcam in ler5 ol lhc conupls ot

; 7
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step is to accept the robust correlational fuct of a relitionship between certain
abilities measurcd by test tasks and school achievement. We then identity classes
uf test tasks that have consistently appeared on scholastic aptitude tests and use
current techiiques of task analysis to understand the nuture of the performance

feluted capabilities based upon these interpretations. In this chapter; our initial

clicited by these tasks. A logical next step would be to relate the aptitude
pi

ares, e g5 baginning reading; text comprehension, elenientary arithmetic; sci-
efive problem solving; ete. Such an approach should begin to explain the predic-
tive validity of the sKills of learning measured by scholastic aptitude tests; and
thie reasons for limitations in validity, and may suggest how instruction could
improve the intellectual performances involved. As Carroll (1978) has written:

vesses to similur task analytic work being pursued in school subject matter

The performances required on many types of memal ability tesls—Iesls of language
comipeicnte, of bility 1o manipulate absiract concepts and relationships, of ability
sledpe to the solution of problems, and even of the ibility (o mike
smparisons of stimuli (as in @ test of pereeplual speed)—huave

to upply Knov
simple and rapid

great and obvious resemnblances (o pertormances required in school leaming, and
indeed in thany other figlds of human activity. If thése performances are seen as
based on leamed; developed abilities of a rather geieralized character, it would
frequently be useful 1o assess the extent o which an individual has acquired these
abilities. This could be for the purpose of determining. the extent to which these
dbilitics would need to be improved to prepare the individual for farther experi-
ences or learning activities, or of determining what kinds and amounts of interven-
ton might be required (6 effect such improvements. These determinations, how-
eier. woull Hae@ 1o be based on miore exaet inforiiation than we now have coneerm-
ing the eliedts of ditferent types of leatning experiences . .. on the improvement of
these abiliies. (p. 93-93)

i APPROACHES TO APTITUDE ANALYSIS

A. Overview
Within this developing area of aptitude rescarch, ihiere appear to be two general
research approdches (Pellegrino & Glaser, 1979). The first of these, which we

have tericd the *cognitive correlates™” approach, secks to specify the elemen-
tary inforination processes that correlate with high and low levels of aptitude.
Scores on tests of aptitade and intelligence are used to define subgroups to be
compared on liboratory tasks that have relatively well-defined processing charac-
teristics. The pirticular tasks chosen and their hypothesized underlying processes
can be interpreted in the broader context of general models of the human cogni-

tive system. Examples of this type of research can be found in the work of Hunt

and his collcagues (¢.g.. Hunt, 1976, 1978; Hunt, Frost; & Lunneborg, 1973,

5
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Hijiit & Lansinian, 1975) The second rescirch approach, which we hive enmed
the “cognitive components™ or “lisK analytical™’ ‘xppruduh. dttemipls dlru(l)
ideiitily thie ITOFINGON processiiig componeits of perforiance on Id\ks ased to
assess phitude. Inthis approach, pumrm.mu on pxuhumcmu test tasks be-
{ xl\ ses: The ohjcctm of this work

and to use th\L pror‘“ modulx as @

coities thie sbject of thedreticdl
is to deselop models af sk erh)rm.mLc
lm\u tor ‘mh\ldu xl \hllcumc ROE 11)\15 13

~ l:!.m'! ll‘lm»\, .\lunhuu '1‘1/75 .md Cirroll (I‘)7(1)
AN L teselt o Gt Feview ol jeeeit .1pmudc lcu.mh (l’cllcumo & (;I.mr

P79y e have aigiicd that th COZIIISC-COMPONCHtS .1ppmdLh mu)rpm‘llu the
Coviniite-colicldie s Gpprodch, asoids the expliaiitory inadeguucy of indirect cor-

Y ST IRSTIE  STR R I TETS | RN the th’m'rcnc;il power 1o consider differences on
s diiciions of cogiitse functioning: Cognitive correlutes research has
Eujriedint tociiseag o rekinively stiniple processing lnk\ that imeasare th \pu.d of
AcCus iy Code s i g T e niory or nu nnpul mnn informaton in short-tepn
gy Hoorer, processing \Pg\d is otily one ot several u)unn\d Lonipu-

Cote 0l onplen Liskss My memory and pmhlun solving tasks require

O N N SN N \mL\ uch s the actvation and manipulation of memory
Wies e el spee d and voordination of these higher-level operations

TSR RS IS TON HT TGN R (~g;‘ that tacihitare the .1ppmpr| e \LqucnunL of
1

vocontnbate saostantnalhy woomdinodual difterences i operformance., particu-
N TR R YU TR T N x;iiiim,\n\ involve mercased demands upon hinited

EUTE R SR AT ¢ aid ;m\u \\l'l" resodtees. Thus it becomes Ilrlrlp()rrl.lnlrlo r.gL\L
i on socat ndincdaal dittererces i esecutive rodtines,” which hive be-
St centtuon miosl connitive theonies T Gddition, semantic or declaritive
R edae stiactutes faithier deteriiine how sk conent is uluulul and repre-

¢ xlruuur ll Pprop-

;\m\.f md. oSk 0 Tinteracs \»nh prmg“mL g;ipilhllllk\ lh

201 OF peseiirch meln)\ i m\k .mxl)m .lppmdnh that dllunph to
coriader these mul.:H\ depeident dspects-- hasic” processes (automatic and

contiollecd auenbon-denanding  processes): eaccutive strategies, and content
I\nmslg.h“ - 11 'hg Jll!l)\l\ ol th pur!nrm.mu Lhd[dL(Lrl\llL\ o' \Rlllul and

{ )L topiog

mmd TN

cnce An .ukqu.m c\pl.m ion of lndlndu.ll differences in ‘xpmudu for lwrmng

st comie to prips with these interactive aspects of information processing.

9
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B. A General Analytic Scheme

Betore pruc;erdlm. 10 a discussion of our research: we must bmﬂ) deseribe the
generil framework and analylic schemie that has guided our efforts. ‘This pl.m
which has evelved from our own wurk dnd that of others (see Glaser & Pelieg-
ritio; 1978); prescribes the tollowing stages and scts of 1ssues.

{: The first step in a s)\lundllu .m.d)sns of mdmduul dmgruices in aptitudes
for le mnnb is to 1dentity the domain of tashs associated with an dp“lUdL tuctor.

By this we mean identifying i core set of tasks that lquucnlly GeCar across many

widely used tests and thit have been shown. in factor-analyue studies. o have
consistent refationshiips (0 certain basic aptitude constructs. Thus; the tasks cho-

won Tor analysis should hd\" t1) rehable associition with a reasonably general
.lp(lludz. constract, il 12) consistent prgdunw \dlldll) with respect o a crite-

ron DLHUHHJHLL of >l;_,mllum‘u tfor example, academnic Jthuumm)
An adeyuate undgrsmndmb of mdwndual differences in a partcular aptitude
L.lllnk)l tx_ b.md upon an Il!ansl\ analysis of only 1 \lngll. task with a high

_Rather. 11 1s necessify (o conduct analyses that

u)n\ldLl the vanous m(uwrrg. ited tasks that define more u)mplunlv a substan-

ttal set of performance: u\mprlsmu a particular llrsl order ur higher-order ap-
(tude construct. A successful process analysis of multple tasks pruvides the
busis tor undLl\ldndlnL, tite paticrns of llllLf(.OerldllOl’I\ amony tasks. Morte ini-
portantly. the analyses of muluplL tasks should pv;rilill the differentidgtion of
general and specific cognitive processes and help tocus on a fevel of anilysis
where reacdrch vun identily the extent of process (rainability and transter etfects.
2 Unee the domam of tushs assoctated with in aplitude construt of mlum
15 Jdefined, it s then necessary o develop aid vahdate miormalion processing
iudels tof the ditferent tasks. The iheories and models can be derived from
Ccolnipuier siinulauon programs and/or empirical studics of the effects of task
properties on latency: solution pmlou)ls andt erur patterns. These modcls nust
Jditlerentiate between basic cogiitive processes dnd higher- level strategres that

cxibility is ficttssiry because

cuilirul process lnlL}_.rdll()n and-sequencing: Th

individuil ditferences naty be mdnitested at ditferent levels as i function of the
rabige and dn\lnbul.nn of dbility being considered. The unilysis of & p;muul.ir
Lisk mast also eaplicate the spurces of JiiiiLhiiy that differentiate testitems, thus
mondmu the basis for ifidividaal vanation in test performance. Test tasks are

mmpm;d of heterogeneois e sets where the individual irems viry considera-

bly i difficulty as a tunction of ability or developmentdl lLVLl Thus: an under-
sldridiiig of individual differences in task performance niast include a process
theory of item ditticulty. l-or this purposu the processes spccmud as the comipo-
tiecnts of perfurmance must m\nlw a level of anilysis that is sutficient lo expldin

individval item Chiricteristies: individual subject p«.nnrm.A ace: and the interdc-
tion of the (wo.

10
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3 The thud nﬂjor step in the analysis is 1o use ihe mod;ls ot l.ul\ pcrtor-
tidnce ds x'n. basis tor individual ditférences analyses in edch l.hl\ In this way,
thie utilits of & nrodel tor caplaming the source(s) ot individual dl“t,anLL\ can be
turhier tested .md valdated. Individual ditterences cin be Ith.sllbdlt.d in terms
ot tlie piir umu rs of 4 model, or in terms of the applic Jbllll) of ditferent models
tot thie PL”U'!HJHCC of difterent individuals. Such an analysis must also mvnu-
gite vie soarces ol duulnpmgnldl ditferences. Hois nevessiry (o nip oul lh&.
rett .\.mnp between overall developmental change in niental ability and sourccs
of tdnodoal ditferendes within separate age groups. There is no reason 10
KNI st the sources of individual difterences within oite lige group are neces-
sattiy mpll m.L to mndnduals at g highier or jower mitarationat level.

4 e neat stepon the analysis of mdmdu.xl differences is the examination of
Ciees fash wonissteney n souarees of diidividual dxth.rumn Based upon the re-
Sitiis ot lf'L ;m\ cding seps, one cdn then duempuo \puny anid test the cognitive
Conenents !.‘i;;: are venelal across all tisk tornis erXL\Ll“JH‘/L ot the .xpnludc
Unm‘u.i g ceaiuple, dinducnon tsksy, d“d unm. that are \pu.lllt. to a given
Cow Totoof content diea o this work, the .x(u.mpl shoold be made o account for
3 con dend parterns of relatiGistips tfaond i the psychometric lierature.

tnothe laler stapes of fhis resedrch, s inchividual and duclopxmnml dif-
' Ve Provesses die ideiitified: woik can prmud on the analysis
Gt et Bisks Sindilad o those used o establish JplllUdL test vahidities, The
Lou o s ettt s o idenitiny process amd hnow ledge structure characteristics of

ll

EHTHRYS I‘C.’!U!'vnll\ o thit dceoaint tor llu u»rrddnnn\ of .lplnudL mL.xsurLs V\llh
Cravtion pertaitabice Cuncarrently; ruurgh can be carmed out on the
Sieshitiari v and st ahnlm of these charactenstics of intellectual tunction-
S as ey UiV [0 Suppor 1 or enhance an mdnidual’s abibities tor feaming.

il INDUCTIVE REASONING AND GENERAL ABILITY

A Overview
(IUT WOiR LONEES pnm anily the carly stages of the ;_.Lmr.-l .m.:l)lu \Lht.lﬂn de-
scribed Gbone ln this chapter, we will tocus on the aiiiilysis of mnorm:-mc on

tisks represe mmL a central aptitude or ability tactor—the indaction factor. We
vt chosen thits fuctor because the tasks that load Highest on the inductive

fCusOniny 1aCior aiso load the highest on uny LL[lel tictor. Fuo nhnnnorc the

tisk toiifls cal J\.r(h\ all the major content dimensions. Thos; many torms of
sy iinGlic mpm serve o assess inductive reasoning skill. Also; this guuml fuctor;

which can be eatracted trom most aptitude and mullngence tests; 1s the single

hest predictor of academie perforimance did achievenient test scores (Snow,
FUst,
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All inductive ruaomna tasks h.xvc the samie basic form or gLan pmany
The individual must siiduce a rule poverning ¥ sct ol elements. Thus; a set of
clements s prL\Lde dnd the tisk is o infer a pmlum or rule structure that will
allow generation or \Llulmn ot an Jppropnale continuation, or veritication that

tina \dllLl)’

the pattern as shown is legitimite. This generic structare 15 manift

ul lnk turnh r.mym_ from xnmplc Cl!\\l'l&.dll(m pmblum lu hlghl\ Lumpln

seties pmblunn llu task is to determine the relational and puwdu strucetiire ul'
ihic eleinciit string and e \lrapoh(c it u)mpl&.lg. the blank spaces. The tipuril,
numuu 1| uni \crh d .nmluw uuux quulrL (hL zndnnduul tu th)ﬂ\&. th .altLrn.n-

\.lllle“\ Uy \l.md wrdized .:pmudg or il llgnnu test at uny duulopm;m feved.
A il L\.xmpk the Cognitive Abilities Test {Thorndike & H.Igtn l‘)ﬂ)mgludc
the ln!lm\lm. ftem types in it mulitlevel battery intende d tor grades 3-12: verbal
clussiticution and analogy, number series, and h;,ur.xl classttication and analogy.
lm Rdun Pmbrusng Muairnix, l‘cx( COnsists Lnur:,]) of tn:ur.xl lmln\ pmbluns

erl l.m“r L\lraugd troi ;xrturnmnec on mulutest b.uunu. and ('U der in their
ihtercorrekitions s i function of task form and content domain. To illustrate
these poitis, we focuds on d.u.x .xv.ul lblL lor lhc C()"nlllVL Abth.s Fu(

In assessing validity,

pertormance on verbil, yu fititative; and hguml pmhlun types, Ld\.h ot whuh is

related to acideniic dthL\'Lanl Wth CAF verbal, qu.mlll.mvc .md h;,ur.xl

performance seores

sured by the lowa Tests of B.mg Sl\xlls the average LOTTLl.illUl]\ over Emdu 3-8
are unitormily high. as shown in Table 5.1 A similar pattern emerges when CAT
pertoriiiiice is correlated with actual school grades. The speeific \ublul\ that
contribite to these three separate CAT scores are shown in Table 5.2. This wble

12
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CLASSIFICATION PROBLEMS

Verpat
Wiouw  woll  bear A rose  B.lion C.run  D.hungiy  E. brown
Bob Jagk Fred Bul A Mary B.boy €.name D.Ed E. Jones
Figiiral

YA 0 2] O
QQ OAABDCODEX

SERIES COMPLETION PROBLEMS

ie'rrw Ser:es Number Senes
cdoded - -~ - 32 11 33 15_34_19 35 - - - -
jRGrkbrshims -~ - 724390”4785705180—-—-

ANALOGY PROBLEMS

vert A B €D Numerical (A:B 1 C:D = E:F)
Gugar Sweel  Lemon 7:21 & 6115 4 .
Yeliow Soar  Frut Syueece Tea i15:19 :» 8:12 i1 5t —
Anate Dekline Wax 10:40 :: 63§ o 755 —_—
Increade impiove Bleimish Polish wane 28:21 1 24:18 1 200

Gegmetric

8=%: 8 - & v o
AR T Lol A

MATRIX PROBLEMS

%
v

%&9

Figaral

FIG. 5.1. Task lorms assoctated with inductive réasoning:
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TableS.1 _

Achievement Test Correlations for thie Cognitive Abilities Test

CAT Form
lowa Subtest Verbal ~ Quantitative Non-verbal

Vocabulary 81 66 55
Reading ) .80 .66 56
Language .78 69 57
Work Study 7 .74 65
Arithmetic .73 77 .62

also provides the loadings of eidch subtest on the general factor extracted froin the

pattern of subtest intercorrelations. In each grade; the induction tasks have high

ioading on the general factor. - o
Interrclations among verbal and figural induction tasks are shown in Table

5.3. The patiern of corfelations is indicative of relatively strong relationships
among all the induction tasks. However, the pattern also shows that intercorrela-
tions are stronger within content domains (double-underlined coefficicnts) rather
than for common task formis (single underlining); i.e.; the verbal-verbal and

figural-figural ~correlations are higher than the analogy-analogy and

Tabie 52
Subtest Loadirigs on a General Factor

_ Grade

-
-

__Subtest ) 3 5 7 9

Verbal )
Vocabuiary .68 .67 67 n 67
letion .77 72 73 .72 .73

82 .78 ;70 74 .70

Verbal Anaiogies® 79 .79 80 83 81

~ Quantitative 7 i
Quantitative Relations 72 .76 .74 85 .85

Number Series? .80 83 .82 B2 82
Equation Building 74 .75 .79 .73 .68

Non-Verbal _ B B
Figare Classification? .66 64 67 69 .76
Figure Analogies® 74 .73 77 .76 78
Figure Synthesis 60 .64 62 58 .64

apgristes induction tasks
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Table 5.3 i
Correlanons Among Verbal and F:gural Induction Tasks

Grade3 Grade 7 Grade 11
Type of S e - = — —_— —
Inducton Task  VC__FA  FC vC FA FC vC FA FC
Veibal Ansiogy 74 62 .55 67 B3 .54 21 83 62
Verbal Classitication .63 .57 56 _Ei] 56 53
Figurai Analogy 67 .68 24

Note. VC - Verbal Classitication
FA - Flgurdl Andlogy
FC - Figiirdl Cldssm(_dtnonTypc o

Lables 3.2 and 5. . the anlO;.,) msk scems lo be one of the most 5ldble in its
pditerniny nl Fictor ln.xdmm and intercorrelations. This is consistent with the fact
thdt the udndlogy tisk is @ most pronuncm induction 1ask.

The extensive use of ‘umlogy items in mulhgcm.e and uplnude lests was
Jovinienited by biwis and ‘smjo (Note 1); and more recently, Sternberg (1977)
has provided a detaled review and discussion of lhc. importance of analogicil
an (19’3) and

redsoning Mlhm th luld ol dl

medasurement of mulhbu\u Fhs. only debite dboul the ditterent misrkitorms and

content dnnensions is whether they represent a single uputudé construct or can be
sui\dnldgd mm sqmmu apuludc. l.u.lora errcsLnlmb dmm.nl rdal.onul types

L\dlllpll. s lemgunud rule mducuun problcms as instances ol a mAjor type
Gt piubleni solving tisk within a general problem typology. He has also
cugpested thiit mmpuhumon can; in mnany respects, be viewed as a special
nstaiice of rule induction: \mmn and Lea ¢1974 have discussed the similarities
beiween the processes atilized in rule induction; as incorporaied in their Generil
Rule Inducer program: and the components of _concept formation as used ini 4
progrini dL\leUpLd by (m.;:b and Simon (1967). Simon and Led liken the in-
siances presented in @ concepl attainment task to the ¢lemenis of 4 series complc-
tioi problem: LL.m and Greeno (1974) consider rule induction in the framework
ol seriante wemory rescarch; and have pointed out that analogical rEasoning,

series anplnuon pmblun solving, and concepl formation all require a search
tor relations amonb clements resulling in new interconnections between the

tiudies of @ network structure. In this same semantic memory framework, Nor-

1 S
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order to comprehend and remember the material, the student must induce the
striicture of the presented information by detecting the relational pattern of the
presenited concepts and discovering the connections between the newly com-
miunicited material and the knowledge structures already in permanent miemory.
The importance of inductive thought processes and reasoning by analogy has
been emphasized in science (e.g.; Oppenheimer; 1956), mathematics (Polya,
1965), and in the acquisition of information in the classroom (¢.g., Bruner, 1957;
Forchand; 1974):

B. General Components of Induction Tasks

The difterent inductive reasoning tasks described above have been the subject of
various empincal and theoretical studies. Serial pattern acquisition has been
studicd extensively in the psychological literature (e.g., Kotovsky & Simon;
1973; Restle: 1970; Simon & Kotovsky, 1963; Vitz & Todd, 1969). The exten-
sive theoretical analysis of letter series problems in the form of a computer
simulation program (Simon & Kotovsky, 1963) has been shown to be applicable

to process training with children (Holzman, Glaser, & Pellegrino; 1976). Empir-
ical and theorctical work has been done with verbal and figural analogy problems
(¢.g., Evans, 1968; Mulholland, Pellegrino, & Giaser; 1980; Pellegrino &
Glaser, 1980: Reitman, 1965; Sternberg, 1977; Whitely; 1976). Figural matrix
problemis of the type found on the Raven’s test have been discussed by Hunt
(1974) and Juacobs and Vanderventer (1976). Rather than review each of the
various studies in detail (see Stemberg; 1977; or Holzman, 1979, for detailed
reviews), we would like to present a synthesis of these theoretical and empirical
efforts in the form of a general model of the components representative of

inductive reasoning tasks: This general model will serve as the background for
our subsequent discussions of detailed models of analogical reasoning tasks.
All indiictive reasoning tasks can be said to require the tollowing processes:
(1) encoding of represestational processes that depend on the informiition stored
in pernianent memory; (2) inference processes that identify and/or generate rela-
tionil fedtares shared by two or more encoded elements; (3) rule assembly or
monitoring processes that organize individual relational features into simple or

complex relational structures; (4) comparison or maich processes that can
evaluite the similanties among relational structures; (5) discrimination processes

capable of selecting among competing relational structures; and (6) decision and
fesSpONSe or oulpul processes. o

in inductive reasoning tasks, these processes ure called upon one or more
times during the course of solution. Differences between task forms and content
domains; as well as differences in item difficulty within a given task; are a

16
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tuncuon of one or more of these components of solution, For example, letter
\crlcs pmhluns nnnmnu LnLOdlnb or r;pr;scnlalnonal dl“ltulllLb by rt:\lrln.llnz?

sructure of th pattern, e erlud size) musl prgccdc dmovcry of the Lomplex
rule governing the entire sequence. Ditticult items are those having l.nr;,;r period
v;ngms and more mmplc:\ r;l.mon.nl slruclurex (bu. Hulun.m e .nl 976) ln the

erern(.mnu al unllpunuu sihce one must ntlcn dcn.ompnsc, Lomplux nnd em-
bedded patterns o rdentity the individuil elements that are rclmlonall) trans-
totmed  Encoding und representatioial processes are dl\U ot obvic: 15 lmport:mu.

TS 1tnl Ll mnu ahion .md ‘umluq iteiils bu.msu of the tuuy nature of many

Another agor ditference wmong th ViFious mduulon tusks is lhc. number of
comstiatiis on the solution to the problen. Ina le\\l“l.dllon iten; the inferred
ruld must govern the enbire set af eleiiients. Ini 4 series item; the inferred rule
At e Lipplivable o cdeh suctessive period and be capable of continued ex-
tapolation In an analogy problem, the l]lterLd rule for the first palr of terms
Mt be cunisisient i reldtion and direction with the interred rule for the second
vati i teras Fibally ) dn g nitrix pruhle" the inferred rule for rows must be
Apphdble ol row s e tiferred rule for coluhin\ must show similar consis-
teviey i (lu (Wi Sets nl rulL> must nol bg m mnﬂm ThL numb<.r ot dl"Lanl
i note witormiaton be held 1n workmb memaory, or that Lqumg. lntLrernLc.
g :i\\cmhi\' u)mpm\un iiiid/bi di#cﬁihihdiidh processes be execiited re-

Ty nxk where both row ind u)lumn rulu st bc lntcrrgd .n»unbled and
compared . and both sets of information niust be he I in meniory. Al a gn.m.r:ll
jevel, successtul performance inany rule mduumn’ task rgqmrcs thal the
indiv idual undersiand the constraiiits ot the task and that lhose constrainls serve
as i w'nmL.ml L()l]lp()l]Llll of the mdmdual s pruhkm spacL tor lhc ldsl\ Dll-

number and Hp{, ol constraints that h.nv; to be met tor problem solution.
The preceding general discussion of mducuw. reasomng tasks is intended as
an overyiew of the p\)LhOIUblLdl processes demanded by this set of tasks and the

an.:lym issues lh.u nu,d o bz. addr;sxcd Whal follows iy .1 dnscusslon ot lh«.oru-

in derLnl conient lurms .md mvolv a sut cxcnlly l.nrz,c set of constraints,
understanding this tisk should contribute 10 a gcn;ml understanding of processes
involved in this pervisive form of aptitude test task.
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\v. THEORETICAL ANALYSES OF ANALOGICAL

REASONING PERFORMANCE

A. Overview of Previous Theories

Oie of the earliest = theories of analogical reasoning was formulated by
Spearman {1923): According to Spearman, analogical reasoning involves three
processes. First; one must -apprehiend"* or encode and understand the elements
of the item. The second process involves thie ““eduction"’ of the relation between
the first two terms of the analogy. The third process is the “‘eduction of core-
lates. " in which one uses the relationship inferred between the first two terms

together with the third term 0. find the solution to the item. Unfortunately, given

the psychology of the time, Spearman'’s description of these processes wis not

sufficiently well specified to leid to direct experimental tests. 1ii addition, there
was implicit in his description an automaticity of function that fails to capture
somie of the apparent difficulty associated with solving many analogy items:
‘The process theory sketched out by Spearman has been greatly expanded and
refined in the work of Stemberg (1977). Like Spearman, Sternberg hus proposed
‘hai i intended to apply across all analogical reasoning tasks: The
component processes in Sternberg's theory include: (1) encoding the individual
terms of the analogy; (2) inferring the relationship between the first two terms;
(3) mapping the relationship be veen ihe first and third temis; (4) applying the
results of the inference and mapping processes to the thiird term to gererate an -
\deil fourth terni thit is then used as the basis for evaluaung the altemative
Answers; (5) an optional justification process that is used to select among alterna-
tive answers when none precisely matches the ideal answer; and (6) a response
process that indicutes the choice of an answer. The processes specitied in this
theory dre consistent with the general list presented earlier for all induction tasks.
Pellegrinio and Lyon (1979) have provided a detailed discussion of the method
aid theory of Steberg (1977). An important point in their cominentary was
adiressed to the issue of understanding and modeling errors as well as correct

performance (see also Pellegrino & Glaser; 1980). The theory and models that

Sterniberi postalates reflect algorithmic solution methods for items that are, for

the most part; relatively easy and unambiguous. A different and more general
theory is needed to represent perfornance for all levels of ogy difficulty and
individual solution skill. Consequently; the study of analogy must be extended in

wwo directions. One direction is to unpack the individiil component processes by
specitying oﬁé’r;ijibiisp’crfomédianvarious types of informition sach as erbal,
numerical; and figural stimuli: We will have considerably more to say about this

subsequently. The second direction is to elaborate a performance theory that
explicitly considers a much wider range of both item difficulty and individual
ability than the relatively narrow range used in previous research:

The directions for theory development suggested above represent the program

of research that we have undertaken over the past few years: Within this program

18
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we have ci ldu ed studus that systemancally examined perform.mcc in .m.nlogy

tusks as i tunction of (1) content (tlguml numerical, and verbal), (2) item

ditficulty, and (1) age. and dblllly level. Latency, error, and protovol datd, repre-
>meb the purlormanc; of ditterent age and skill groups in ditferent tontent

areds, has led to the dcvclopmcm of a theory of performiiice in muluplc -choice
and toru.d LhOlCC Jllle):,lLdl rcasomnb (dbkb th.nt rcla;csrdlrcdly o bcnéral

B. Elements of a Problem-solving Theory of
Performance

seribed 4s a series of steps toward

Eftecuve .umlub) solution bch.mor can be de
sitistaction of a very spumu and highly Lonalr.nned bo;il th..u of selecting a
mmplumn term from a set of options such that the C- D’ relation is matched with

the A-B relation and is more closely matched than any of the other alternative

C-b r;l.mmb Satisiaction of this goal regiires sutistaction of imphcn subgoals

thmuLh asc of three major sets of. procc»es—rclauonal inference (induction of

structare): relutional comparison (feature matching), and relative match compari-

SO (\hsn.rllmn.llu)n amonyg complex stimuli) (Heller, I979) Execution of these
pmc::\m saiistics necessary subgoals of the general or top goat stated earlier. It
Is Necessary o identify two relations, o establish the degree of their corre-

spondence or mateh, and © determine that the correspondcncc 1s greater than

alternative matches. A LO”]plLlL process model consists of various sequences of
processes by which thiese goals can be satisfied: The operation of these processes
can be deseribed as outlined in the following.

1. Relational Inference. Problem elemients, i.e., the A and B terms of an

itern and their subpars, must first be encoded bcforc a search for relations

between problun clements is conducted. Then, in the case of verbal stimuli;
mtormation in semantic memory about fedtures that Imk the A and B conu:pls 15
exanined. In the vase of nunierical stimuli, @n operition and a value are apphcd

to one clement (A) to produce the other clenum (B): Sach information may be

direetly retrieved or computed. 1n the case of figural stimali; spdual logical, or
nunenical transtoriations are sought that change elements in A into their corre-
sponding form in B. As relational Iml\s among eleménis dre discovered or ver-
ified, the solver can be said to construct a Cogmuve representation of the ele-

nunls .md rd.monx I‘hg l.ucm.y .md :Iccuracy of lhlb rep sema

av .nl.nhlg C- D pair:

13



O

ERIC

Aruitoxt provided by Eic:

286  PELLEGRINO AND GLASER

2 Reélational (.umpuruun This can be dcsgnbed as a tuturc matching

process. The outcome of relational comparison is a decision that relations cither
match or do not match: Given that representations ol two rélations have been

constructed, features in both relations must be compdrcd systémuucally to deter-

mine cofrrespondence aeross representations. The goal of executing relational
comparison is deterniine whether relaticns correspond ind the degree of corre-
spondence. Ta g.onclude that two relations are dndlogous, the solver needs to

identify 4 sufficient number of matching features; the criterion number or degree
of vorrespondence may vary across individuals, or dcross items lor each indi-
vidual. {This process Imds to final dcuslon in true~false verification type tasks.)
The latency and dccaracy of decision will be a function O

will be a function of the Lomplelencss of
the relationship rgpruemauons and the thoroughness of feuture matchmg pro-

cesses, ie.. whether a sutficient number of fedtures dre present in the repre-

;L-iii;itjiiiis .md whether thcy are compared as cxhausnvcly as neuessary In the

ey or r;luuonal struuures lhc tc..turc m.mhmg process may

as an optional dis-

 judged 1o be
aligned with a referent relationsh:p. & comparison of their relative match is
pgrlm‘mc.d to determine the one closest o the referent. Conversely, if matches
been luund (hL alternatives must be re-examined to determine which

3. Relarive Match Comparison. "This can be deseribed :
crimination prmcas Givuen that two or more relations have be

have nnl

rdulmn ¢ s s tching the reterent relation. Essentially, discrimina-
trotis must be made ahiong dhernative relations in order to select a best choice:
The outcome of match comparison prbuesscs is a decision to aceept one option
on the basis of the greatest degree of alignment_with the referent relationship.
The accuracy of this decision will be a function of the dcturacy and complueness
ol representational and rcl.mon.xl comparison processes, in .nddm(m to the
thuroughness with which lEdlul’c. matches are compared: When proc:uns do not
yield definitive outcomes, i.c.; when subgoals are not satistied; additional se-
qugmu oi pl’()u.sscs must be mv sked. These activities m;lude re-execution of

. relational con N

p.mscn or m.mh wmp.m-

t.uls lhc sub\'ual ot ldenutymb the A- B reLmon friust be satistied in some way

tor ihe .m.nluyul top goul to be reuched. As 2 result; the search for an A-B
relition continaes throughout option examination: RClJ(IOnbhlp identitication

processes uare exeuuted for each C-D pair. Eich C- D relation is then considered
il conjunction with the A and B terms to determine whether it is applicable. If
representation of the A-B relation is conatrucud as a result of this process, the
usuil processes continue ihrough to solution: )

If no A-B relation 1s_identified, then the ana al top goal | be sus-

pended and relationship identification processes are relied upon to identity any

20
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B D lg.nluus that L()uld dld m SLlLC(lng the moa( llkcly Lomplulon lel How-

ruulls m the two most clos l) a b S mlurly ifi
pu)ccssu du nu( )u ld u LlLdr dLlL rnnn.mon ot lhc nms( cloacly mdluhcd rcl.mon

selection must be arbitrary. In these cases, the xubgoul of ldcnulymg the best
possible mateh has not beein satisfied. ] ]

Our discussion of the processes rcqulrcd tor .m.xlob) sGiuhion his implicitly
** solution proce-

represented performance i terms of an “infer-inter-conipare

PR
[
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and compuated l[..dln\l the A -B relation. Addumn.xl processing to achieve solu-

(mn mcludes relative nul;h cotiparison, moditicauons of A-B or C-D relations
by exccution of_repedied rle(lollbhlp identitication prowsxcs and processing (0
identity the A =B relation after an iftitial failore to do 50. In our data, 1t was tfound
thal these processes dre olien cxcmlcd repe.uudl' in a single solution epi-
sude. Wiieit g goal s 1ol satistied; it can be pursued through iteraiive or alierna-

Ve scqueiives of processes
Two general types ol .ln.nlo&.lLdl solation scqucmcs have been ldcmmcd ln

'Lmlugplu.l“\ driven’ solutions, the A-B relation is initially identified, each

optran 1n evallated by cOniparson of relations, and oné completion temi is
NG lulul witliviit revision or moditication of the mumll) idemtified rule. A general

tiow diagram tor Lunupluall) dnun solutions is shown in Fig. 5.2. This particu-

Lir soluliui Sejuviice is represemative of pertonn.um on easy and unambiguous
S luilc pmhlun in xdcnmym an A- B rule, and thc miomm-

Hens \\h e the
Avdilable options Thus, @ 6o point di;ifiﬁg iﬁé coursé of solution is there &
problent in Satistynig dny of lhc. niecessary \ubbo.ll\ ) N
Phe secund geneidl type of solation sequence is “inleractive,” where iden-
fiticutivn or inoditicaion ot th analogical rule or A-B relation is a resilt of
mitotiation ohl.iiii&d il the set of compluu)n terms. Thatis, whetheror not d rulc
Wis bl dentified. ndmulnc.xlmn of C-D relations cues recognition of altcr-
dative A B relauons. In Fig. 5.3, the additional processes required for interac-
tive solatiots have been added to the flow diagrani for comcptudlly driven

wluuum and thus the figure represents the many posslblc analogy solution

scguences that may be ubserved. The additional components m the model are a
tutcnon of the mteractive and recursive nature of solmion in cases where there is

2 tatlure o mutially satisfy the goal of xdcnmymg an A-B relation; or a failure (o
achieve matchimg relations because of an m:ippropnale or incomplete A-B rela-
tonship, The represetitation in Fl&, 5:3 is intended to reflect performance on a
proad raiige of iteiii difficuhy: In tau easy 1lems tend to evoke conccptudlly-
driven solutions, whnlc difficult items often require complex and interactive
solution seyueiices. We will discuss this in raore delail in the section on verbal

analugy perforinince.

V. COMPONENTS OF FIGURAL ANALOGY SOLUTION

A. Overview
‘Thiis is the first of three sections that discuss data .md theory on the processing Df
specific types of m.nlogles We discuss figural analogies first because it is casier

tis describe and analyze the type of item features in these problems; in contrast to

-
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the s.mbolu aspeets of nunierical and verbal .m.xlo;,ncs the information neces-
<ary for itein solution is externally represented in the physical problem array. The
eletients ot @ h"uml :makol,) are dmuly errc>LnlLd in the figures or patlerns
showi .md the relational rutes are based upon spatial and fogical transtormations
of these phy I lg.:lures
1ii thie toregoing section on theories of analogy, we proV|dcd dn overview of
the components of @ m.m.mhzt.d solution model tor all analogy lasl\s ThL pur-
pose ol this section is to relate the specific task of solving figural analogies to that
iiore pe nerl lhu)r\ Our ;,o.xl is 10 show how the general theory cun be instan-
tiated 1 (hu rform of process models tor the solution of a specitic item type: We
mll first review relevant mod;ls of tigural analogy solution that ullempl 1o relate
ien featores 0 Lu;,nmv proccsams activities and thit proV1dc a skeletal model
Tor mm feature processing. We then discuss data rzlevant 1o quh a modﬂ and
ducipt w link together datu and theory on Jitein fedliites, response latency; and

errors in a theory ot pertormance in figiiral analogy tasks.

B. Problem Features and Processing Models
As noted e:nllu Sternbery (1977) h.m prl)\’lde H sLnerl theory of analogy
mlunon that s dppluuhlc to the solution of tig.iril dnalogies: A detailed specin-
ssentational and provessing dssuniptions necessary tor the solu-
tion of In\uml analogies has also been provided by Evans (1968). His theory is
sibodied 1n a computer programn that was intended as an anificial intclligence
arclysis of task qumercnl\ It was not, however ‘ntended as a theory of
haman perforniance. Evans " model represents an “inter-inter-compare " solutior
procedure ., consisient with our earlier theory discussion. In Evans’ theory, the

majur processes can be dt.\erbt.d as (1) p.uu.rn Lomp.mson and decoipusiti

caition of the rq re

(encoding or representition), ("’) rule gv.,mr.mon and maiching (relational in-
ference and relativiial m.m.hlng) and (3) rule discnmination (relative mtch
coniparisoni, which is upuonal The processes tn Evans’ theory dre tied direc lly
i busic ispects ot jtem content: The >pcum aspects of tem content are: (a) the
individuiil eleiftents used to construct the séparale analogy teriiis, .md (b) the

individuil \pdlldl and logical transformations applied 10 the elements 1o LOHsll’ULl

overill riles: The elements are easily perceived plane geviietric. txgure> sach us

liies, ciicles; triungles, and quadrilaterals. The basic transformations mclude
reilioviig or .xddmg elements; rotating, reflecting, and dxsplaung glements; size
changes; and varations in efement shading. The relauonshm belwccn item con-

tent and procusmg oer' sion is illusirated in Fig. 5.4, which shows a simplified

th or fuls'ty Dl a compleled analogy.

process model for the ve

As shown in the m()dt.l we assume ihat there is 4n initial pmlem Compdnson and

that yields units of information that represent the indi-

duump()snmn proces

vidoal elements involved in a pair ot analogy terms. The tinie 1o execute such a
process should be a tunction of the fimmber of elements or dimensions thal must
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PROCESS PRODUCT LATENCY

Pattern comparison and o e
decomposition of E‘f‘f’f’)?f,‘? List {(geometric T+ = oF
A and B 17¢

Transtormation analysis E!;zﬁiéhbi'réhs'fb'ri'ﬁéiitih
and rule generation for List (object-operation —— _
_A-B propos: uons) RT5=1T

Pattern ct
deccmp

Elemient List RT5=eE

Transformation analysis o
and rule generation for Element transformation List RTz=1T
c-D I .

[ Aule comparson | ATg=cT

r ﬁésponL, | RTg = K

RTi

aia'i;xE-ini-ii

b isoluted. Thus, as shown in Fig. 5.4, the total time for this initial stage of
processing (RT,) is the product of the average time to represent a single element
() and ihe wtal nuniber of elements (£) to be represented.

The second siage of processing involves transformation analysis and rule
generation. This phase of processing attemplts to determine the transformations

{operativis) thit specity the rule for changing the A stimulus into the B stimulus.
The outcomie of such a process is assumed to be a propositional list in working
iieitiory thit represents element- on pairs, i.€., an objeci-operation
list. The tine to identify and order a set of transformations should be a direct
fuiiction of the number of transtormations involved in an item. The iotal time for
this second stage of processing (RT) is the product of the average time for a

siiigle transtormation (1) and the total number of transformations (7).
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The two components of processing, (1) pattern comparison-decomposition;
and (2) transformation wnalysis-rule generation; occur nore than once, since
andlogies contain two separate pairs of terms. They are followed by a final
process involving rule comparison or matching in which the propositional lists

dre coimpared to determine if there is equality or correspondence of rules. This
prucess should also be a function of the number of transformations that describe

the rule for a specific ttem. Thus, the total time for solution of the analogy

verificition task should be the combination of the separate times for the indi-
vidual processing stages: This can be reduced to the following simple expression:
RT = 1 + »T + k. This assumption about item representation and processing
wis tested in an experiment that systematically varied item content (Mulholland
et al., 1980); The outcomes of that experiment and the implicutions for more
specific processing issues are summarized in the next section.

constructed in which the number and type of elements and transformations were
systematically varied across items. The items were presented in a troe-false
verification format, and latenicy data were used to evaluate the hypothesized
processing model shown in Fig. 5.4. The analogies used were generated from six

types of elements and six types of transformations that frequently occur in items

found on aptitude tests. Figure 5.5 gives some examples of the types of truc and
false items. The true items had from one to three elements in each analogy term,

and the rules were based on zero to three transformations of the elements in the
analogy teriis. lteins were made false by adding incorrect element information ot
by replacing correct ransformations with incorrect ones in the C-D pair. The
items were presented to 28 undergraduates who had been previously adminis-
fefed a standardized test consisting of 25 multiple-chojce items (see Mulholland
et al., 1980, for additional procedural details). -
|. Processing True Anulogies. Verification of the truth of an analogy re-
qiiires exhaustive search of all the element and transformation information in the

A=B and C-D pair of terms: Thus; as shown in Fig. 5.4, the time to solution
should be a monotonic function of increases in the structural complexity of items:
The important issué in this regard is the absolute and relative amount of time that
is associated with element versus transformation processing and whether the

efiects of these two factors are independent and additive, as represented in the
model. or interactive. The basic reaction time dita are shown in Fig. 5.6. In-

creasing the number of elements systematically increased the time to solution as
predicted. This suggests that the patierns comprising the terms of the analogies

were decomposed element by element as hypothesized: The rate of processing

elements was nearly constant {additive) within each transformation condition;

26
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transtormations appedr to have been prmessed in a
prm.c:c,dc,d .nddmuly wnhm each numbu ol elen

simpk addmvny isin (cnm of L.xp.mty or resource Imma in ucm processing. A:
mm wmpl;xny m;re.na 5 thcr lb a problcm of menl.nl booRRccpmg lh.n will

g
8
7
6
z
c
g 5
—
.
é q
=
3
2
%———& Observed
® ----@ Predicted
1
T = Number of
Transformations
o . 1 e

1 2 3
Number of Elements

FIG 5.6. Mein reaction tinie for true analogies as a function of elements and
wranstormanons. From “"Coinponents of Geometric Analogy Sulution™ by T. M.
Mulbolland, 3. W: Pellegrino; and R. Glaser; Cogminve Pyychology, 1980, 12,
152-284. Lopynghl l‘)BO by Academic Press. Reprinted by perinission.
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As iore p.ulml intormaton is sccumulated .md LnlLrLd into workmg nkm()ry,

iiiiL Hidy b«.yn o .lp[)r\)dl.h llu. lnnm ot (hls s) \lem When lhlb occur prx.u:sa-

m.nnl.unun, the \.U"(tl“\ ol uorklm, memory. Note thal lhc overall solution times
yiry over a range ol seconds: requining that solution information be available in
neniory and not become degraded tor more than just a brief pcnod

(n\ui Ihu.\L T\\[llh')(lnn\ .md d.u.x w; dr)_,uc lh.u lhc. procuscs mvolvcd m

InCredse. solution may require subal.mu.xl cxlc.nul meImory | thal is niot dleldb]L.
lhu;h» cu;an N ”LLL] lm .lhl. ru.mw prouxsmg strdlcgus th.u are umc conaum-

wuuld upu sent a \hm n th prupumun ot lhc. lolal soluuon tifne thit goes to the
actual processing operations as coimpared (o that required for information man-

d"klllt.lll

3. Processtie Fale dnalogies.  1n order 1o disciss perforiiance on {alse

analogics, 1U1s nevessary t elaborale the modcl shown in Fl;> 5.4 to incorporate
upuxuu llmndl .md prm.t.\\lll\.. assumpuonx about clemcm .md lr.mstommuon

.l\\unlplmn\ \ULh as (hl. \c.quc.nlldl .md self- lc:rn'im.mng> processmg of element

and transtormation features. The lefimiost section of Fig: 5.7 rcprcsenls the
processing ot eleiienits and tr mxtommnonx in the A-B p.nr of terms. The middle
sechion Of the tigure errans the components of C-D processing and overall

tiile coiliparison. This section of the model incorporates a self-terminating pro-
cessifig strategy, sifice in contrast lo true items; it is possible to terminate pro-
cessiiig of filse itenis at lht.. point where incorrect intormation is first detected.
Thie Uutd on talse item processing clearly supported a model incorporating a
selt- -teriminating. suluuon pro;eddre The left panel of Flg 5.8 shows the predic-
tiviis biised i this self-terminating processing model in terms of thé number ot
elements that would be pr()um.d betore each ilem type could be declared false.
ltenis were nud; false by the replaccmcnl of correct elements in the C-D piair

wnh mumul unu An exhaustive prou:ssm;> slrdlcgy would ylcld ﬂ.u funcuons

response whenever correct i:ichlcm information 1§ detecied in ihe problcm

23
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Eleiment Processing 7 Reaction Time
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FIG.5.8. Prcdicted and vbserved pcﬁom\.mu: on .m.nlug,n:s u)ni.umng lm.urrcd
clements \d.:pxul trom * Lumpum.ms of Geom
\lulhnll.xml oW l’ullu.rnm _diid R Glaser, Co;

pruu.sscd o dular; an item tdlst. glvcn its (ranstormuuonal structure, The bot-
tom panels of Fig. 5.9 show the mean rejection time for each type of item.

Again, the data support a serial self-terminating processing strategy over an
exhaustive processing stralegy.
rhu> to sunimarize thg d.u.x on item fe.uure proceSsmg, it lS clear that the

LL\\Ld il 4 ninner consistent with the del.uled model shown in Fig: 5:7: The

overall stralegy fepresents dn LfﬁClEn( self-terminating solution mode that

allaws for the rapid rejection of incorrect items: Although not discussed here; the

data also suppiort a model in which element and transformation information is

31
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miber of A-B Transformations

v
(o) 1 2 ___ 3. . __
6 | > o -4
‘--‘ Exhausuve *>--9---9

| O—=0O seif- Terminating - —
. --0 | Q.
86 i M
g = o -2 — 6_,, -
3E 4 ,| & O =~0
i) 4 o’ N
22 - o se
S Ed
Z = s
435 _ _ 'cap“e

2 . | &

id

- __ L

1 ﬁ__Q

7 R

6
-3
€ -
=% 5 .
g v
g0 4| ~
o

3 J— .

_ ——x

20

¥y
{ N A A — e 1 3 = 4 " "
Add Add Hepiace Add Add Repiace Add Add Raplace Replace Raplace
1 2 1 1 2 1 1 .and__ 2 3

Rame

Transformational Changes in C-O
FIG.5.9. Predicied and observed pcnon'n.mcc oii analogies conlaining incorrecl
Iranstormations. Adapted from ° ‘Compunenls of Geomelnic Analogy Solution’” by
T. M. Mulholland, }. W. Pellegrinc, and R: Glaser, Coguitive Psychoiogy, 1980,

12; 252-284. Copyright 1980 by Academic Press. Reprinied by perimission.

D: item Features,; Errors; and Performance

As i in the case of latency data; theoretical assumpuons about feature processmg

can be related to the error data o contribute to an overall theory of performance.

_The critical error dala aré shown in Exg, 5.10; which represents performance on
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the irue iteiiis. The error daln lerl) show that the 11.1_|or factor leading to
veritication errors inivolves th tmmtormmlom that serve to define the rule for an

ileini Fhere Gppeirs © be two ways in which increases in rule complexity
(zrmstomuuun.ll u)mpk\u\) lead to increased errors. In the two and three
clunem Hems; Muu lmnslurnmnons er mappcd onc to onL onto mdl dual

any one of which could anlLl to un overall incorrect response. Fpr imost adults Vlhlb
éfriik i'-.iié \ii‘i'u"d' be low, particularly given the types of transtormiltion used by

The olhcr Wiy tii;ii rule coniplexity affecis error ruie is when mihiple wrans-
foritations ol a Siiigle elenient are rediired. The probubility of 1his type of error is
much larger. and 1t may be due (0 the antount of informidtion that mast be
retained i working niciiiory . Assunting that each transtormation applied to an

2° a l:')ne
Element
20 ‘
c
2
& 5
°
CL: Three
° wo Elements
; N Elemanu/(
s 10
LY
b3
°® »——=x Observed
®- -~ - @ Predicted
(o] i L
o 1 2 3

Nuiiiber of Transformations

FIG. 5:10. Predicted and ubserved error rates for frue analogies. Addplcd from
“Components ot Geomelrie sgy Solation ™ by T. M. Mulholland. J. w.
Pellegnno; and R Glaser. Cogninive Psychology, 1980, 12, 252-283. Copyright
10K By Acadeiiiic Press. Reprinied by permission.
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« = the probability of incorrectly representing or applying a given transfonma-
ton ) )
_ he total number of transfurmations that determine the rule tor dn item

X = the Lnnl or maximuin aimount of intorinaton it can be held in working
memory : o o
M = the number of memory placekeepers required during the solation
This funiction was ased 1o fit the data in Fig. 5.10 with best fitting values of a
equil 10 ;044 and X equoal 10 5.8. The predicted values from the best fit are shown
i1 Fig: 5:10 and the R for the fit between observed and predicted wis .93, The
valae of & is fow as would be éxpecied given that it represents the probability of

lateney and error data suggested that working memory tactors associated with the
represcitation and management of item features appear lo provide the basis for
nonadditive increases in solution latency as well-as significant increases in the:
probability of error for certain levels of transformational complexity.

The analysis of the relationships among item features, solution lateney, efror
riles, and proessing models supports a gencral theory of figural analogy solu-
tion that can be sumimarized in terms of assumptions aboul processing, repre-
sentation, and memory storage: In the first phase of processing, the A and B
termis of the analogy are globally encoded; and the two internal representations
are compared 1o determine specific elements or subpallerms common o both
itermis. This process may be viewed as parsing the figure and determining the

34
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dLLUlnpO\llu)n PIOCESS IS necessary since lhcrL are otlcn muluple representations

ot putterns, nd the relevant anributes of a m,ure cian only be as. =rtained in the
preseiice Of & conipiarison stitulas: The relevance of an attribute is determined

by @ transtormauon us represented by the B termi; which creates an encoding

<

conlext for th problun The Compunson dgcomposmon process provides the
bam ItOFMAoN necessiry. Ior 1he execution of 1he subsequcnt mtcichc.c dnd

Uer
B th mlugnu md rulL bunur.mon procpss is dssumed to be exh.nusuvc tor

¢ l) halt of the iten.

The next llldJUr phax; of processing also mvolves encodmg pittern compari-
sS4 decomposition; and inference processes, and, in addition, a rule comparison
plncc\\ The C and D terms must be encoded and then decomposed into basic
clerents that u)rrupnnd to those specified for A and B. If a bisic element of Cis
not pux;m in D; then processing iérminaies and the iteni is declired false. It an

element 1 present, but the inferred transformation does not match the value
~mrLd m nu.nmr) (th prm.;wng t;mnn.ucs and the item_ ls deul.nréd false 1n

puint, th iem Is chl.erd triie. Fhls dcscnpuon of processing is cbnSnstcm with
all the Laieney data tor the true dnd tilse items obtained for adults (Mutholland et

al., 19%0) .md children (Bl\dnz 1979):

* Thie getieral processing assumptions described in the preceding are dlbO con-
sistent with the error rates associated with certain item structure manipulations.
The largest single souree Ul error was mulnplc transtormations of single ele-
nients. 11 the pruudmg model is upplned in this case, then the intermediate results
of the C-D inference process mast be retained in memory and the entire trans-
forniation sequernce inferred before the truth value of the D term can be judged.
This, additionzal demands on workmb memory may cause some of the orginil
eleiticnt-transtorniation information to be lost or degraded. )

Within the lhmr) it is assumed that each operation associated with pattern
decomposition and transformation analysis of an A-B pair yields a unit of infor-
maton that nu.ds to be stored in working memory. The information can be
um’cude of as # list of element-transformation or object-operation propositions,
as 10 the Simon and Kotovsky (1963 notational system for series problems (see

aiso Rumelhart; 1977). As ih¢ nuinber of transforindtions in @ ﬁt,ural gng{ggy

pmhlun increases, the load on working memory can become substantial and give
rise (o errors. Increases in memory load may also require the individual to
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allocate subsl.mlml _processing resources 1o activitics d&.slbn&.d to avoid or reduce
inforination loss. Young children (Bisanz; 1979) and less proficicnt solvers may
be particulafly inetticient in these aspects of pert 1 ) t
that the tilemory load explanation has been veriticd by cmplmdl sludu.s ()f
perforiitafice OO serics exlrdpol.mon problems (e.g., Holzman, et al., 1976;

Koutovsky & Sinon, 197%) A similar set of representational, processing, and
WOTRing meniory umpuons may also be applicable to perforimance ditterences
dcross (ems on ligural matrix problems from the Raven’s Progressive Matrices
Test (e.g.. see Hunt's, 1974, analysis of this task).

i3

Vi, COMPONENTS OF NUMERICAL ANALOGY

A. Overview

In oar pruedmb dis ral analogy solution, we Iarbcly ig
isste of the declarative knowledge base necessiry tor solviiig such probleiis-—
the eleinents ol tlbuml probiems are readily identified patterns that can be pre-
sunied to have some universality over individials and, perhaps, cultures. The
sulu(lun m nunu.m.al .m.nlob) problgms hokur rcqum.s i LOllblderlth ot lh;
the relations bzl\\u.n pairs of nuinbers. Such knowludy. is varjable across iﬁdi-
viduals of the same age, depending on their background .md experiences; and it
1> highly vanable across age groups. In addition, the organ' ation of this knowl-
edge niay ditferentially affect performunce across individ | age g
In numerical analogy problems, there are also a vunely ot simple and LOI“pILR
relations between pairs ot numbers that introduce a problem of rupn.s&.m.mon.nl
variability or aiibiguity in the :lnzllogu.nl rule. Consider tor example the pair
2 16 which van be 'rL'p"ri.suméd as having several relationships, ¢.g., +14, X§,
or 24 Comr.m lhlb with lhv. p.ur 32 15 whuh c.m bc slmply n.prcm.nlcd as +H

n.prc.m.nu.d in semantic memnory Jnd the way in whuh that inforination is icces-

sed, thit the mulnplc relational features of such problems require a careful
..n.nlysxs and nigst be accominodated in .my process model and pertoriiance
iheory.

Iti this section, we will first present an dndlySIb oi problcm te.nlun.s as r&.ldled

a Eum.rdl procus modv.l for task purfomunu: This serves as the conuxt tor
our discussion of data an ory on item g. The results are then

related o assumpuons about the storage and n.tncv.xl of guarititative mtormm'on

in pertangnt niemory. Finaily; we will consider the relationships among item

teatures. errors: and pc,rtorm.mcc theories. One aspect of our Jmlysls of these

relationships will be aspects of developmental changes in pertorm.mcc and thenr
apparent relationship to changes in knowledge struclures das a tanction of age and

schooling:

3
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B. Problem Features and Processing Models

(hL \ub'cut ot .my intensive emp'm.nl

: mlulmn has not b

nL.xl .m.ll

m,

.malnuu with the torm A:B E* — —: As we illostrated earlier;

nmmmal dmluuu require two nuuhber pairs to specify and dls.unbngu.ne the

ruIL tor the iten: tn the pmtot)pe format shown here; this rule is then applied

tw .muthu namber 1o u)mplulu th; thlrd pulr F|gi:irc 5 1 (|gnonng thé Iodp.

mcmhcrs of the pair. This rulc 15 an operation or set of operations und a specific
vilue tor cach op;rmon ¢.2.. for the pair 2:5 it would be +3.

The neat lll.ljl)l ph.m. of prmusl% involves similar encoding and rcl.monal
inference processes for the C:D pair. This siage of processing caii be contexiually
insensitive: The iype and value of the A=B relationship will not intluence the
iiiiéi&iiL-E 'p'riic'é;; iiik iiiL- (‘ l) 'p’;ii'r or ih'c 'p”rii'ci:Ss t;iii bi: ;i tdhttkiu;’illy Qi:hSi:
uve or g
iiiiii'riii.uum for the C7D paur. ln urthr case, (hc outconie of (hls stage of provess-
iig 15 i maich or misniatch of relational information or rules. In the case of a
lii.iicli iht hilt can hl' ;ibiiliL'U lii ihc E 'triii to gcii'c'riii'c H 'ri:x‘"p'b'hSi: (i C. ii

lh; pmu.\sln-' i“UdLl prov ides a basis for comudgrmg the problcm features

thit milaence solation and the locus of their eftect. Unlike figural analogies; the

ris of numerieal anulogics are individual wholé numbers and they are not
mmpmnu ot sepirie Llum.ms fhus the clemems of the problem are
straghitforw ard and thewr encoding involves activation of conceptual knowledge
about the properties ol the particualr clement: odd-even; prime; perfect square;
et

The most eritical teature of numerical analogy problems involves the relation-
ships governing the problem as a whole and the possible relational information
associated with the A-B and C-D pairs. It is possible to have problems where the
overall rule is addition; but that ditfer in terms of other refational information that
nm) atfect solution. Consider two problems: In the problem 4:9 :: 7:12 :
. the rule 15 +5 and no other simple relational information is present to

wtlucnce solution. Thus. the solution of such an item should involve a

straightforward. conecptually guided solution as shown in Fig. 5.11. Comr.m the
solunon of the Tollowing problem with the one above: 6:30 :: 3:27 :
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Phase 1

Phase II |

Phase III

Encode
Pair A: B

_ Infer
| Relationship
and Value

} Encode and Value
~ lpPair C : D _.Compare

Relationship

Relationship )
— and Vaioe |

__Apply
Relationship
and Value

nfer New § | goigrn |
Relationship e toA:B
and Value ' I

FIG. 5:11.

Simplified process model for numerical analogy task.
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.md C- l) puiiis
stibstiiiinl depeiidiing on the orgl anization .md aulomduuly of retrieval of cenuin
Hms. it is very Ill\el) that the information about
- 30and 3 x 9 = 27) will influence either or

1y pes ol tebitiozl kmmlcd:;
mulllpln..lllu lLI.llmnshlps TORN

poth the - B aiid € -1 relanonal inference process and lead to more ditficult and
mmplu snlulmns ot thie interactive type:
arc \CVLI’&II sunplc rclauons m bolh lhe A B .md C D p.nrs lhc

When there

knnw

pm\u\ OOl propunmm) or Lompound rulc. (e.g., X2 + 3) wnll
also be more dmuull 1o sulve since there aré a vanety of simple types of
|ul|l|nn\hi|\s th; n ate lll\L|\ lo be mkrrcd cv.xlu.ucd .md rqulcd pnor to LOH'

s 1I|Lnu (cig::

ton and th numl-u
e nlll\lll

sequence; and locus of processing opc.r.muns involved in
or .I\LL\\lllg lh n mmrm.mon

miade it pos .\nhl, to deiive \cp irile l.nuuy estinniles lur each ph.ng ol prowasmg
(lPetegerino. Chi, & Njetic, Note 2). Tuble 5.4 shows the procedur; for succes-
sively addiiig problent itormation and obl.nmn;, separate latencies during ecach
phitise Gl piotessiing Thic problems represented a variety of po»xblc. relationship

‘Table 5.4

Incteimerital Procedure for Prcsenung Numerical Analogy Problems

Stumul _Response Latency Components
Phase | a:7 Button press Encoding+
indicating Relational Inference
inference ot
a relation

Phase I a:7 8.11

Phase TII 47 :: 8:11 =

il

Button press
indicating
determination

of problem rule

Keyboard responce
indicating first
digit of response

Encoding +

Relauonal Inference +

(+ additional inference)

Encpdmg +

Relational Application
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types and values and allowed us to test assumptions about the order of accessing

information inn :iemory and the role of such information in subsequent phases of
processing. '

C. Data and Theory on item Feature Processing

Probiéms were classified in terms of the global processing sequence goveming
solution; i.e.; conceptually driven versus interactive solutions. For problems
involving a conceptually driven solution, the initial relational inference for the

A-B pair was applicable 1 the C-D pair, allowing the individual to move rapidly
to the final application stage of solution. For problems with interactive solutions,

the overall relation governing the problem was not immediately accessible due to

the presence of more salient or competing relational information in the A-B or

©-D puirs of terms. We will consider performance on these two generil classes
of problems separately to illustrate different points about item feature processing

and knowledge retricval. We will dlso focus on differences in the college sample
\hat was tested. The 16 sibjects were divided into a high and low aptitude group
based upon SAT scores, the high group having an average score of 675 and the
low group an avérage of 524.

I. Concepiially Driven Solutions. Table 5.5 shows the type of inferred
rélationships in the problems with conceptually driven solutions. Successful
performance on problems of this type requires an aviilable quantitative knowl-
edge base that contains either direct declarative knowledge of specific interrela-
tionships between pairs of numbers, or procedures for determining values and

types of relationships that may exist. We have assumed that the necessary decla-

rative and procedural knowledge is available in the college student sample and
that simple problems of this type will not pose any major ditficulty, However,

there may be systematic individual differences in the speed of performing the

processing activilics necessary for solution of even simple analogy problems.
~ Problems requiring conceptually driven solutions had high levels of accuracy
in both skill groups. In Fig. 5.12, the similarities and differences between skill

Table 5.5

Exampies of Problems Generally Resulting in Coriceptually Driven Solutions

Problem Type - Example o

Simple Addition {single integer) 4:9 :: 7:12

Complex A’ddiiiéh’ (r’n’qiiiple integer) 3:i9 i 6122

&l\g_’l‘!\?‘

Simpie Muitipiication [single integer) : B:16 = 5:10
Complex Multiplication (muitiple integer] 3:51 :: 4:68
Squares (single integer) 4:16 :: 8BB4 I 3¢

et

Ulp’l\




O

ERIC

Aruitoxt provided by Eic:

5. APTITUDES FOR LEARNING

T - Addmon Multiplication Exponents *
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FIG. 5.13. Mean solution laiencies for skilied and less-skilled individuals s a
funciion ol phidse of pivcessing and type of relationship.
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groups over all three phases of processing cun be examined: The top panel shows

initial inference latency for the ditferent relational types. As can be seen. there
were highly systeintic and significant differences in initial inference latency
both within and between types of relationships: Furthermore, the skill groups did
not differ in either the pattern of problem ditterences or overall latency. The
iniddlé panel of Fig. 5.12 shows the data for the second phase of processing.
Again, there were highly systematic and significant ditferences in the second
stage evaluation latericy both within and across types of relationships. While the
Skill groups did ot difter in the pattern of problem differences, there was an
overall lateiicy ditfereice. For all problem conditions, the skilled group was
faster during the secoid phise of processing. Coupled with the lack of i litency
difference in the initial inference processing, this latter difference suggests the
possibility that the skill groups niay have differed in the precision of the inference
carticd gver ino the second phase of processing. The bottom panel of Fig. 5.12

shows ifie data for the third phase of processing. There were systematic and
significant differerices in the final application latency both within and ucross
relationship types. In addition. skill groups differed significantly on problems
requiring applicati alti-digit operat yn and successive application of two
single digit operations as oecurs in multiplic tion by fractions.

Two geieral conelusions can be drawn from these data. First, there are sys-

relatioiiships are inferred; cvaluated; and applied in relatively siniple analogy
problems: Second. while skill differences do hot appear in the paticrning of
problem difterences during any of the three phases of processing, they are pre-

sent in the speed of evaluating the relational overlip between two pairs of
nanibersand the application of felational intomiation to generate final solutions.

2. Inteructive Solutions. The systematic latency differences both between

and within relationship types have impornant implications about the types of
relutional information that may be directly and automatically retrieved versos
those that are actually computed It seems reasonable o assume that the coontless
hours of practice on the multiplication tables plus the numerous times that these
fucts are osed in everyday problem solving lead to a direct access and retrieval for
multiplication relationships and that simple multiplication relationships can take
precedence over addition: i.e., for the pair 4:28. It is pussible to test this
hypothesis by creating potentially gurden path analogies of the type shown in
Table 5:6. Such garden paih problenis should lead 1o interactive sc 15 b
maltiplication is the preferred inference for such number pairs: The three dif-
ferent problem types labeled A-1 to A-IIl represent cascs where a simple multi-
plication inference is possible soinctiime during the coarse of solution. The prob-

lems differ in whether »uch a relationship can be inferred in the second; first, or
both pairs: . ) )

The data of interest are latencies during the second stage evaluation for prob-
lemns where the correct rilé i§ multi-digit addition; bat where one or both pairs

- 42
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Table 5.6
Examples of Problems Generally Resulting in Interactive Solutlons

oblein Types  Helational Inferences Examples

Role = Complex Addition

Al A:B is Complex Addition - 855 i 3:30 i 4____
C:Dis Snmple MU"'PH‘E?E'P“‘ 5:41 :: 9:45 :: 3:__
or Complex Addition
Rule = Comiplex Addition
Afl A:B 1s Simpie Multiplication 3:17 2 731 o 22—
or Complex Addition S i
C:D 1s Complex Addition 7:42 i 3:38 it 4
Rule = Complex Addition
Al A:B is Simple Multuphcatlon 6:30 :: 3:27 = 2____
ot Complex Addition _
€:D 1s Simple Multiplication 10:40:: 6:36 :: 5.
or Complex Addition
Rale = Simple Maltiplication
M1 A:B s Simple Multiplication : 3: 24 i1 BG4 5
C:Dis Square or 4:12 = 39 2:
S-mple Multiplication
Rute = Simple Multiplication
MmO A:Bis Squareor 5:256 :: 2:10 @ 4
~_ Simple Multlphcatlon o
C:D is Simple Multiplication 8:64 :: 4:32 1 3:_

Tdve i p«mslblc snnplc muluphcauon inference: The left panel of anr 5.13

shows thit; relative 1o the baseline addition problem; there is no interference

when oni) the second pdlr involves a POSblblC muluphcauon inference; i.e.;

sroblem type A-I: This suggests that second stage relational evaluation involves

1 contextually directed process based upon the specific outcome of the first stage

ntrerchc process. Both skill groups showed interference effects when the first
sair involved a powblc multiplication inference; l e problem type A-II. These

merterencc eftects are mcreased whcn there lS 4 second palr lhd( mvolves a
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Addition Multiplication

O-—-0 Skilled ___
@—@ Less Skilled

Melan Phase TI L atency (sec.} |
{adysted fornmotor RT)

W

o T T T T T T T

Add. Al AQ AL Mul. M1 MO

FIG. 5.13. Mean Phase [ Laicncy as a function of skill and problem type.

skilled group shows a substantial increment in time for these problem types. The
data for both groups, when coupled with the previous data on initial inference
times, sugpest that multiplication has precedence over addition, at least within
the range of simple multiplication values associated with the hxghly overlearned

multiplication tables. The precedence is most lnkely a function of the dxrect or

spontaneous retrieval of the stored relational information rather than any compu-
tation prouess per se.
1t is also possible to examine the posslblhty that snmple exponenl l’c|d(lonbhlpb

such as squares dre dlrectly retrievable and.that such retrieval may take prece-
derice over or coincide with the retrieval of simple multiplication relationships.

Poienlml t,dl’dcﬁ path or mteracuve solution problcma of this type were also

credted and these are shown in Table 5:6; i.e. problem type M-11. The right

pdncl of Fig. 5:13 shows perionnance relative to a baseline multiplication prob-

lem where an inference of an exponent relationship is not possible, resulting in a

simple conceptually driven solution. As can be seen in the figure, both skill

groups showed that there were no interference effects when the second number

pair involved a possible conﬂlcung relduonshlp. i.e., problem type M-I relative
1o the baseline condition. This again supports a processing model where the
second stage relational evaluation is directed by specific inferences resulung
from the first 5(agc of processing. Boih skill groups show interference effects
when the first pair mdy be represented as a square l’eldllonbhlp Addmondlly lhe

skilled individuals are faster overall in the evaluation of all multiplicdtion prob-
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plu.mon f\Edln llm may result from ihie dnrcal rcprcscnlauon and spontineous
retiicvdl OF this t3pe of inforiiation in the Knowledge structure. Clearly, the
Knowledge buse sustains nidltiple represciitations of relations that uttect problcm
soluiion in the conteat of i iiodel such s the one oulhmd earlivr: Furtermorc it
shouid be noted that oserall pertforinance on the guarden pdlh or interactive solu-
tidin pmhlcms sh«m\ that <Kill ditferences dppear in the spccd ut Lvaluulmg
certiinn iy pes ot rgl.xlmnal intormation but not in the dpparent order or precedence
of elicodiiiy OF fiferring quanttative rLlauonxhlps Such order differences would
ot be expected given i college swdents have available all the mulllpllwllon
facts as well as the \llll[)ln squ.m.x However; skill ditferences appear in the
speed and likelihood ot saccessiolly tmdlng the addition rule in problems that
.qul |Im. Ul the ui..ndm" n! mulnpll ation rel.monshlps
skill d
(lum m(h Igl.lllkll)\hlp\ the 1 are much less salient than squares and integer
scddition s m[.luplu.umn ,5.. muluplication by fractions und the use of;ubcs
atid 1ot powers bxanmg :les of these problems are provided in Table 5.7.
these pmhh.m\ TN \puml that mullnph;.mun or addition will be the mmal
mluum Thias: the seeond sk :m ol pmu:.samb w:ll quUlrL a4 scarch for dlled-

of sach pmcc\\mﬁ Table 5 7 shows lh.u there were substantial skitl dlttcrcnccs
for both evaduation latency and application lateney tor the noninteger mulliplica-
non probicims. Even larger ditterences were oblained when the problems in-
vohved cubes or toarth powers, and there were substantial accuracy differences

un these problems as well

3 (um/u/ Pioce e Mdels. th ddl.l thal we have prexumud on the
processing of ditferent item iy pes and skill differences in processing can be used
v eviludte a giiadel o the type shown earlier in Fig: 5.11. The major

Table 5.7
SI\III O M8 B1HEES His Puv tariignce for Problems Comammg Low Salicnce Rules

Problem Type Pertormance Measure ~ Skilled Less-Skilled
Noointeger Multiplication Phase II latency . 5.06 sec: 10:25 sec:
1427 . 812 . 2 Phase I latency 2.38 sec. 5.28 sec.
12416 : 9.12 = 3.— Error rate 4% 10%
Cubes and Fourth Powers Phase I latency 317 sec. 14.96 sec.

464 . 2:8 1 3i__ Prase I latency 10:01 sec: 24,62 sec.
2:16 - 381 -+ 4 Error rate 12% 31%
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moditications pertain 10 second stage processing activities given specific assump-
tions about the type of relational inferences niade during the first phase of

processing. In particular, we have assuiiied that exponentiation is a relational
inference that has.precedeénce over simple integer maltiplication, which in turn

has precedence over addition. These assumplions were more formally tested in
the context of ihe full model shown i Fig. 5:11: The data previously discussed
also favor a miodel in which the second stage evaluation involves directed rela-
tional processing. The legitimacy of such un assumiption was further evaluated by
comparing model fits for both directed und undirected relational evaluation.
Finally, this processing model has two possible variants in the course of process-
ing when second stage testing detects a mismatch or relational incongruity. In
one mode. a relational infererice process is applied 10 the second pair and the
resull is evaluated for the initial pair (a flip-flop procedure): In the other, given the
presence of a mismaltch, a new inference is attempted for the first pair and again
evaluated for ihe second pair (4 return-to-start_procedure). o

The data for both conceptually driven and interactive solution conditions was

used 1o evaluate a variety of model variants: In addition; separate model fitting
was done for the skilled and less skilled subjects as a group. Both skill groups
were well fit by models thal assunie directed processing rather than a context
independent processing protedure: Furthermore; the best fit in both skill groups

was the flip-flop model, although the two directed processing models are

virually indistinguishable in the high skill group. The skill groups differed;
however, in ihc paraiieters estimated for the various types of inferences. When
individual sibjects were fit; the directed processing models also did well, and the
flip-tlop miodel was either consistently superior (o the return-to-start model or
indistinguishable from it o , ,
The niodel titting simply confirms the previously stited conclusions about the
Lypes of processing aclivities involved in these simple types of anatogy problems;

the relationship of such processing to problem features, und the assumptions
dboul knowledge base influences on performance. Skill differences over the
ratige sampled do not appear in the sequence of processing aclivitics, but are
primanly restricted to the duration of processing events. Difterences also appear
in the likelihood of discovering some less salient numerical relationships and in

overcoming certain sel or einstellung effects.

D. Item Featares; Errors;, and Performance

A siudy conducied by Holzman (1979). atempied o explore the contribiition of
different problem features 1o both the latency and accuracy of solulion on nu-
merical analogies of the type we have been discussing. Rather than focusing on

individual phases of processing, Holzman was interested in. ideniifying the fuc-
tors that influence overill solution latency and accuracy, «and the extefit o which
ihose taciors change with age and skill differences within age. 'I'he subjects were

46



O

ERIC

Aruitoxt provided by Eic:

5. APTITUDES FOR LEARNING 313

d group ut LU“LEL students and (wo proups Of Chlldren one of average apmudg:

and one of high .nputudL All mdlvldunls were given a set of numerical analogy

problcis that systematically varied a number of features including the type of

relationship required to solve a problem; the magnitude of the relationship value;

relational ambiguity; and the number of relationships or operations (transforma-

tions) reqgiired 0 }:.LHLI'J(L the problem rule.

Thg cht;l ()bt.nnu:i tor (hg pgrtorni.mce of the .ndulls w.ns conslstcnl wnh (he

blbuu) low salience; or relational comple

tv were also the items with the

hl&hL\( err rutes. The overall correlation between problem latency and accu-

rucy was —.93 for the u)llLEL students. Of greaier interest, was the comparison
of the tuctors influencing error rates on the different item types across age and

.ntnlu) l.,mupx RCL&CSSiiiii ijii;iiys& Wéfé i:.iﬁ'iéd out separately fdi the ihiéE

the pudumr.s were the presence or ibsence pt rcla}lona[ amb|gu|ty m thie p{ob-
l[iii Jiid thI iiiiiiibli Lji' i'l'l;jiiii'ri&hiijs 'o"r i'rziii{st‘o’i’iﬁiiiibhg ih'a't 'd'eﬁh’i:d thé pi‘o’b’l'e'r'ri

these pmbluns refers W (hL presence of A-B pairs where it was pOSSIbIE fpr a
miultiplicabon inference 1o tuke precedeice over addition relmmnshlps as demon-

strated previously i the adults’ latency data: The f.nlure to find any influence of

such dii etfectin the dverige IQ children; its emergence in the high 1Q group; and
its stiviig effect i the adult group suggests a shift in the organization and
retrievil of certuin types ot relational knowledge that is associated with age and
schaoohing.
The magmtudu of the rd.mon.nl value; i.e.; low values such as two; three, .md
four versus high valoes such as eight; nine; and larger, was also a significant
viriiable i regression muilyses for both groups of children. In addition, the type

ut \lmph, qu.mm.mu rLl umn pl.nycd a sn;,mtu..nm rolc in govcrnmg (hc error

of the RnuwlndgL bd\L .md thc rclauve ease of retrieving certain types of reld-
tiotil Kivwledge will deieriiine the extent 1o which there are relational am-

biguitics il certain probleiiis, thereby creating the possibility of errors: Similar

the absolute and relative strengths of tertain types of declarative and procedu

knowledge will cause relitional type ©  magnitade to play a rqle in the speed

aiid sccurhcy ol solotion: The knowledge base is an important factor in the
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sbiuiijo”n p'f “F’T‘Teﬁc,ﬁ,i, zrmglggiqs;raﬁd developmental changes in the Rij'oWi'edg':
s contributing 1o processing difticulty, prob-

base leud to differences in the fac
lent error; and individual differences.

1. Conteni Knowledge Differences and Problem Solution. A study by Cor-
sile and Gitomer (Note 3) attempted to characterize the nature of the ditferences
in the knowledge bases of high- and low-ability subjects, and to indicute how
these knowledge differences influence subjects’ problem solutions. They col-
lected two Kinds of data in order o consider the interiction between knowledge
representation and use of problem strategies. An initial set of duta was used to
characterize the knowledge representations of subjects and a second set consisted

of protocol data from subjects’ problem solutions. The subjects were fifth and
cighth grade children. Fifth graders have at least learned multiplication concepts
and eighth graders have leamed more complex concepts such as fractions, expo-
nential relationships; etc.. which permitted analyses of problem solving as a
function of different ranges of knowledge. - :
All children were given a standardized number analogy test to determine their
general ability level. This was followed by two tasks designed to detect the

salience of mathematical concepts in the knowledge ;épresémgtipns of high- and

low-ability subjects. The first task was a grouping task in which the child was -

given 4 matrix of numbers from 0=32, and was asked to select groups of numbers

that went together and justify his of hier groupings: On the basis of these justifica-

tions, the children’s groups were classitied into four types. Examples of these

types are shown in Table 5.8. Abstract concepts represented mathematically-
based groupings with superordinate labels such as the set of primes, multiplicat-
ive or exponential relationships: Operational concepts involved the stringing

together of numbers into nomber sentences. Digit-based groupings involved

Table 58

Categories Resulting trom Analysis of the Number Grouping Task

3

Abstract Operational Digit-based Nonmathematical
Groupings Groupings __ Groupings Groupings

Multiples Number sentences Single digit #s idiosyncratic
Exponents  Compiitation Decade subsets No Reason
Primes Common digit Orthographic S
Composit . Proximity

Factors
Odd/Even

Note, From “Developmental and individual Differences in Mathematical Aptitude”’
by K. Corsale and D, Gitomer, paper presented at the annual meeting of the
Psychonomic Society, Phoenix, 1979. Copyright 1980 by K. Corsale and D.

Gitomer. Reprinted by permission.
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numbcrs lh.u shired coninion dlgns ihie sei of smglc dlgn numbers etc. Non-
matheinditical conicepts were idiosyncractic groupings or groups based on onhog-
raphic similarities.

In the second knowlcdbc r;preaem.mon task the child was presented with 20

pairs of numbers and asked o stale as many reiauonshlps as poSsane for each

pair: Th; lolal nomber ot dmuem relauonships generated by each child for each

p:ur () pe v..ss reaordud as was the number ot genemlcd rcl.mons th.u wcre c.nm.xl

whcrc.n. “"l 1s % of 28 would be.
The v.moux musuus dulwd trom thc z,roupmg lask and thc D.urs task wcrc

_and Tactor scores were derived for wch child. The first f.xc((\r was reddlly mlcr-
pruublé as ;iii LSiiiiidii; 6i' the dégi{:é of “;ibkii';ibiiiéssr " A. foundin ihé SUbjéCiS'

Ld“Ld ‘generativity; " G, lh.xl secmed lo estimate thc number of § groupmgs .md
relations tormed. The third tactor represented a **preference factor,” P, in which
op'. rational or computation-based groups and relations were prcfcrrcd or were

more saltent than abstract groupings.
L h ot th tactor M.Ol'(,b. A G dl‘ld P was entcred mlo mullplc rcbresslon

;;p.:r.ml) at each gmdg Iucl. The rcsulung rcgrcsslon equauons are indicated
below.

Sih graders: 1.264 + .67G (* =.51)

8th graders: 1:344 + 416 — 41P (r* = 46)
As can be seen; for both grades; the linear combination of these variables ac-

counted for dppr()\ln)dltl) 50% of the variance. These data reiterate prcwous

. demonstrations of the importance of knowledge representation in cognitive pro-

Lcssmg }<6r t'mh gmdu:. only lhe dbb(l’dC( knowledz,e fuctor and th:. gehcidtlvnty
clz,hlh br.ldcr,x, preferred use of opcmuondl rather than abslracl,relduonshxps was
also negatively vorrelated with analogy performance. Apparently, at later stages,
ldw ;ibiliiy thildtbh Sh"o”w ;i i:diiiiiiiii:d 'u's'c i)T 6p’ei';iii0'hijl 'r'eliiiii)'iiﬁhips Wh"e'r’céﬁ
ence (o opc.rqnon.xl ones._ The pnm.xry,conuluslon to bc; drawnr from these re-
gressions is that degree of abstractness in mathematical knowledge is an impor-
tani predicior of suceess in analoglcal problem solving.

H.nmg dcmonslml;d lh.u thc fonn of Rnowledgc rcprescnlallon isa cnllcal

level, the five hnghu.t .md the five lowest scores on the standa dnzed amlogy test
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were selected and engaged individually in a session of oral problem solvinig:
Euch individual was presented with a number analogy problem was asked 1o
wolve it aloud. Problems were presented using a serial procedure such that the
subject was first presented with the A-B pair and asked to generate analogically
plagsible rules. The subject was then presented with both the A-B and €-D pairs
simoltaneously so that the hypothesized relationship could be tested and; if
necessary; reformulated. The subject was then presented with E and asked to
generate the appropriate F. Having generated an answer or indicating that one
could not be generated, the subject was given a multiple choice of five alternative
answers. Each subject was given 20 problems. For each protocol, three types of
measures were obtained: (1) the probability of successtully obtaining the analog-
ical rule after cach successive pair of numbers was presented; (2) the use of a
buckward-interdctive strategy in attempting to solve the problem; and (3) the
kinds of errors that were made during the course of solution:

The analysis of erfor dati and the interactive strategy data indicate that knowl-
¢dge répresentation drives the solution strategy by defining the hmits of the
problein domain. High-ibility subjects, who have abstract; high level mathemat-
ical concepis, liniit their analogical hypotheses to a few plausible mathematical

telationshiss. Low=ability children; in contrast; have diffuse; lower order math-

criatical concepts and their analogical solutions indicate that they do not solve

analogies with systemitic, mathematically-based rules. -
When subjects referred to 4 previous pair following the presentation of a new

pair, they were credited with using an interactive strategy. The probibility of

going backward was high for all subjects, ranging from 50% to 80%, and the use -
of the backward strategy did not differentiate cither grade or ability level. How-
ever, 4 separate analysis was made of only those protocols in which a child was

initially incorrect about the A-B relationships and subsequently used 4 backward

. strategy when presented with the C-D pair. For these cases, the probability of

subsequently arriving at the correct analogical rule was examined: There was a
significant relationship at both grade levels between problem solution and ability
level: Even though use of an interactive sirategy does not differentiate ability
level subjects; high-ability subjects use the buckward strategy more effectively:
67% of the time, high-aptitude subjects arrive at the correct rule after using such
a strategy whereas low-ability subjects are successfol only 20% of the ume {p
< .001). Their probability of obtaining the correct relationship when subjects do
nol Use an interactive Strategy is only about 25%; this demonstrates that the
interactive strategy is mediating, the effective performance of high-ability sub-
jects. . R :
Qualigative analysis of the erfor dita helps to explain the ability ditference in
the cffectiveness of the interactive strategy: Errors were defined as either
Violations of mathematicil constraints or analogical constraints. Examples of the
different error types dre presented in Table 5.9. Mathematical violations were of
two types: comiputation errors or digit errors in which the subject treated i
number not as a total concept, but s a set of isolated digits. The statement: 64

ou
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and 16 ga i'og;mar 't;;gd"usz th:y both have aé in them“ is an exampie oi' i aigii

Tabie 5:9

Numerical Analogy Error Types and Examples

Erior Type

Detinition

Example

A. Compotation (MC)
8. Digit (MD!}

A. Nonrestrictive (NR)

B. Series (SER)

C Slnglc Pair (SP)

D. AC - BD (AC - BD)

E. Nonanalogucal
computation {(NACI

F. Directional (DIR)

- IMathemaucaI
Arithmetic error .
Treating numbers as a set
of digits

Correct characteriz
numbcr palrs that is not
specific enOugh to aliow an-
alogical solution

Stauing a serial pattern across
pdurs

1] Analoglcal

Using a correct reiationship.
that applies to only the A:B
or C:D pair, but not both

pairs

Computations that are not
constrained by identical
pairwise relationships

Applying the correct operator,
but in the wrong direction

“12% 13 169.”

“64 and 16 are related be-
cause both have a6 in them:"’

“11 and 33 go together be-
cause they are both odd.”

In the problem
28:21 :: 24:18 :: 20:_, the
subject may say that the dif-
ference between the first and

second numbers decreases by
1 with each successive pair.
in the problem 9:18 :i 6:15
:: 3: _ . where the rule is act-
ually + 9; the subject may
apply a x 2 relationship
derived from consideration of
only the first pair: S
ln the problem 10:30 :: 6:36
i §:_, the subject may .
notice that 10 — 6 =4 and
that 40 36 4 s yet be un- .

rect analogical rule of A + 30
= 8.

in the problem 2:4 :: 8: 6§
it §:Z; the subject may say
that the answer is 16 because
2 x 8=

if the rqle is to multnply by 3;

the subject may divide by 3.

Note. Adapted from "Developmental and Indwndual Dufferences i Mathematical

Aplnude by K: Corsale and D. Gitomer; paper presented at the annual meeting of

the Psychonomic Saciety, Phoenix, 1979, Copyright 1980 by K. Corsale and D.

Gitomer. Reprinted by permission.
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lookgd lor rclduonshlps ucross palrs rather than within pdll’b were considéred 1o

have niade an ACBD violation: Nonanatoglcal computation violations were
dndl()&,lt.dny m:ippropnale compumuom Finally, dircction violations were those
in which the sabject :ippilcd the correct rule but ir the wrong direction. Table
5.10 indicates the mean errors for each grdd«. and ability group. The niost
ob\vIOUb resolt is the tack of bmdc differences n error {requencies. Rather, any
ditferences in error lrequency secemed to be due to ability differences.

An.alym.s of variance indicated a three-way interaction of grade, dblllly fevel,
and error type: Low-ability children at both grade® levels comniitted ifiore
m)n;m;iloblc Lompumuon nonrestrictive, and digit errors. They ilso niade niore
miathematical computation errors although this difterence was not signiticant:

Th&. kinds of errors thcy made indicated that low-ability children do not restrict

their hypothues conceming an anafogical rule to matheimatical concepts (s

noted by the digit errors) or to analogical concepts (as noted by nonanalogic
Lompumuon) These findings are consistent with the data presented earlier,
which indicated that these low-ability subjects ad more diffuse, less structured

knowledge representations of mathematics.
The parailel berween knowledge representation dnd solunon strategy can also
bg seen ln errors ot the h"h ability subjects. Although the series error was
"""" g between high- and low-ability subjects, it was

the only error committed more frequently by high- ablhty than by low- -ability

subjects. However, this is a sophisticated kind of error involving the detection of
mathematical relationships that follow a constrained rule. Again;, the knowlcdge

representatiog data, which indicated constrained mdlhumml(.‘dl concepts for these

individuals, parallels their use of thuat knowledge as seen in the kinds ot errors
they mike. ‘

High-ability thldrcn when thcy wuld not detect a rule; would '*give up’’
and not sclect a muluple LhOlCe answer whereas low-ubihity children would

select an answer—ausually a wrong one—and justify it post hoc. Such differences

Table 5.10

5 c MD NR SER SP ACBD NAC DR
5 tow 60 64 68 10 34 02 142 04
High 18 2:8 16 3.2 0.8 0.8 0.4 06

8 Low 6.4 36 156 12 30 00 8.4 6
ﬁigﬁ 06 2.0 14 30 0:2 1:4&6

Note. From “Developmental and Indwudual Differences in Mathematical Aptitude’

by K: Corsale and D. Gitomer, paper | presented at the annual meeting of the

Psychonomic Society, Phoenix, 1978. Copyright 1980 by K. Corsale and D.
Gitomer. Reprinted by permission,
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were found in both brad;s but were only significant (p <:05) for the older.

children. High-ubility children operate within both niathematical and analogical
constraints in order 0 achieve a goal of an .m.xlo;_,lully correct answer. They
give up rather than choose an answer that they know is wrong. Not only do
low-ability children chouse the wrong answer rather than give up; but the pro-
id(di L”v'id'c’iiﬁ Sﬁgg(ﬂk i}i.ii iii[y .ii'E j‘iéi’fééiiy h.nppy Wiiﬁ' and can justify, their

Considering both lhc. l\nowludbg representation d.ua and lhe prolocol d.u.n ihe
\!udy b) (.urx.le .md (nlomu (Nuu 3) suz,z,esls lh.u hlgh ablluy 5ubjcclb h.nvc a

.nbslr.u.l over up
and predicts analogy ertnrm;im.L. Fm.nlly, and most Vlme!'ldIIlly, hlgh abllgly
subjects use their knowledge of absiract number relationships to consirain ihe
dLiiiiJiii of b[riiii'x'xibi{ Lib[hiidii& Th;ii is. ihé khleédgé ii:pié&éhi;iiidh SétS
able o limit their hypulhugs T} ,mul,l,lpllc.;uyc ones dnd oftrenwcamg pp,\yu’h ihe
correct exponeniial rule by looking for relations beiween A=B and C=D. Low-
ability children, on the oiher hand, often engaged in nonanalogical computation
and nonrestrictive errors. They did not have the highly consirained organizationail
structure of abstract Rl]OWlLdL.L that would provide thein with constrained rules
of uperation.

Vil. COMPONENTS OF VERBAL ANALOGY SOLUTION

A. Overview

The preceding discussion of numerical analogy solution introduced the problem
Lii" LiiLiMLdgC BJSC iiii'l'u'éh”cls Ubdh béi’fdﬁﬁ;iiii:é A iﬁéjbi iSSiIe was thé 'r'ela'I
stored and rumvcd in_ th course ot solvmg nuniber .malogles Problcms ot
representational V..u’ldbllll) are of even grealer concern in the case of verb.nl
analogies. In attemipling to define the rule relating a pair of verbal corcepts, there
can be nuny different representations that vary in their level of detail or com-
pleteness with respect to the vorrect rule for the problem The number {nq;ypg 9]
semantic features that are acvessed and uuhz;d in defining a rule is difficult to
specify and can vary greatly over individuals and age groups: Répresentmmnal

variability also is involved at tie level of encoding the individoal tenns. Verbal

concepls repiesent rich information sources that can and do 7\7/a{y71n their repre-

sentativns given paricular coiiteXts .md individuals. (The latter problem is less
Appareiit ifi the thst ol encoiing numbers or figoral elements:) Because of this
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indeterminancy in the representation of the semantic features defining the indi-

vidual terns and relationships, there will be a problem in specifying the single
best answer for a probleni. A numiber of different answers may show overlap
during 4 maich comiparison process, and; as a consequence, discrimination
among choices and extended featare processing may be the rule rather thian the
exception in verbil analogy solution: o , 7

As in the previous sections on figural and numerical analogy solution, we will
first consider a process model for analogy solution as applied to verbal analogy
problems. This model provides the context for the discussion of various types of
probleiii teitures that affect overall item solution. This will be followed by a
disciission of various types of verification and forced-choice latency data that
shiow the eftects of item feature manipulations on processing. The discussio
Jdata on item-feature processing will also consider skill differences in processing.
Finially, we will consider the relationships among item feutures, errors, and

-

perforinance. =

B. Problem Features and Processing Models

The processes involved in verbal analogy solution and the semantic factors
influencing solution have been discussed by a number of individuals (e:g:: Gen-
tile, Kessler, & Gentile; 1969; Rumelhart & Abrahamson, 1973; Sternberg;,
1977; Whitely, 1976; Willner; 1964; Ingram & Pellegrino, Note 5). The model
shown in Fig: 5:14 is a representation of the components of analogy solution as
applied 10 verbal analogy verification. According to this model; there is an initial
encoding of the A term followed by an encoding of the B term and an inference
of the sermantic features of the A-B relationship: The next phase of processing
iivolves encoding of the C terw and a possible mapping of the semantic corre-
spondence (if any) between the A and € terms. The final phases of processing

include encoding the D terim, inferring the semantic features of the C-D relation-
ship and a test of the match between the A-B and C-D relationul features. As
shown in the figure, such a comparison and decision process can huve three

possiblé outconies based on the extent of match or mismatch between the inferred
relationships. ] -

The seniantic features that differentiate among items and that influence pro-
cessing can be divided into two classes according 1o the locus of their effects.
Thic first is factors associated with the stem or first three items of the analogy and
ihie second with the set of possible completion terms. One factor of the item stem

that has been examined previously is the type of semantic relationship repre-
seiited by a particular analogy problem. Global analyses ot verbal analogy prob-
lemns drawn from standardized tests reveal that the majority of items can be
classified by a limited set of relationship types (Ingram & Pellegrino; Note 5;
Huynes; Dawis; Monson; Lopex, & Soriuno, Note 6): Included among these are:
class membership; function; location, part-whole, order in timi¢; and property.
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relational categories. o o S ,
We have noted elsewhere (Pellegrino & Glaser, 1980) thit identifying the

semantic relation class s & tactor in item differences does little to predict sys-

Processes 7 Latency Parameter

Encode A a

!
Encode B

P b
Infer A-B

Relationship

Eficode C
B! c
Map A-C
Corréspondence
Encode D
y , g
infer C-D
Relationship
Relationships
| Indeterminate
Extended feature Match

analvilS and e
relation comparison

Match

Mismatch

Misimatch

y - —

Respond False Respond True T

(ry) (i)

FIG. 5.14.  Simphtied process model for verbal analogy venfication task.
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o Table 511 -
Examples of Analogy Relation Types

Relanon Type  Definition Analogy Example

Class Member a) one term is a specific Biology :Science :: Sculpture:

Part-Wnoie
Urder

Property

Functiun

Conversion

Location

Part-Whole

& Funcuon

instance of the (more
general} other term
b} both terms dre instarices

of a more general class

oneé term is a part of
the other

one term alwa
the other in time

one term has the property
or quality defined by the
other

) onié tarm performs some
function for or action

~ on the other

b) one term performs the’
functlpq ééfiﬁéﬂ by the

other term

onie term is made from or
is a product of the other

a) one term is iocated in,
on, or about the oiher
often or always

b} one term performs some
etivity in; on; or about
the other often or always

one term is a part of
the other and performs

a specialized function

Wolf:Dog :: Tiger:

Paragraph:Sentence :: Sentence:

Acoiii:0ak  Bulbi——

Green:Emerald :: Red:

Man:Bread :: Horse:

Ear:Hear :: Eye:

Sail:Cioth :: Oar:

Butter:Bread ::Sugari
N

Train: Rails :: Automobile:

Car:Brakes :: Ship.—

tematic effects of this facto

excepti
Quillian,

1969); relatvely

56

r on performance. One reason for this is that; with the
of of class membership versus property comparisons (€.g.; Collins &

little is known about diffqrences in the inference of

different types of semantic features or relations: A second problem is_that
citegorizing the general rela
feature for a pair of terms; but fai

tionship type captures the most salient relational

Is to capture the number of specific teatures that
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st dlsu be represented: Third: it is difficult to make predictions about the
Siniiilaritics and differences amony items of the same relationship class in terms
ot thic relative ease and likelihood of interring the appropriate seiiantic feaares:
Thiese problems reqaire a normative analysis of the extent to which items ditfer in
gase of extraction of appropriate semantic information. :

Ingtam and Pellégring (Note 5) obtiined normative data on the generation of
completion tenins for various analogy stems of the same relation type. There were
cubstanitial differences i he seiiditic appropriateness of responses generated t0
compleic the analogics. For sutiie itemis, only 50% of all the responses were

appropriate. while for other iteims, 99% of all responses were semantically ap-
propriaic  Difierenices were st ubserved in terms of the size and distribution of
the sei of diiswers generated (O specific items: Across items; the single most
trequently generated answer 101 an item was given by 10% to 80% of the

sabjects. Thise datd idicate subsiantial differences in the constraints on seman-
(C 1Eature processing aeruss iteiis and individuils: .

‘The second locus ol eftect in semantic featare processing involves the set of
pussible complietion tefins. For iy given analogy; there is a set of acceptable
tesponscs that vary among theniselves in generative probability; and that could
satisty the senmuantics of the e, Noruative ditferences in the production of
approprisic comipletivii temits vt be considered as representing a **goodness of

{0 ot seinaitic distaiice tactor (e:g:. Rumelhart & Abrahamson, 1973; Smith,
Rips. & Shobeii, 19745, This factor should affect decision timie in a vernfication
Bk giveit provessiig dssamptions ot the type represented in the model shown in
big, 514

C. Data and Theory on ltem Processing

U Vergication Tasks. A st ot veritication S(;Idiés was conducted (Pelleg-
rino o Ingram; Note 4) that exaimined processing differences amony items with
ditterent types of completivn teriis. Four types of completion terms were used.
The Tiini two By pes were dveeptable answers that ditfered in seman-:c appro-

priateness (high versus o). Two uther types of completion terms were analogi-
cally meorrect, i.e., they tailed to represent the appropriate relatien given in the
Jtem of the analogy. Oiie of these erms was a strong free associate of the C term
aid the other was a very weak free associate of the C term. College students
differing in analogy sulution skill (as assessed by the Cognitive Abilities Test
CThoriidike & Higen, 1971, and Lorge-Thomdike Test, 1964) were presented
240-300 separite items tor veritication; and overall latency and accuracy on the
individual iteinis were measared: Presentation of whole analogies and parts of
analogics in scquenice were osed (o estimate; in an additive fashion, the compo-
neit latencies for each of the processing stages of the model presented in Fig.
5.13. In addition, estimates were made of the probabilities that extended feature

aiiilysis and relation comparison would be required by edch of the four types.
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The ieit column of Table 5.12 shows the paraitieter estifivates obtained for the
group mean data. The correlation between observed and predicted values was -98
with an RMSD of 198 misec. As can be seen in Table 5:12; the low-associate
wems have a very low probability of requiring extended teature analysis before
bemng rejected. In contrast, the high-associate itents have higher probability of an
indeteriminate initial match thus requiring further featare analysis before rejec-

Mudel litting also reveaied skill differences in the precision of the initial,
iilerviice . Coitiparison, and dectston processes. Subjects were classitied as either
skilled or less skilled solvers and the data were separately modeled. Tuble 5. 12
shuws the parameter estimates obtained from fitting the nean data for euch of

Table 5.12

Latency Parameters for Verbal Analogy Verification Task

All Subjects Skilled Cess Skilled
Patatiieter iN=150) _ (N=B0) {N=60)

Encode A (a)? 183 77 173
Ericode B & Infer A 8 (b) 326 233 302
Eiicode C & Map A C (c) 407 308 360
Encode D, Infer C.D, & Compare (d) 1425 1179 1527
Extended feature analysis (e) 171 1230 1013
Probabiiities of extended feature analysis
a (high appropriate) 23 13 32
G (low appropriate) .55 46 65
a {high associate) 19 A7 43
a liow associate) 07 03 25

‘Responmse {r) 472 543 489

a5 mall letters in parenthesis refer to Figare 14: 5 8
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these groups. In both cases: the correlation between observed und predicted
vilies wias 97 and the RMSDs were less than 272 msec: The general pattern

obtaitied 16 both sKill groups was the same as tht juist discussed for all subjects:
Both gioups seen to be sensitive o the same sets of seimantic vanables at the
level of individaal completion terms. o i
© There were: however, ditterences between the two groups that suggest dif-
ferences in the quality or precision of the initially inferred semantie information.
The low skill group showed higher probabilities of extended feature processing
tor all four types of completion terms. The largest difference relative to the
skilled subjects was with respect to the processing of high associate incorrect
completion terms. That less skilled individuals seem particularly susceptible to
this 1y pe of HEm suggests an incomplete of sparse teatare analysis and representa-
ton dunny e initidl stuges OF provessing: The latency estimates for the compo-
Hents of Stem processiiiy showed @ relatively small difference between the skilled
and 165 skilled subjects up to the point of presentation of the D term. At that

point, there emeiged 4 substantial difference. Thus, it would appear that skilled
subjects are no faster i the initial phases of processing; but may extract more
loriiition ihat ledds @ taster and more precise decisions about individual
completion terms. Less skilled subjects seem to extract either less information or
miore global relationidl tedtures; this makes subsequent decisions more difficult

terpretation of such results is that less skilled

and tithe consuniing. A possible interp
indiv iduals are toiced (or choose) to solve items interactively. The impliciation

ihit skilled individuals develop higher level and more precise initial problem
fepreseititiois is supported by studies of performance differences on other ap-

fitude wisks (c.g.. Egan. 197%; Sternberg. 1977). Thus better representation
facilitates the speed and accuracy of final solution.

~Uur discussion of the nfluence of item features on processing has been
lisnited to difterences m the semantic features of the individual completion terms

thiit were presented. Such results ure applicuble to all itemis and permit the testing
of the general model in Fig. 514, In additioi to systematic latency patterns at the
level ot individaoal completion terms within items, there also were systematic

latenicy differences between iems. Type of seiiiantic relation had a significant

effect on overall solution laiency s did the degree of semantic constraint as
esttmated trom normative dati. W the Litency to solve an item was divided
(IO SlEm processing tne versus processing associated with the completion term
and the match between reldtioiia. there were significant effects of both semantic
relation type and semantic constraint in both stem and completion term process-
mg:

5 Foredd-Choive Tasks. A substantial number of verbal analogies require
ome form of catended feature analysis 10 accept the “best™ answer and items
vary widely in the consefisiial agreement about what are “"best’” answers. Thus,
forecd-chivice aidlogy solution may require considerable amounts of interactive
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processing involviig the relative match comparison process as discussed earlier.
i1 aii aticiipt o ¢ vanine such a possibility; normative data were obtained from 4
group of college students on the semantic appropriateness of euch response
alteriative. Individuals were presented with analogies drawn from the Cognitive
Abilities Test, and the altematives were individually rated with fespect to their
appropr.dieiiess for completing the analogies. The values assigned to edch alier-
hative for & given problem were used to derive discriminability indices (@ d' ype
prucedure was used): The items showed wide varianee in the discriminability
values and somie nems even had negative values, indicating that the college

studesits actually rated incorreet options as being more appropriate than the

A second grovp of college students was then asked to solve these items: Those
iteitis with i hgh level of discriminability were solved more rapidly with less
iepetitive cyching through the alternative set prior o tinal solation: The overall
correlition between the index of discriminability and time spent in processing the
aliermatives was —.79. Protocol data obtained from yet another group of college
Ctudeits imndicated that such itemis often required interactive solution procedores

D. ltem Features, Errors, and Performance
1 Venfieation Tasks. The factors that influence the latency of analogy
verihication also influence the decirity Of solation: Answers that could be con-

sudered as less appropriate conipliction’ erms take longer to accept, and require
extended feature analysis betore being accepted: Such completion terms have the

highest probability (.26) of being rejected as unacceptable complction lerms. Thie
rejection of compleiion terivis of this type can be viewed as an error. Alternatives
thal are analogicilly incorrect buat high associates of the C terni hdve some

probability of feguiring an extended feature analysis prior (o rejection. Individu-

als Soitictiities wecept such completion terms and thereby muke logical errors
{121, The inost approprite completion term has a coimpirable probability of

extenided featire analysis and an equivalent error rate (.1 1). The least .jppropriuic

coiipletion. which has the lowest probability ot requiring extended feature
andlysis prior to rejection; has the lowest rate of error (.07):

Skill groups not only differed in latency but also in aceuracy in the verification
task. Table 5.13 shaws one of the significant interaction patterns obtained for the
Skill group contrast. As can be scen in the table, both groups show the same
seiicral pattern across types of completion wrms. The most outstanding dif-
ferenice in the patter of errors is the much lower error rate of the high-skill group
oii the analogically incorréct completion terms, particularly the incorrect high
dssocidtes: As was argued before with respect to"the model fits for the latency
dita, it appears that less skilled redsoners have less adequate feature repre-
entations that lead to longer times to dccept and reject completion terms and
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Table 5 13 _

D (High D (Low D (High D (Low.

Appropriate) Appropriate) Assotiate) Associate)
Skilled 07 24 03 .03
Less Skilled 12 32 .15 .10

greuter likelihoods of accepting analogically inappropriate answers, A related
and consistent linding wis thit the Lirgest ditference between the skill groups in
errors wis onihie iteiis with low levels of semantic constraint. Thus, as semantic
fedtuie extidgction beeoiies moie ditlicult, the difference between skill groups in
thiv represeiitation of seniuntic feitures becoiies more appareiit.

i. i-?n-rv'd i‘hm’.'a' ‘iinkt itcm dii‘i‘ic’u’ity ina i'crced-ch’oice 'p"rtj'c'edu'r'c is @

(0“(.)_4. \ludc.nl\ \olu.d num that varied subsmmmlly in nem dliflt.ﬂlly and the
sepuarae. wrr;l.unnns ut item difticalty with stem processing latency and op(lon
pn)CC\\lnL Lxlcm.v were .44 and . 7Y respectively: Both the I.ucmy and error dala
suggest that a substantial proportion of the difficulty in solving standardized test
tems 1y assoctated with chowee dise
nuich comparison processes. As further suppont of this conclusion, measures of
choice discrimimabiity also correlate at the level of .87 with item difTiculty.

3. Procedural Knowledge Differences and Problem Solution.  1n our studies
ol verbal analogy verification «dnd forced-choice performance, we hive been
L.On\ld(.llnb thc pgrh)rlll.mu. nl L.O“(.k,(. studems who vary in sklll The v.m.mona
Know lcdgg of l.hR constraiiis. Al vt mllcbc s(udcms seeiil o reason .m.nlo;,l-
citlly, albeit with signiticant ditferences in the speed, precision, and accuracy of
whiil 15 represented and processed. However, studies of high suhool (Heller,
1979) und elementary school (Goldinn, Pcllc.gljmo.VParseghmn.”& Sillis, in
press) students indicate thit dn inipontant aspeet of performance differences may
involve kilowledge of task knowledge that is required
to sutisty the goals Gad constraints of .m.nlogy solution. These studies of verbal
.m.llnl_y xnlulmn thv nuriierous m\(.mc.cs of solull(m prouédurés that violate one

Heller (1979) anmlm.d the xoluuon eplsodes of college and hlgh school

stadents 1o deterinine whether they included behaviors that violate task con-
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Table 5.14
sample Solation Protocols

Analogy Elements Presented : Solver’s Response

Analogncal Solunon Protocoll

TEA:COFFEE : : BREAD: Tea is to coffee as bread is to . . . rolis because tea and cpffee

they ré both drinks, and they're about the same thing; just
two different names for two different drinks, and a bread and

a roll would be about the same—two different names for the

e same thing.
MILK {Reject] That doesn't fit, it's a drink.
BUTTER {Reject] Butier is something you put on bread; that doesn't fit.
ROLLS {Accept) That's good.
JAM {Reject] \t's like butter, something you put on bread. it wouldn't

fit because you don't put coffee on tea or in tea:

o Zinaloglcal Solunon Protocol 2
Interactive; initial failure to identify A-B rela 'on—analogucal rule

identified daring obnon verification

ABATE:DECLINE : : WAX: This is a good one, Oh Christ, 1 dpn t know—I can t say
- anything yet because | don't know what "‘abate’’ means.

e - -
POLISH {Accept) Well, wax and polish mean almostr—vyeyjbgy rg!gry close,

and maybe abate and decline are very close. | don't know,
I'm just gonna put true.

INCREASE  (Reject] i just don't Know.
WANE {Reject} To e, decline seems to have somethmg 10 do with abaxel

even though 1 don't know what it means, but wane doesn't
have anything to do with wax.

IMPROVE  (Reject] I was thinking, maybe abate means "to decline™ because
wax may mean ''to improve." And like before, it means

*10 polish:"" 1 like polish better, though. {Table continued) -

Noie. From “Cognitive Processing in Verbal Analogy Solution” by J. 1. Heller, unpublished

doctoral dissertation, Uniiversity of Pittsbargh; 1979, Copyright 1980 by J. 1. Heller.
Reprinted by permission.
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{Table 5.14 continued}

Analogy Elements #ré?é’ri?éa

Solver's Response

LINE:RULER : : CIRCLE:

ROUND {Accept]
ORAW {Accept]
RADIUS (Accept)

COMPASS  lAccepti

{Which of these do you think

best completes the analogy?}

* Non-Analogical Solution: Protocol 4

Nijﬁ;]i;@i{jgiéai Salution: Protocol 3
Consideration of C-D’ relations only

Bali. Because a ball is a circle, it's round.

Yeah, a circle is round.

No, because draw can't be a circle. Oh! Yes, it could be
because you draw a circle.

Compass you usé to go around—like you put your pencil

and it's a circle.

Round, because a circle is round:

idenufication of A-B and C-D' relations; na relational comparison

TELL:LISTEN : : GIVE:

PRESENT  (Accept]
LOSE (Reject)

GET {Accept)

HAVE (;&ééepii

{Which of these do you think
is best?)

Take. If you tell something, they're like taking it in. If
you give s'6i'h'éih'i'ri§; ih’éi‘ take it

Tell is to listen as give is to present? Yeah, 1'd go with that!
You give presents?

No. Most peaple finc something, they ain't gonna give it
back:

Yeah. If you get something, somebody gave it to you.
When they give it to you, you have it. Yeah.

Present. Because you give presents.

(Table continued)
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{Table 5:14 continued)

Anatogy Elements Presented

Sb]i'éi'j Response

éonsndérauon of A-8-C:D mlerrelanons only

SUBJECT cmzsm : KING:
{Could you explam how you
got that?}

{What about subject and citizen
made yoo think you'd need

something that went with a kmg")

RULE {Accept)

(Couid Yéu e; i‘lia little bll
more what subject has to do
with citizen and king has to do
with rute?}

KNIGHT {Rerect)

{What 15 # £night?]
PRESIDENT (Accept)

(What do you mean "' They are
subjects?)

KINGDOM  (Accept)

{You said that president, _
n, and rule are pos-
of those three do

yeu like the best?)

{And how do they connect with
subject and citizen?)

King—king—queen.
Well: subject to citizen—like the king is married to a queen

so | figured King and queen. They stay logelher

Well citizen i5 @ person and is like a subject. So i figured
that king and queen ought to fit into it. Same as wb;ect
and citizen. If | hear you talking about a subject, then it's
probably the queen.

This one is a good one here ﬁeCEUSE you ‘re descnbmg the.
rules. The king and rule is aimost like the citizens and rule

and | think that, | guess this is a pretty good one. It's
kinda hard.

Well, the sub ecl is a type of orie thmg and a citizen is like a
person. So the king is @ man who's higher and the rule is—

the King rules the citizen.

A Kriight is a man that guards the king. That's all | can
really say.

This one's all nght Prééndem—-kmg s almost the same thing,
and both of them are citizens and they e Subjects:

Well, it's somelhmg—-sub;ect 10 somethlng—l can't explain.

King and presnderil are cmzens and lhey re qujecls to

another person-they re the sobject of what other people

are talking about.

This one ‘s all nght,because the kmgdom s where the kmg
hves 1 guess it's all right—I can't go against it.

Pres-dent I like the kmg and the president because lhey re

aimost the same persons, they both rule in different places.

Because they're both citizens and are subject to a person,
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WETe ch ir.muugd hy ¢ 1) consistent .mcnuon to the rul.mons contain
.xllm\ able word pairs. and (2} consistent attention to the match between these
parrs of relations. Nunamlogical solutions are characterized by: (1) attention
onl) ) rtldllull\ between illegal’t piirs of th:lﬁt,n(b, nnd]or (2) consistent
attention to the match between |n.lppmpn.ﬂdy selected pairs of relations in two

or (3} i consi: n

s nt disregard for the match between relations
contamed in two word piiirs. Bum'y solations (the term 1s borrowed from the

computer progrivnniig iotich of prouzdural bugs with nussing or faulty sub-
routines) contaitied both ot the ypes of behavior described for analogical and
nonanalogical solutions. Bugs included suspension of consideration of the match
beiween two felativiis, conisideration of the match between inappiepriate word
patrs, ur loreing’ a match hL(WLLn two relations by stretching the interpreta-
tion of relations between word pairs: S.xmplc solution protocols for &nalogical
and nonanalogical solution types arc shown in Table 5.14, protocols ote through
tive (Heller, 1979).

Heller found ditterences i the availability and uuhz.mon ot .m.nlo"nc.nl solu-
tron procedures among i st all \umplc of college students (high ability) and high
sehool studenits Giterinediate and low ability). Table 5.15 shows the propontion
of gach type of solution in esich ol the three ability groups where ability reflects
overall diftereiices il perrorny ance on standardized analogy itenis. The propor-
tion ot diialogical solution dur-‘a\ca with decreasing ability level, 2::5 the

cite porizition of solation type 1s independent of the correctness of the final

chioice.

Table 5.156
Mean Proportions of Anal -ucal, Noianalogical, and’ ‘Buggy" Analogical Solutions
tor H-gn Intermediate, and Low Ablll;y Soivers

Ability Level®

Sotution i High Intermediate  Low
Aralogical 99 71 34
“Bugdy " andiggical 01 13 15
Nonanalogical c .16 .50

y subjects werggO college students
Intermediate ability subjects were 6 tenth grade studems in the upper
quartile of verbal ability

Low ab-my sub]ecls were 9 tenth grade studems in the lower quartlle of verbal ability

Note. F
do i dissertation, Uitiversity of Pittsbargh; 1979. Copyright 1980 by J. . Reller.

Reprinted by permission.

Cognitive Ploc!.ssmq i Verbal Analogy Soiution® by J. . Heller unpubl:shed
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While ihie data in Table 5.15 reflect average performance within each of the
three abilily groups. they are not necessarily indicative of either an individual s

cofisistenicy in strategic performance or of individual differences within each

group. To identity individaal patterns in performance. Heller determined profiles
he or shie utilized over the entire set

of each sulver bised on the Kinds of solutions
of ifciiis. Reliance apon consistently analogical behavior is a characteristic of
skilled analogy solvers. Whercas 85% of the high-ubility individuals solved all
iteiis with an analogical solution procedure, none of the intermediate- or low-
ability solvers solved all ilems analogically. While all of the ind in the
intermiediate-abihity group were capable of solving items analog

3 ly. they did
not do 7s;>7§onsistéﬁily. The majority of the low-ability individuals (67%) were
also capable of solving items analogically. but again; did not do so consistently.

Three individuals within this group, however. solved no items using enlirely
analogical behavior. These data suggest major differences in the global types of
soluttous otilized by individuals of difterent abilities: Not only is the analogical
solution procedure relied upon far more consistently by higher-ability individu-

als, bat 1t appears 0 be unavailable to some low-ability individuals.
Differences 1 solution behaviors were also obs rved in processing activities
withim analogical solution _episodes. All hig ty solvers utilized the
addinonal processes required tor interactive solutions in their solutions of some
stems. However, among ihiose who used analogical solution, some intermediite-
abiliry solvers (17%) and half of the low-ability solvers never solved iteins using

the edditional processes reyuired for interacrive solution. Thus, it appedrs that
jow-abihty solvers are less likely 1o solve ilens analogically: when they do
reason analogically, ttiey are less likely to demonstrate the complex processing
required for interactive analogical solutions. High-skilled individuals; con-

{ by a more adequate knowledge of tisK constraints and

veiscly, dre chidricterized by a more )
g of th alogical rale asing additional

teractive solutions. In items that are solved analogically; low-ability solvers
show @ high proportion of conceptually-driven solutions. Where an initial in-
fercnce is easy or pussible, the inference is jiade and maintained throughout
solation. Although some low-ability solvers are also capable of modifying rules
and solving iicms interactively, the frequency of their doing so is less than thiit of
higher-ability solvers. On more difficalt items; which are less likely to be solv-
able in (he conceplually-driven mode; low-ability solvers exhibit performarce
that violates task constraints. o -
The foregoing data argue for the presence of ability differenices at the level of

procedural knowledge. A major difference in the representation and understand-
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m&, ol task Lu\ns(mmls Is >uggc>lc.d by the presence ot mdlvnduals who never
reason analogidally, and sume incidence of nonanalogical behavior in the s0-
lutions ol both the mtcrmediate- and low-ability solvers. There dre a variety of
wuys 10 whic nanalogical behiavior can be exhibited and these can be

leb\l“&.d, .ll i bmss lg.vnl m u.nm oi thg amount oi mtorm.mon th.xl is bung

of the munm.dmu .md low- dblllly wlvus in terins of the propertion of cases
showng ditferent violations of analogical constraints,

Three types ofinonanalogical solutions were identified: One lypé in which no
ati€mnpl was niadd o identity the A-B rd.mon——.uu.nnon was p.nd only to the
presence or abseiice of C-1 rekle s. A second type n.presemed solations in
\xhuh .nll tuur .m.nlug' lcnm were Lonsldcrcd bul attention was. pmd lo thc

distinict lLLllmn\ wuhm Lll.l“Lll( pairs: A lhlrd type rcpresemed solutions in

which il aiiciiipt Wiis nide (cither successtul or unsucccsstul) to ldcnufy both
A-B and C 13 relitions, but no apparent attempts were made to determine
wheitier any owo ichitivits niiitchied. All three of these violated the central con-
straints of the analogy Gisk-- thit behavior should be dlrcucd toward |denutym5

lwo dmum rLl.mun\ th.u iare .umloz,ous or m.ﬂchmg However; the three con-

cal \olmu ns: and .qunde o two allowable rcl.mons
In general, this rescarch suggests that skilled analogy solvers are chumucnzed
by greater knowledge of task constraints, and by the ability to dcvclop an under-

Table 16
Proportions of Nonanalogical Solutions 5f Each Type for
Inlermulldle and Low Ability Solvers

Ability Level

'ri{d:sé?\aiijg;c}ii 7 ] _
Solution Type - _ Intermediaté Low
? Only CD 'r;:iaua};s caag{uz:;eu 25 65
. A-BC D interrélations considered ) A7 10
[. A-B and C D relations considered 58 25

__butuo relationdl comparisor N

¢nctoral dissertation, University of Pmsburgh 1979 Copynght 1980 by J: I: Heller:
Repiinied by perinission.

67

O

ERIC

Aruitoxt provided by Eic:



O

ERIC

Aruitoxt provided by Eic:

334  PELLEGRINO AND GLASER
standing of the analogical rule in response to the item stem and set of completion
termis. This is acconiplished by suspending the top analogical goal momentarily
and working on subgoals of the problem structure while maintaining overall task
consiraints. Conversely, less skilled solvers proceed analogically only when they
can easily identify an analogical rale; but if that rule is initially inaccessible, or
no C-D relation can be found to match the initially specified file, they violite
task constraints of appropriate analogical . - -
The Heller study suggests a parallel between sources of developmental dif-
ferenices and individual differences within age. The differcnces exhibited in the

contrast between sKilled college students; intermediate-skill ddolescents, and
fow-skill ddolescents were pursued further in a set of studies focusing on age and
skill difterences for children ages 9-12. In two studies, Goldman, Pellegrino;
Parsegliian, & Sallis; (in press) examined the relationship between developmen-
til nd individaal differences by assessing performance in (wo ways: first, by
detertnining the ogtcomes of the ditferent phases of processing in the analogy
task, and second; by considering task understanding and adherence to necessary
tash constraints: o -

Third and fifth graders were shown the A-B pair and isked w describe the
relitionship between the two words. Each child's answer was evaluated semanti-
cally to provide a measure of the success of A-B relational interence: The child
was then shown the A-B pair and the C term and asked to generate a completion
term tor the analogy. The child's answer was again evaloated semantically
provide a measure of the success of the C-D’ relational application to the A-B
pair. Additionally, the child's response and justification were evaluated relative
16 the previously Specificd relitionship: In this way; it was possible to determiine
if the child was atteinpting to meet the constraint of parallel relationships. The
final subtask involved 4 forced-choice test where the child chose the best answer.
and ilicn verbally justiticd the choice: The child's performance in this final

subtask provided data about two types of processes. First, whether the child
could identify the correct response given that he or she failed to generate an
acceptable term in the previous task. Second, whether the child hud the ability to

maintain correct responding in the fuce of potentially interfering relational infor-
mation. Finally, the child’s verbal justification for his or her choice was
evaluated for evidence of adherence to the constraint of parallel relationships in

truc_analogies.

 The results of this study showed age di
ing. There was also substantial variability within grades both in overall perfor-
nianice on the forced-choice task and on the more detailed process outcome
iiicasures. The pattern of differences in both grades was lie sume and the distri-
bution of performance for the two grades overlapped substantially: The indi-

vidual differences within a grade not only reflected developmental ditferences;

Terences for all the phuses of process-

but they were far greater than the mean developmiental differences. Regression
analyses indicated that in both experiments, the mieasures, that assessed processes
~

65




O

ERIC

Aruitoxt provided by Eic:

mindels for task unmnu Rather, the datéd nht.nm.d by Goldiman et

5. APTITUDES FOR LEARNING 335

refating pairs of relativnships dccounted for individoal differences in overall
performance.
The data mdlutud thit thldrun varied substamully in effective use of the

vanious kinds of inforiiation aviilable o guide responding; a finding similar to
Helicr s analysis of interniediate- and low-skill individuals. For example; skilled
children (s dL“llLd by overill torced-choice performance) used semantic infor-
thtion 1 the A-B pair miore cnuuvdy 10 bundc the generation of a completion
tenn for the .umloL) Theii. swhen taced with a set of alternative answers, they
were Jble to recogiize ‘thie correctness ot their previous efforts and find a more
suitable answer which one wis avulable. )

Such varibility in mdividual performance can arise becas of semantic
Rlln\\lung ditferenices: dilterences in the suceess of prucess exeirition, or pro-
ceduril Jmu- Hees lelL\LlIllH“ a lack of attention to details of analogical syn-
tux. Hhe Littct powtuln) wis considered by examining measures that retlect the
child s understndmg of the task. One such measure involved evidence of rela-
fioial paralielism m \uiw i justitications for those items where the thld selected
{h . oiuT response m the forced-choice task. Tais provides an index of the
Chikd (iiidgl\l anding of the need tor parallet relativnships aind udherence to that
[QUINISi The shilied childien appropriately justified i corrett choice over 90%

ot the tmes w hxlg lg S, sklllul dnldrul Lnlud lo do 50 for lhur vorrect answcrs

correci responses, ceiichated . 7? with ovgrall eriurm.mu.
The different types of measures used in the Goldman et al: (in prcss) study

wete demved from the previously stated (hLOf) {sce bu‘.uon iV) of the prbccssea
ecessary 1or analogy solution :nd the task constraints that must also be a part of
the thld N upruun iiton ol ihe tisk. These dmuru tseis ol measures converge
ot an explanaton of lmlnulu:l differences co > that of lhc. Hcllcr
P 1079 study . ie.. Skilled pertuninance is associated with «
Aand orginizing sets 0l scindntc inforniation o armve at unigue soluuons K nowl-
cuge U1 it Cotistiialits Is i relevant teature of the skilled child, adolescent, or
aduli’s pmblull spuice thit lLJd\ to the com.ct orbunlzalnon and execution of
Ice, -

Huwe et it 18 silse clear that poor pe ce is not sis ply 4 tu
fier viclations ol an overall correct solution procedure. This is © sdy that a
sitigle process mode] of correct analogical reasoning is not necessarily the .xppro-
pn‘uL s¢ hwm Im D.ldt.rsldndln" erorlul erlon ane. Wth a Child shows low

processes ol @il mferer

\LLU“U” ol ihe .u\pmpn.m set ul L i‘:t- ;iiid proccsxés Such an mterprud-
Lo asswnes i i-.fi children Tollow e siinie stritegy or have slmli.xr process

and by
Heller (19791 a0 we b+ performanice is @ function of substantial variability i«

the representation wind undeitanding of task constraints and accompanying pro-

ceduaius kxh)\\ ls.d:-
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Vill. CONCLUDING COMMENTS

A. Discussion of Results

The outcomes of our |n|l|al reac.nrch cttorta can bc summarized bneﬂy in the

context of the genera! analylic schenie outlined al the begmnmbrof the chapler

We have tried to demonsirate that it is possible 1o construct information process-
ing niodels for aptitude @st tisks and 10 show the generality of the lhcory and

models across content and forimatl variants of the same task: In the course of this
eftort, we have penerated 4 good deal of information about the procedural and

Jdeciarative Knowledge that governs analogy ilem processing in three different

conieni-symbolic domains—{igures; numbers; and words. The analyses reflect
soiie of the coniplexity of knowledge and skill that presumably underlies per—

foriarice tn an dﬂleblLdl rézmnmb/problem -solving task. Considerable effort is

still needed i theory developmenl and cxpenmenl.nl work. We are cautious,

however, dboul the extent to which we wish to become embroiled in detailed
eftorts at studying the purndlgin or task for 1ts own sake; we need instead 1o meke
stroniger connections with paychoiuelnc conupla such as test score differences,
iterii ditticulty, test vahdny and factor structure.

Our presgnt purpose in studvmg an.nloby solution was 1o select a Rey .npmudc

test perforniince and gnderstand it well enough 1o apply the analyses to the
problgms of undgrsum;lmg> individual ditferences in aptitude and differences in
wem ditfic ult) As noted in the analyric scheme, a test of both the theory and the
modclmg of the tasks is the ability to show ihat these provide a useful basis for
Lhamuenzmg in (.Obnlll\’e process ieras, individual differences in skill:

have made a start in this direction and it appears that this general proble solvmg

theory of analogy solution and the specilic task miodels have been able to caplure

sonie mieresting differences in performance.
At the expense of much oversimplificdtion, we infer from this work three

imterrelated factors that appear to differentiite high- :md low-skill individuals.

These are the management of meniory load, orgamzmrlon of an appropriate
declarative (or conceptual)y knowledge bise, and procedural knowledge of task

constrainis. We have discussed eiach with reference to relevant studies of figural;
numerical, and verbal analogy tasks; and will subsequently suggest their possible
imphcations for iniproving skills of le.irmng

Studies of figural and iiij'm"e”ric'al analogy solation highlight the importance of
the management of memory as it is reﬂccted by differences in the speed of

pertoriiance and the handling of demands on workmg memory. Our studies of

filinierical dnilogy solution show that the structure of the declarative-conceplual

knowledge buse and the level of representation of this knowledge can also differ

as a function of ability: ngh -skill individuals employ conceptual forms of

l\nowlcdge lhm conslrém their induction of relations, whereas low-skill individu-
ale encode al more surface levels; which limits their inferential power. In our

studies of verbal analogy solution; individuals differed in their knowledge ot the
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constraints of problun \L)]\lll&_ pro(.cdurcs—wh.xl we have called the synlax of

analugical probledi solviiig. Efiective problem solution is characlerized by

problemi-solving steps dlrLLlLd twward lhe saustacuon of parucul.xr goals that are

determined by probleni- sol\mz, constraints: The more constraints the solver is

awife of, the niore highly constrained will be the goals pursued Faced with a

dlth ult p’mhk m \l\lllud mdn ldu.xl genemlcs subbo.xls pursucs lhcm dnd can

n.sulls in \ml.mons of pmblun solvmb constraints; the 1mposmon of proceduml
bugs. ;jii'd the ibility 1o recover higher level goals when subgouls need to be

pux\ULd
~\n0(hu m oar goals sk llL\‘ m lhc bencml .m.xlyuc schcme was lO L\)nbldtr

:.H..:denl
'\ élsc:

Uiiik TNt mdlnﬂ ol th L :sk ()lan no more mslruumn is reguire d 'h..n o sxmply

\.x) l W ant \uu ln mh L' SRR 1Iub) probluns al whuh poml 1hc mdnv-du.ﬂ

underst: xmlm", and some \sho hasve \.mu.xlly no undc,rsl.mdlnb, of the .m.xlogy
Lisk regutremetls,

One aspect ot the LlC‘bLIUl)llanl of .lnlu)blLdl reasoniing ability mdy be the
eraduat aequisition of the ievessiiry Llumms of an appropriau. task representa-
Hol caissiing (0 caincidiiig withy thie siequisition of more complete and complex
procedutes tor stlviiig hnlh Tiny .md ditficult ploblun\ Younger children often

IIL‘\ thic .xhllll\ w \LII\L s that n.qum. a rnorc Lomplcx .md miCr.uuvc mode

thn, s lunlum to relix the um\lr.jmls of the task rulhcr lh.m .nuvely pursue
tie appiopriite st of mml\

liidividil ditterences within age groups seem 1o reflect developmenial
trends. Skilled \UbJLLl\ huve an approprl.uc representation of the task, aclively
ddeinpt o sitist’y the .1ppropn.m set of bouls by using more complex and interuc-
tive solution prnecduxu when necessary: and only relax task constraints when
.:bxuluul) necessary: In fact: evidence was presented that skllled mdxvnduals
preter not 10 rL\p()nd at all rathier than give an answer thil they cannol justify
given the construnty of the task.

The theoretical analysis ot anulogical rcmomng .md lhc, dita on age and sklll
difterences sup.ul i pussibic muliilevel scheme for the fuctors that contribute to

analogical reasoning performance. These tactors are: (1) the individual's prob-
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leiii space, i€, representation and understanding of the analogy task; (2)
avarlability and utilization of the processing strafegics necessury for analogy
solgzion; (3) erganization and coordination of protesses for solotion of ditterent
‘tem types (ineluding the stability and tlexibility of these processes): and (4) the
automaticity and precision of cach coniponent process. Such a scheme 1s useful
when one atieimpts (o undersiand why an individual performs poorly on a test:

The lower the level of performance, the miore likely it is that the individual's
s of this hicrarchy: This is based upon the
: 7 i presenting a failure to under-
Jtand the task of @ weak understanditig with inadequate constraints—will lead to
chance or fiear chanice pertoriance. When one onderstands the task; but lacks
proficiency m the coniponent procedures tor solving difficult items; then perfor-
Hianee iiay e ai ai intermiedidte fevel, reflecting a failure o deal with complex
tulc and ambiguous iteiis. At the upper end of the performance range, dif-
[Ccnocs ae fiivie likely o be manifest in the stubility and coordination of the
“otiponient perfortidiive routinies necessary to solve more ditficult items. At all

different sources at ditferent age levels: This issue needs to be pursued in more
dépth if we uit (o lully understand the correlations (i ¢, predictive validity) of Test
seotes with educational suteess. ]
Finails . we lve yet o awack the problem of what is “pedieralt across
aidlogy Gisks. let alonic across nductive reasoming tasks. We would expect that
geiierality would be observed at the level of procedural Skill aind knowledge of
{ask cuiistraifits. We can speculate that at carly levels of development and indi-
vidial skill, perforinance 1s limited 1o specific Knowledge domain As pro-
cedural skills and knowledye are excereised in the context of these doniains, these

<kills @nd knowledge beconie more abstract Knowledge. This eventuates in gen-

el inductive reasoning ability that is then available for application to specitic
probletis m various content domains, giviei (hat the appropriate declarative

kiowledge 1s also available or can be generated.

B. Instructional Considerations

Given whai is currently known aboot analogical reasoning, is it pussible to
develop diagiivstic assessment procedures for the componcil processes involved;

and what then dre the implicutions for instruction? Answering these guestions
involves soiiie sniill and Jarge interential feaps. The siniplest tase to consider is

the teachiig of analogical reasoning per se. The more difficult case is instruction
i “aptitudes for learning. ™

| Amilogy lisiraciion. Based on the rescarch we discussed here, we can
arguc that understanding of the analogy task, 1.¢., knowledge of the constraints
of the iask, is a logieal instructional target in_order to teach analogical redsoning
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skills. Correct interpretation ot the structural representation *"A:B :: C:D™' is a
prerequisite for solution of even the simplest analogies. The requiremient that
solvers consider the match between two relations, and that the two relations be
chosen according to syntactic rules, can be stressed explicitly during instruction.
By doing so, vne would be providing basic tamiliarity with the task to solvers
who would mh'iii'wuu .munpt wluuons in non.m.nlogu.al w.nys Such instruction

uudcral.mdmg of dndlog). Lqunpped wnh”a strong, .npprroprndtcrly constr.uned
goal. solvers at least have a chance to perform the task of *‘analogical reason-
Onie conceivable way 10 feavn :iv Loncept and constraints of analogy would be
to give the siudent the R b Soriilination aniong positive and negative in-
stances (including “near misses * of analogies. Reidsons for decisions could be
clicited and vorrected as - siry, with explicit emphisis on the proper attrib-
utes of analogices. In addition, Lie “thinking aloud'' techiigue could be dddpted
for use with instructor andror pttr }).,i.iidiih’t:i: l'n"divndu.nls could pmctlce solvmg
simple analogies whllL verb:i
By receiving ce ¢ feedb Lk nd practicing u il syntactic errors WCrc ellml~
nated, mdnv:dudls ity acquire clear and strong know!edge of constraints on this

tor.n ot rusomnb

-ing of nnaiogy does

ot h()\\LVLr guiratiee lh.u mn.y »\..l be pronucm in all the strategic problem-

solvmb actvitics or mmpumm processes reqaired for ~olution of andlog,lcs

Highly skifled solvers are cap.nble of solving .m.nlogles using either
conccp(udll) drl\L" or interactive solutions. These solvers can initially identify
1hc an; I 1 LJI rulL ¢ nd 'VJIU.IIL lhc m.uch buwz.en A-B .md C D relauons Altcr

also be i promising ared u: c\plorL
It is iimportant o Hote. however, that the dm;cult) of analogy items can be

manipiilzicd by increasiiy their processing demands in various ways: Take as an

vocuabulary fevel) comprise imgjor determina srot item dlﬁtiﬁciql y+
syntactic or procedural knowledge will be of tumited a
insutficient Knowledge of the lungoage; and procedural knowled"e will have an

m.nd;qu.m datin bise. These items remain ** vocabulary tests in an ansfogy vehi-

cle™ 4s Willner ( 1ve4) suggested; and would seem to reveul little about individu-
N .mrlloﬂu.dlly if; however; test deslgners could create items

b ificredsing seuantic processing demands without increasing vocabulary level,
then @ well dcvelopud repertoire of strategic knowledge would be more appro-

priately assessed: That s, items containing familiar words but complex, abstract,

”\.umplu the cise of verb: il analogies. If dClerd(lve Lnowlz.dge demﬁnds (e g ;

or ambiguous relations are likely to demand solvers' abilities to identify; recon-
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ceptualize; and refine relutions. Analyses of the kind presented in this chapter
could be used by lest constructors 0 ensure that standardized tests actually
measure and diagnose ite e

te reasoning skills. o
Improved performance on standardized tests is not, of course; the major

reason for encouraging students to develop analogical reasoning skills.
Analogies, metaphors; and similes are all common vehicles of expression and
communication in and ot of schools (Ortony, Reynolds; & Arter, 1978).
Analogical reasoning per se has been referred to as a high level mental activity;
and has been equated with intelligence (Spearman, 1923; Thurstone &

Thurstone, 1941), There would appear to be ar intrinsic value in analogical
reasoning as an cffective way (o think and communicate about the world; thus

making analogies valudble as test items. In classroom settings. “‘teaching by
anadogy " 1s a mechanism often used to promote students’ understanding of new

information. While the relationship between solving multiple-choice analogy test
itemis aid leaning by analogy has not been ascerined; certain general specula-
tions about their cominion deimands can be offered.

Communicating by analogy involves the presentation of a familiar situation
from which one is expected to inter imporant aspects about an unfamiliar situa-
ton. Al the sanie tinie, discrzpancies between the two ideas must be suspended
froni consideration. That is. the learmer must be able to distinguish relevant from
rrelevaiii i tations, and it is dssumied that relational features common to both
tuations can o identiiied while dissimilar relations are ignored. It is eritical that

fwo matching relations be hield in niind simoeltancously though the two are
expected to ¢valudte the match beiween two relutions. hut ruther 1o strive for and
discuver 4 niiten st exists and (0 construct a new ropresentation of relations
froi a presuinably kiovn set. This process is similar to tie application of known
C- D relations (o an uniaiiiue A-F relation (or the converse)—an activity highly
siilled solvers are capable of pertosziing i Ui study (Heller; 19791, but une that
poorer students exhibit leas oftén and with less sophiistication. Explicit study of.
analogical reasoning in Icarning and instructional gnvironments is necessary if
these processes are to be fully understood. The implications from our studies,

however; are thut specific and identifiable skills may be required for learning by

analogy . and unless students are cupuble of the fecessary processing, comnion
. actional technigues will be relaively ineffective for those students.

3. Aptitudes for Learning.  The analysis of prototypical test tasks must ul-
umately generate implications for conceptions of academic learning skills, and
means by which they can be fostered. Our specalations on this problem rest upon
a consideration of the three differentiating aspects of skill that were mentioned
carlier: (1) memtory management, (2) procedural knowledge, and (3) content
knowledye. The memiory management component of skilled performance miglht

suggest that one should focus on processing facility and process training such as

‘4
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the cmplo) ment of rehearsal and orz,amzauonal strategles of the kinds studied in

fiicinory experiments. The other two components, however. concemed with

Knowledge representition und problem-solving procedures; suggest a different

Cniphdsls Eiiiphdslb on munury managemem suggests a toéus on lhe possnb’hty

ory and cldbumnnz, Lonnu.llons o tdcnuate Storage and retrieval. The literature
on the training and transfer of such skills indicates thatSimple process training
appruiaches to improving the sKills of leaming are not very promising (Campione
& Browii, 1979); An mun..mng amount of evidence indicates that execution of
such **basic prm.Lssmb * skills ts dependent on the content and orgdmzatlon of
the knowledge base (e:g:; Chase & Simon, 1973 Chi; 1978)

In contrast o *busic pmu,ss '
the knowledge hase: re.. mmeplual information and l\nowlcdge of problem-
solwnb prou.dures .md constraints; then progress 1s seen in terms of improving
the ways i which a knowledge base 1s activated and mnmpuldtcd When highly
sklllul mdmdudls lmrn snmuhmz, ncw or underlal\c a new problem of induc-

ds\m,l;llcd pmccduru and constraints. Skilled individuals are 5R|Iled because of
their knowledge ot the content involved in a problem and their knowledge of the
procedural constraints of u purticular problem form such as inductive or analogi-

cul lcasdiiiiig i‘ii(s( ti&-ii kiiidS of kdeiEdgé interact so_ that jiidbi:dutiil con-

lurnmu will tuke pldLL lhmugh the eXxercise and dcvclopmcnl of proccdural
{problemizsolving) kiowledge in the context of specific knowledge domains: The

suggestion is thit learning skills dre developed when we teach more than

fiechanisiis of recall wnd recognition for a body of knowledge. Learning skill
ensties ds the content and concepts of a knowledge domain are attained in learn-
ing situations thit constrain this knowledge to serve certain purposes and goals.
The goals are defined by Gses of this knowledge in procedural schemes such as
those quuerd in ‘mJIublg.i! reasoning and inductive inference.

How this ldulm coald .1clu.1ll) be taught is difficult to say at this time. One
mlbm teach mare of the knowledge base and its high level concepls, or one mighi
teach proc;duml knowledge such as planning ahead and recognizing when pro-
cedoral constraints are violated. However, teaching either separately would
pmbﬂbly be ansuccesstul ecause each kind of knowledge facilitates the Je-
velopment of the other. Learning skills are probably developed through graded
sequences of np;ricnu that comibine concepiual and procedural knowledge.
This is what must take pluace when a good instructor develops a series of exam-
ples that stimulate thinking.

Firially there is (hL pmblun ofdmgnosmg wedknesses in lnlelduﬂ|5 who are

. .;\ . r?g
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knowledge base is not rich and that their skill in maintaining direcied use of this

knowledge is not developed. Perhaps a reasonable tactic is lo identify some
altained hnowledge base in an individual where instruction can begin. Knowl-
¢dge developed in the course of an individual's prior culturdl experience can
provide hnowledge representations and goal-directed behavior that can be ex-
ploited. Knowledge structares exist in varying forms in individuals us u result of
prior experienices, and this available knowledge can be transferre: to domains of
related kiiowledge that approximate more and more closely the f '
tiois and procedurdl requirements necessary for school learning:
The goals expressed at the beginning of this chapter shoald be reiterated at its
ciid. The technology of aptitude measurement appears to have reached an
asyiiiptote of progress that cannot be changed without forther understanding of
ihie details of human cognition. At the present time, scientists are t
wentify the components of individual differcnices in terms of modern information
processiii theory: Educators are secking more than static measures that predict
Ciciess i learning: they require kaowledge of both the ways that abilities for
learning can be intluenced in cducational env
influenive. 1t is possible that analysis of the processes and knowledge required by
fests that have correlated with educational achievement can contribute to provid-

ing such ntormation.

ormizl abstrac-
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