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SUMMARY

This paper outlines some of the research activities underway as part of the Air Force's Learning

Abilities Measurement Program (LAMP). The major goal of the project is to dcisc new models of

r
the nature and organi/atlion of human a'jiti , \Aith the long-term goal of applying those models t)

impro vc current personnel selection and cla,.,s'fcalion systems. As an approach to this ambitious

undertaking, we have divided the acti\ itics ot the project into two categories. The first category is

concerned wkith identifying fundamental learning abilities by determining how learners differ in their

abilities to think, remember, solve problems, and acquire knowledge and skills. From research already

completed, w&c ha.c established a four-sourcc tramcwork that assumes that observed learner

differences are due it) differences in proc,'s-ing sped: )roccssing capacitV: and the breadth, extent, and

acccssibilit, of con,cl)tuaI knowledge and procedural und strategic Nkills. The second category of

research actiities is concerned with validating new models of learning abilities. To do this, wc are %

building a number of computerized intelligent tutworing systems that scrvc as mini-courses in technical Pr

areas such as computer programming and electronics troubleshooting. A major objective of this part

of the program is to develop principles for producing indicators of student learning progress and

achievement. These indicators will serve as the learning outcome measures against which newly

dcclopcd learning abilities tests will be caluatcd in future validation studies , -
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1. INTRODUCTION

Considerable headway has been made during the last decade in our understanding of human

cognition. This has led to speculation that it is only a matter of time before an improved technology for

gauging individuals' intcllectual proficiencies will be dcve!oped. The stakes are high: Psychological

testing of cognitive proficiency is prcsently widespread in industry, the schools, anti the military.

Improved tests would have a profound economic impact in cutting education and training costs and

enabling a more efficient and fair system of personnel utilization. Although the conccpt of

psychological testing must certainly be considered one of psychology's true success stories, it is also

primarily a past accomplishment. Systeatic studies of predictive validity have shown that today's

aptitude Icsts are no better than those available shortly after World War I1 (Christal, 1981; Kyllonen,

ell But even if it is agreed that forces are conspiring to usher in a new era of cognitive testing, there

still is considcrable debate on exactly what form these new cognitive tests will take. On one side of the

dcbatc, some argue that what cognitive psychology has to offer is a rationale and a methodology for

measurinv basic information processing components (Detterman. l98,b: Jensen, 19)82; Posner &

McfLcod. 1162). According to this view, the cognitivc test battery of the fulurc would consist of

measures of spcd (f retrical from long-term memory, short-term memory scanning rate. probability

of transfer from short- to long-term storage, and the like. on the opposite end of the debate are those

Who sugcst that the fundamental insight of cognitive science is that cognitive skill reflects primarily

knowlcdgc rather than general processing capabilities. This perspectise has led to calls for testing

intcrminelcd with instruction, testing aimed at measuring what students kno, and what they have

learned in the context of their current instructional experience (Fmbrctson. in 1rc,,s; (Glaser, 19S5).

This has b.en called vtcering tcting (Lc,,gold. Bonar. & I\ill, 1,)s7) or apprefti'iS11.hp tt iing (Collins,

1I)&). Between these positions are those who propose ncw, kinds of cognitive tcsts, that arc not

%,
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radically differcnt from existing ones, but perhaps richer and more diverse in what they measure (Hunt,

1982; Ifunt & Pellegrino, 1984; Sternberg, 1981b).

In this paper, we provide a status report of one ongoing program of research, the Learning Abilities

Measurement Program (LAMP), that has been concerned with developing new methods for measuring

cognitive abilities. We discuss some of our carly thinking on the implications of cognitive psychology

for testing. and how we have adjusted our ideas in light of data collected in our cognitive abilities

measurement (CANI) laboratory. We conclude with a brief discussion of CLASS, the Complex o

Learning Assessment Laboratory, the setting in which we intend to validate the new tests.t

Ii. COGNITIVE THEORY AND APTITUDE TESTING

The idea of grounding psychological testing in cognitive theory is not entirely novel. During the

1970s and 1980s, the Air Force Office of Scientific Research (AFOSR) and espccially, the Office of

Naval Research (ONR) supported a number of basic research projects which had the explanation of

individual differences in learning and cognition as a central goal. This research largely concentrated on

the analysis of conventional aptitude tests, probably for two reasons. First, analysis of aptitude tests is

important in its own right, as an attempt to determine %%hat it is that such tests measure. But, second, %

and perhaps more importantly, aptitude tests can be viewed as generic surrogatc for tasks tapping

more complex, slowly developing learning skills. It is difficult and extremely cxpensix to identify and

analv ic the information processing components associated with the acquisition of computer %

programming skill; so goes the argument: It is far cheaper and more efficient to anale the sccminglN p

more tractable components of some aptitude test, such as an analogies test, that prcdicts success in

computer programming. And the fact that tests do such a good job in predicting training outcomes can ","

he taken as evidence that pretty much the same cognitive components arc iiiolkcd in both test-taking p

and learning. J.

IThis p,tpcr docs not rcvic, Ihc rccarch accormplishcd l1 \ iliani Tirrel ind lindi Elliott p
concerning indisidual diffcrcnces in te''t comprchcn,,ion. Rcadc', intercsicd in thi, arca arc rccri 'd
to Tirrc and Elliott (1 ,87).

.. ,
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The wave of aptitude research that was motivated by these considerations did not lead directly to

improvements in existing aptitude testing systems, however. A number of new methods and

techniques, such as cognitive correlates analysis (Hunt, Frost, & Lunneborg, 1973) and componential

analysis (Sternberg, 1977), were developed for analyzing aptitude tests, but the application of these

methods did not suggest how the tests themselves might be improved. There have been suggestions

that cognitive tasks exported from the experimental psychologist's laboratory might somehow be used

to supplement or even replace existing aptitude tests (Carroll, 1981; Hunt, 1982; Hunt & Pellegrino,

1984; Pellegrino & Glaser, 1979; Rose & Fernandez, 1977, Snow, 1979; Sternberg, 1981b), but after

almost 10 years, the research still has not been carried out to an extent sufficient for determining

whether this is really feasible.

Probably the reason cognitive-based aptitude research has not translated already into better tests is

that this has not been a primary goal of the research. Indeed, if the creation of better tests had been

the primary goal, the approach of analyzing and decomposing existing tests does not seem very

promising. If such research efforts were completely successful, "if the research turned out better than

anyone's wildest expectations." at best, new tests would simply duplicate the validity of existing tests.

Ill. LEARNING ABILITIES MEASUREMENT PROGRAM (LAMP)

In contrast to some of the aptitude research projects previously discussed, our own work in

connection with Project LAMP has from its inception been focused on the goal of developing an

improved selection and classification system. Our current efforts fall into two categories. First, we arc

continuing to model basic cognitive learning skills and their interrelationships, and to explore different

methods for measuring these skills. Second, we have more recently begun thinking seriously about a

system for validating the new cognitive measures. The system involves the extraction of learning

indices, both on short-term (1 hour) and long-term (1 week) learning tasks, that will serve as criteria

against which the new cognitive measures will be validated. Although we have not vet collected data on

the long-term learning tasks, we have set up the laboratory, which consists of 30 computerized tutoring

3



stations. In the remainder of this paper, we discuss these two categories of ongoing LAMP research.

We begin with a discussion of studies that have attempted to measure cognitive skills.

Modeling Cognitive Skills: The Four-Source Framework

Much of our work on identifying basic learning skills has centered around what we have called the

four-source framework (Kyllonen, I',YN). This is the idea that individual differences in a wide variety of

learning and performance tasks are due to differences in four underlying sources: (a) effective cognitive

processing speed; (b) effective processing capacitv; and the general breadth, accessibility, and pattern of

one's (c) conceptual knowledge and (d) procedural and strategic skills. Figure 1 illustrates these

-. relationships.

We refer to the knowledge and skill components of this model (components [c) and Id]) as enablers,

in the sense that any learning or performance task can be characterized as consisting of a necessary set

of knowledge and skill prerequisites. We refer to the processing speed and working memory

components of the model ([a i and [bi) as mediators, in the sense that these components mediate the

degree to which the learner or problem-solver is able to use his or her knowledge and skills effectively. -

We have found the four-source framework to he useful in organizing our own as %ell as others'

research and in monitoring our research progress. Further, although we have not yet applied it widely

in this fashion, we expect that the system will be useful for task analysis purpos:. m

-S-

Thus far, most of the research we have accomplished in connection with the four-source proposal

has been concerned with (a) improving the way in which we measure cognitive skills and (b)

determining the dimensionality of the skills and subskills embedded within the four-source model. We

now turn to a discussion of the four components, in turn.

Processing Speed

-S°

Considerable research on individual differences in cognition over the past 10 years has been

concerned with determining the relationship between processing speed and performance on complex

4
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did just that and found L:vidcncc for hot h s~pratc rcasoning, qu1.antitativc. and ',crbal processing

factors, and a hiichcr-order gencril proccLsInv spccd Iactor. lntcrust in1.j, wc found thatI ,ilthouvuh

proccssing spCkcd scirs A\crc quite rcli:ilLc at 1last AIt hin scssion. t hey wurc nt) rclatcd to acckirajc,

scores on thc sanic tests. Tied '.ersi'ns of thc tests thus mix tltcsc two separablc comiponents of'

performaince, in vickli ng onix a single: iore I her i. rc proicn, m swith this appro ach toi testing thc

diicnsionalitv% question. 'uch as, ho\s i I, okos ,r speed-icuracv tradc -off. Ahzit tii do with responsc

times 'shen t he pcrson i.w ed ineiirrL etI. ndi s forth. But ai nioic sullstantlvc probhlem Is that

although t hc findings arcegs i I'1 ('Al t I '11-ide rahbbi short sit rc'scall ng nimu.h about the proccsscs

that produced thecn.

* Thus, inll si que ut 'Airrk sike hase rcst IIC'Led 5iur tocus (and emnployed a narrowkcr range of tasks) in

the hope il IcicMLn a biter ;sseesrl, lntl understanding of the ccgenerality qlucstion. Ini thcsc

st'4 uie . %kc attempllt dl to ide nt its 1sri ecssIllk stsees. theI iic asure t he duration of thosc stages for

nlibild~lal sulbjects. then1 c0InIputeM the, !W .I L~e ir -esirrlict ions. The: procedure is best illustrated I,%

examnple. Inl the !-I" st uj\ (l'1101. 71,en '-% . Admniste red a scrics of' tasks that rcquired subjects

SJIni pbi t I(' d'IIer1 ie het her tW \Wo 'AuIsrCe'..iiC1(1 g hisip i-hIoc) were similar or dissimilar %6 th

-N res~TC.pect ti, '.;icncec I1appvi %koiuld be c is t a pksit is e-\ alccc 'siird; loe ould he considered a

neeiz,,I aleneeC %%iri. We lire1ttICLed th,! J d., iieen oin Ohis twa kwas excuLted ater a serics of

procssriInL' T. he 'tilit tiee'LIMs ))% ovi 2f ittuiif t he wordJs. t hen crncodini! I he second 's i rd.

The resultit A Il,, s')(diuilirics )T Cis thatI a s"Inhbil rcpreseniting kAlcrice is dcposlid In svorking

nic rr 1r\ f, i-a CA ss sr dI1CU Ilts aii ell .Ni's Il t11Cs ilnrlisl. The resu It o t hc coirarisiin?

prsists s is ain mnphiis in 1,1 Ill , llo mc cith"er Ils.inw ir ditcrscnt A decision proccss

thcn takes Ilii conyirt, I,, tjlt ind tran'liutes it Inito a plain t'ir the s\xkcutI'n 0 i, h motor responsc.

rA \pi a0 , ri isiss t ls 11 \Q I! Int ;. I !,I ir Ti.inc huaz !Itic InC1thd Of l'IC ktuing, which hais

hecn used wilth mitsul,, . in eprtncpt,,cisSs cnipi n~nts sin sit hr react ion tme tasks (C..,

Stcrnbcrv. It' 1 ). %k, vs-re ablc i iilejtuu tiltil estimate thle dutiion of cach ot thssc procesino

% % -
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We also administered two other versions of the task in which the only difference was that subjects

were required to decide whether (a) two digits were the same with respect to oddness or evenness, or

(b) two letters were the same with respect to vowclness or consonantness. The data analysis addressed

two questions regarding generality. First, were parallel measures of stage duration (estimates derived

from separate blocks of items) more highly inter-correlated than correlated with other stage durations?

This is a direct test of stage indcpcndncc. Second, were stage durations estimated from tasks with

different content (words, digits, or Iclters) more highly inter-correlated or were alternative stages taken

from same-content tasks more highly inter-correlated? This is a direct test of the relative importance -"

of content and process. Although the analyses were rather complex, the general finding was that

processes were somewhat independent, and also general across contents. That is, fast encoders were

not necessarily fast comparers, but fast encoders on the word task were also fast encoders on the digit J%

task. I

One of the problems with this approach to studying dimensionality is that it relies on a model of 4
performance that assumes serial execution of processing stages. In our more recent work (Kyllonen,

Tirre, & Christal, 1988), we have relaxed this assumption by applying both those models that assume

serial execution and those that do not in estimating stage durations. (We also have abandoned the pre-

cucing technique because its validity depends on the serial execution assumption.) Following

Donaldson's (1983) analysis, stage durations can be estimated in two ways. Assume an ordered set of

tasks, each of which can be characterized as requiring a proper superset of the processes of its
,..

predecessor. For example, the following set of tasks, each of which requires processing a pair of words,
I

might be characteri/ed this way: reaction time, choice reaction time, physical matching, name

matching, semantic (meaning) matching. That is, reaction time consists only of a reaction component;

the choice task adds a decision component, the physical matching task adds comparison, name
I

matching adds retrieval from long-term-memory, and semantic matching adds search through long-term

memory.

.8

I
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One can estimate each of these stage durations either by subtracting latency on the predecessor d.

task from latency on the target task (the difference score model), or by statistically holding constant the

duration of all predecessor tasks (the part correlation model). The two models employ differing

assumptions about the relationships among task components. The difference score model assumes

nothing about the relationship between the duration of the target component (e... comparson) and

the duration of the predecessor task e.g.. choice reaction time). Thus, this corrclation is a parameter

to be estimated. But the cost of this flexibihtl i., the assumption that the duration of the target

component (c.g.. comparison) remains constant, regardless of whether the component is embedded in

the phsical mitching task. he nine itA-ine ta, or \,hatcer. (ionceptuall, there arc two problents i

with this assumption. Consider the reaction component. It flsa, be that reaction i, rapid when nothing

else is going on, as on the simple rcaction timc task. kut low when it follows complex processing, as on

the semantic matching task. Or it could be the opposite. due to parallel processing: Reaction appears S

slow on the simple reaction time task because it is the only process executing: but on the mcanin"

identity task, the reaction begins before decision ends, and thus appears fast jas i, specified in process

cascading models, McClelland. 1979). p

The part correlation Model avoids this a11suMption and allows for '%ariabilit\ In tagc durations o0 er

different tasks. This is represented as freedom in the regression weight associatcd with stage duration

to differ from 1.0. But in order to achieve this Nlexibility, the part correlation modI must compcn'at .'

with an assumption not required with the difference score model. In the part coirrclation model, it is

assumed that the duration of the target sta.ic i, uncorrclateu wAith the duration of the predecessor task.
II

For example. the duration of the comparison .Lomp'ncn. in the context of the: ph 'ical matc:hing ta~k

would be assumed to be uncorrclated with response time on the choice reaction time task. ,

Which of these sets of assumptions is correct, those associated with the part correlation model or S

those associated with the difference score model? It is not possible to tell, but it , pos sible to employ

both modcl. and then to be confident of relationships only when the models agree.

,.,k%
%k.

% %%,v -



We took this approach in attempting to estimate the relationship between processing stage

durations and performance on a vocabulary test, and also on a paired-associates learning task.

Vocabulary is an interesting test case because it is a good measure of general intelligence. The current

view is that breadth of word knowledge reflects efficient learning processes in inferring word meanings

in context (Marshalek. 1981: Sternberg & Powell. l)S3). An additional motivation for looking at

vocabulary as a criterion was that a cu,,iderahle literature has e olved from Hunt and colleagues'

(Hunt et al.. 1973) early finding of a relationship between the duration of the retrieval stage (as

estimated by the difference between response time on the name and physical matching tasks) and

verbal ability.

Contrary to Hunt et al. and other prcih,u A ork. hoAeser, %ke did not find much of a relationship

between retreval spccd and .ocabular, (r - 17. V,- 7Io)), but Ac did find a strong relationship

betwcen warch speed and vocabular-, (r .491). Stbjccts capable of quickly accessing semantic

attributes of Aords. controlling for htX quickis thcN did other kinds of information processing, had

larger vocabularies than did other subjects.

We found a similar relationship between protccs-ing specd and learning, but on% in particular

circumstances--namely.v, hcn stud, time ,.n the l.:arning task wkas extremclh short (.5 to 2 seconds per

pair). The component anas,,is again made it possible to i,oatc the scmantic ,earch component, as

opposed to other processing speed components, as the one consistenti, most critical in determining

learning success. (0er a number ofstudies (which varied on block si/e, recognition %s. recall

responses, etc.), the correlation between (carning ,ucct,,, and response timc on the. meaning identity

test. controlling for (or eliminating by subtraction) rcponsc time n other intormition pro:essing tests.

ranged from r = .30 to r = .50. In some studics othcr information processing speed components

predicted learning outcomes, but onk, inconsi.stentlk

W'e currently are engaged in tso lines of extcnion to the processing speed ,kork. One is motivated

by the idea that information proccssinv spccd may bc ch,,cl tied to wAorking mcmor. capacity insofar

as both measures reflect the d.namic t.ati\,.tton I, I a menir% trac: (\,o'lt, 1)' ). An intriguing

*,,*
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EXAMPLE ITEMS FROM TESTS MEASURING ATTENTION CAPACITY

ABCD TEST
i SET IB , i ; ... I ALL EIGHT ORDERS

FOLLOWS' PRECEDESr i FOLLOWS ! ,,, ' ARE PROVIDED AS
DOLOW° I 2E DEI . A A ANSWER ALTERNATIVES

p..

ABC TEST *..'-

A:812 C:B.4 B 13-9 r l B A 0

imm AMd= Ar am, T* *'-szir

ALPHA RECODING TEST
AFTER MENTALLY TRANSFORMING

R F N -3 ALL THREE LETTERS THE

SUBJECT ENTERS THEM AS A SET le

MENTAL ARITHMETIC TEST SUBJECT IS GIVEN 2 SECONDS

) ENC9E PROBLEM THEN

THE SCREEN GOES BLANK
1 3C/7-)'

HE D'RESSES SPACE BAR WHEN S
HE -AS MENTALL Y SOLVED THE

V * -. ." PROBLEM AND SEL ECTS ANSWER
- FROM 5 AL TERNATIVES IN 3 SECONDS

( !rI-cItI K, 1

%

S'

S[-

I.'.



~uhrau 2r~n)\L! :1) c.icrrninc which letter follows or

prccdcs cach the t- s-i , II rcrodinv~ ; I th,- lcltcrs. the subject
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defiried iN the Numerical Operations subtest r 75), but It also was significantly loaded by latencies

from the Mental Arithmetic Test and itic Sunday Tuesday ITest (or > .30J), The basic pattern of results

found hter-e has been corroborated in a reeentlN compl'e ted fOllow- up study.

r .i t.',Io ihcr the i I:),'- 111%OM~ In, i ls '. ! t* r. h tlornw ii (.de. quantitative and

11',) :id a donain inkdepende-nt xorking rr. nor, An n~em'11V tes"t pcirforniance. In addition, it

* fkir lmho. data s r t hi 1;sko Ntuu- ih t th Working "Oemory facior ,uI-,,Limces the Reasoning

h i-f I h1t( i . individuial ;ilrn. ~aii.wr Pr ,ficc rn~i tic~ bdue cm ire i\to differece in

kinc "1' ml. or, o aj"Icitv it)[ lhaN ii: fi tr in w,,hich ill thL rea.m 'ning tests in the battery

hydn, hia, a \%, orkmin i : rs' i! r, ti,,t ih,- test thAm defined it, Alpha Recoding (r -~ .k , in

up Ii m.Iimud ), dovs not ippcar to invol, e retI~ ning per ,c but clearly depenuds on working .

itIl( r'T > m -%

'A Cnl Is~e hi b cgun I. AT- i iF, ,t Ar, aIte ii ti OiTT p rim cw$.ifl weik-pae nodoel M~itch

mi~ ~ m~..1~!Ic~ntm'~etui ~ A(ti' i w in a friomr', Thelistim capacoiy modcl, basede

~ ~ i> m'~ r -1a (1 '1n t\(r Ij k . lie X)I sm incg mnrii .v ril i, A k parate ,hort-termi

,1,r, i r~ithcr, is ,lsate: of tiuklt J in ictivali in pattertns characteriiiiig trices in lIong-tcrm rinior.

;A 'In tlk (I thii 1-wi tIr iimir k a 'f traces, c.im.h (charlki/iled by resti

1t;. , 1 rj.,. ky onit I:,moi 1 !I kt, k. , m-m the ;ocmis .!mit [ Tilto n, I * i tm Inkcd it,

th~ , c(, mn atu'.i Ia .tr n Lid, Into, a !.it, I! d~itdlsti( i i i hcr tratcs irmome it, the centL r Ol 1(1011. -

',m 1"im ft- NsM~ ad Ito I-, ai "na!t. r ( f it :' m e rather than an all or nomeelte ii that it anie

w, tm 'm nuLmk th :K lea- off al-a. : .hik Thy bc v a peak am t.itii Och or it rniaght

ht. mt naii u'k fladinK frontm :itwmnii, fr x'.imicle it vvas thc focus A tcA ecm ierlier

I:h~l~,t'm I fll rI~ irm I -It ~mii rer-miip it" Il.ith .mmi. quite

m~tnm i ' h L: )~~ n tin:. proct' 1jim i Ftili wulr jli ' i. i ty't deselimped 1s

1' 1~ 1 reflcC indlit- idid liffa'r, n ,n ilsiti inl capaei[\In mc~ te't samm t ir pesnted .

r it h Ix. r IT .iT X ,I ir: rc.,~:! : i IA r nit i> 1,i n *n.nt,:u,

th~~iom u, .ord' itr rcpIa~ :it~. m. or -Wi i is Liter, A, I wte:e QIWAs, ma1CJ1

% %.



EXAMPLE ITEMS MEASURES OBTAINED

ft. (,ptiny 1, Verbal information

humid damp Processing Speed

C 0- IAIn -t2e nt mu, --.- 324 r,

humid damp

polite 2. Hasidual Activation

p .:tte Kid'. Strength

a a e% lsh unstable Log of

Roeated Mean' S o.
eCnquor errange

Item Savinip. Savinge

2 215 me

L4 ri2 29 Ri.

complain pO8 me 214 m ,

4 !0 0 = 216 m

40,,

w"..

-°7

-. "

y.-,

D".
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response time is 1265 ms if neither of the words was shown be~fore, but that timec is reduced by 191 ms

if one of (he words was encounte:red o,) (hL previous Item, and by 107 ms if one of the words was

encountered eight items ago. The itrpiretaion is that the Aoid encountered evenj eight items ago is

still more highly active than it would be at its tiue resting st,'tc, and therefore is processed faster.

Woltz argues that incilvcidul differences in tlhe t c~ponsc timie fic illiation cffect reflect difference,, in

activation capacity.

Gilven that we can define %Yc~ ig mcmrnsi- pait\i tss distinct ways. an impopirtant next quest on

is: \Xhat is 'he emnpiricatl rci e.: aship kctwc:e2 the ,two kinds ot meas urvs, and even miore imlportantly.

what is te;re~idionship C am nn? Cognitive inals'ses of learning tasks (Anderson. 19&':7 Andersone

& 19.fic.l85), suc'h a'. !,iathcin:,tics learningy or le:,mninc ., comiputer prolrirlmming language. suggest

thatt thc ii~c acon ' rmiw .:, iw wort~lnv n1.ror% B'tenk ut the,, proot of this a ,scriron

often rather theoretical, hitsed ',ii a r itiona! nlli oi Iearning task rc quircmc(nts,, supplemented 1". a

ftirrial computer imul'ttio n of leArning pci5ss An Individual differecest- analvsis of the role of

wvorking meniorv in ;r'iCcan hC 't Usefal 'un-picI,-riirt ija 'N." kind of tormrii nlss and I" a fair tm \t

ofth teoetcl lam 1 dr,vood, HP)). Thu\., ke t_ rcently begun ivtiaigthe

riati CICC 'nA01 etensokin;-, rnlenorv capaitY (;i ma e tirch as those displaye,.d in

Hi.1u1IC es nd 3) :ff.d 1eI1Iarvmni'CL In i ~ioc lej nine ,!et 'V. c mull' ire inetiztiw thei

acquisiti oo tf el 'nu t rlolli iiwL (lKN loimeri 'Sil. h, L VV olt, 1)j5 and eoliputeCr

pro gr'amI'l 11ng 11kills (Y 11011C TI. SOu I.. & St -,, hcr, . I)K 9,I . and otlt 11' IIOCCLdaral 1larning taA>L WolIti

P187:. i ;il ,Ace find that v-AMkin FIWI Il V_" "heV' ts th the pmi, L' 551ng wor ksp l). a!nd

a'. tisation capaciy nhcasar: a trort p1't1 *1 :'a. u.m The Aoss ' re bc;IMIrTe

to lar-:t% oar : (inJ rstaral;ae 6, I .s K n ie ,r% lhei Ak,, Lip L ir. sgc tL I, ifi the rt[CILIF ICl tess

AorkimnII -,reel i'. capeic :h it il , i-, !oi d' tna nd !f,:r sohd caindidaite tor

nile-ion in fuue mic, hoit~ce.
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~r, . * d v;' t~lr : . in'~) s ~ rvnfly using Ihe sent encc vcrI icationl

tk-chniqr'e for I r.ckHing I h,! :ua ii 'clar at \ik kniw I: agc durinrg the course of short (45

2 i: ~.22; .a;':. ~.:4i.!~ilii~ ~viu,.e, oul !, N- Stephcns, ]()S8) and-

nIah rir 'N u1Ap~t i,- lv .c1Idh dinra si of kniiwicdgu iavbenefit froin recent

work in -, Lnit-tc">ti i .ios t n-c i r (cv r -in probing dcl aative knoAledge

il .k k-- re- (L L l i .. l 21 *-- '1i1 -i it; i- ~L ' ng rrd rkiu.LesgoIJ, (;laser.

.i I ll pr<' (lI.1Cr. 1, C i !Ft : i-1--i!c. 1Q'85- Lesiold et al., 1987). Glascr et

t ~ttrrtf:h K .~C1 i-.i rniitip!.c-choic tcSts stiffer two key

U'~~~td',,,u 11 ~n ~ .;,ciiC Ail the possible mhisconceptions a

u-i cien.; . --; ad tl K1 Il% f di wn i~ .ttc litiv S-econcd. the alternatives may give aw-ay

ii. ~ ~ ~ ~ 1 11,4. . " -i C(. tit krh ivckdgc cCsnt which in -

C 1:cih: K C - - . i :-ck t -racc'J Irom students . trulw'linpz

ch !i>n.'il c 'V,,I yIs .,. these kinds, oif protocols has

Ii ci -~-- -.-. - i- C u--; &'Jinoii. V)S4) and CFrsC-. cc-

I 'c* '1. . .! I -,. . .'n'I "Ic . fiocol snl c ,cs a,~

it! [qv i j 'i "c <i : tK- 1 - : j I . 0 ; i-I Jwll a r 0nclution ill a !cet
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strategy. Second, the hierarchical arrangement can closely mirror the way in which a student is

thinking about a problem, in a kind of top-down fashion.

Thus far, this approach to probing an individual's knowledge has been employed in one of the

CLASS tutoring systems. Bridge (Bonar & Cunningham, 1986), which teaches learners how to

program in Pascal, presents general programming problems to be solved. At the top level (the first set

of questions), the alternatives are general categories or general approaches to the problem (e. g., "addp "

something together" or "keep doing something"). Once the student selects a category, he or she is

presented a list of alternatives that refine the category selection, and so on, until a fully specified

answer is selected. From pilot testing using Air Force subjects, the method has proved general enough

to accommodate the vast majority of potential responses to particular programming problems; "9

therefore, the approach seems highly promising as a way of assessing knowledge status in the student.

To summarize, although we have not yet fully explored the domain of how to probe a learner's

declarative knowledge base, wc have made some important initial steps. It is likely that as we begin ,

further testing in the more complex tutoring systems environments, the methods described in this

section will be refined further.

Skills "

.',

Wc define skills orpro(edural knowledge as it is referred to in the cognitise science litcralure, fairly '

informally, as any unit of knowledge that is typically or would likely be represented in pr.)duct in

system simulations in the form of an if-then rule or seric. of if-then rule,. 'Ihi, iP ans knosleduc or

skill the student has that might bear directly on problem soling ("ho%-to knowlede'"). Procedural skill

arics widely along the generality dimension; at the most gcnerdl lcv<l arc r,,lcni soking he uritics or

approachc,., such as working backvaid, mCans-end., analysis, or pcrsr>,ting in the I c kof uncrlaint,

At the oppositc end of the continuum are vcr,, Npecific pioccdurcs, such a, moxinLc Ifhc cursor to -,

po'.ition 12, 45 when required to delete a character at position 12, -V
I',
V.+

"'-
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One fairly consistent finding in cognitive research is that although specific procedures are trainable, r

general procedures are quite resistant to modification. This finding is certainly not due to a shortage of

attempts to modify general skills. Kulik, Bangert-Downs, and Kulik (1984) reviewed over 50 studies of

the effects of extensive coaching for the Scholastic Aptitude Test (SAT). They concluded that the

effects, even for long-term training, were quite small (approximately one-sixth to one-third standard

deviation, or 17 to 34 points). The isults of Venezuela's Project Intelligence (Herrnstein, Nickerson,

de Sanchez, & Swets, 1986) may be seen similarly as somewhat disappointing. Despite an ambitious

project in which domain-free thinking skills were taught 4 days per week, in 45-minute lessons, for an

entire year, the actual changes experienced on standard measures of cognitive skill (intelligence tests)

were quite minuscule (about .3 sd). These findings should not have come as any great surprise.

Attempts to have students transfer general problem-solving approaches to superficially distinct but

isomorphically identical problems have repeatedly failed (e.g., Brown & Campione, 1978; Simon &

Hayes, 1976).

On the other hand, there is good evidence for the modifiability of specific skills, especially in

context. Schoenfeld (1979) has shown how training in mathematical heuristics (e.g., draw a diagram,

simplify the problem, test the limiting case) can facilitate subsequent problem solving so long as the

instruction is wedded tightly to the domain material simultaneously being taught. Recent analyses of V

transfer of training have shown that skill transfer is excellent and quite predictable when the skills

transferred are related at some conceptual level to the new skills (Anderson, 1987; Kieras & Bovair,

1986).

The implications of these two results for testing purposes are apparent. On the one hand, specific

procedural knowledge is rather easily modifiable and therefore ought to perhaps be trained rather than

tested for, at least in the personnel selection and classification context. Recent work on diagnostic

monitoring (Frederiksen et al., in press; Lcsgold ct al., 1987) shows how tests can be used to tailor

instruction and are thus appropriate for this purpose. On the other hand, general procedural

knowledge should have an important predictive relationship to learning ability, and it seens to be fairl

23
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immutable. General procedural knowledge, therefore, is an ideal capability to test for in entrance

(selection and classification) testing. It is interesting that researchers from very diverse perspectives--

psychometric (Cattell, 1971), information processing (Sternberg, 1981a), and artificial intelligence

(Schank, 1980)--have argued consistently for the importance of the ability to cope with novel problems

as a key aspect of intelligence, and therefore as an ideal candidate for inclusion in aptitude test

batteries.

Do we now test for general procedural knowledge, or general problem-solving skills? As was the

case with declarative knowledge, there certainly are in existence paper-and-pencil tests that would

appear to tap very general problem-solving skill--Raven's Progressive Matrices being an excellent

example. And about 7 years ago, ETS began supplementing its existing Verbal and Quantitative I

portions of the Graduate Record Examination with a new test of Analytic ability (Wilson, 1976). The

ASVAB comes close to testing general problem-solving ability with the Arithmetic Reasoning subtest.

This subtest consists of story problems such as "How many 36-passenger buses will it take to carry 144

people?" (DoD, 1984). Recall that the Arithmetic Reasoning subtest loaded highly on the Working

Memory factor in the Christal (1987) study, which suggests an intriguing research question: What isp.r

the relationship between working memory and procedural skill?

We can think of working memory capacity as mediating the development and efficiency of general

problem-solving strategies. But an alternative view of the relationship between the two constructs

assigns the central role to working memory. Baddeley (1987) has proposed a model of working

memory consisting of various slave storage subsystems (for storing linguistic information, spatial
'..

information, etc.), along with a central executive which monitors and coordinates the activities of the

subsidiary storage systems. Executive skill, then, is skill in monitoring one's problem-solving processes,

adapting to changing task requirements, successfully executing general problem-solving strategies,

allocating resources where they are needed, and more generally, changing processing strategy in

accordance with changes in processing demands.

24
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In thL, way, the executive can be seen as the most important component of working memory. Yet, 'd-

though we have a reasonable understanding of how the subsidiary storage systems function, according

to Baddeley the workings of the central executive still remain largely a mystery. An important and

exciting research direction is to begin dcising means for measuring executive skill and thereby begin

unraveling that mystery. %

Modeling Learning Skills

4,.

Learning Skills Taxonomy

If we can adequately measure knowledge and the various skills associated with the four sources, an

important next step in the research program is to demonstrate the relationship between those scores

,nd scres generated from a trainee's interaction with a learning task. We believe that learning should

be exprcssible in terms of (i. e., predictable from) the underlying components, but it is necessary to

prove that this is the case.

Much of our research until fairly recently has used grossly simplified learning tasks as criterion

measures against which to validate the new cognitive abilities measures. For example, in the Kvllonen-

Tirrc-Christal (1988) study, performance on various paired-associates tests were used as criteria; and in

other studies, we have employed comparably simple, short-term learning tasks. The logic underlying

this decision is twofold. First, we are concerned with developing rigorous models of the aptitude-

learning-outcome relationship; and simple, short-term learning tasks afford more control over the

instructional environment. But second, we believe that the kind of learning involved in even these

simple tasks is at some fundamental level the same as that involved in more realistic learning situations. "

Or, conversely, even apparently complex classroom learniig can be analyicd and decomposed into a

series of much simpler learning acts.

If we accept the notion that even complex learning tasks can bic broken down into their constituent

learning activities, then it obviou.y wIould be useful to specify the nature of tho,c I, luic lcirnin4

% %
"-t • .
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atvte.One propsal that has bc-n useful in our work, based largely on Anderson's (1987) three-

stage model of skill acquisition, is represented on the right side of Figure 1. The idea is that cognitive

skills devL lop through an initial engagement of declarative learning processes ("memorizing the steps"),

followed by an engagement of proceduralit.ation processes ("executing the steps"), then finally

refinement processes ("automatizing the steps"). As Figure 4 shows, different performance measures

\Al hI e sensitive to the course of skiii development at various points along the wkay. When first learning

at skill, many mistakes will hic made, and accuracy measures will be the most sensitive indicators of skill

development. Later, when the skill Is know-i, few mistakes will be made, and performance time

mieasures, will bq: the most sensitixe Indicators. Still later, performance time will approach a minimum

as the target skill becomes inecasingly autornatizcd, but there might still be considerable variability in

whether (and hov, much) other processing can he occurring while the target skill is being executed.

We (Kyllonen & Shute, in press) rccntlv elaborated on this simple taxonomy in proposing that in%

addition to the status of the skill (i.e., whether the skill is in a declarative, procedural, or automatic

state, which wec identified its the A'iow1edA'c-tvpe dime:nsion), learning could be classified along three

other dimensions,: the !canni environni'nf, the domnain, and the learner's cognzitiv'e stvle.

'The /i'aming, envirtu:;nemn qpecifies the natun e of the inference process required by the student: The

~~~~~~~~i~~~~~~~ _lserig il~\i ol emr11 o.Lann h actively et.ncoding h\ deduction, by

* analogically reasoning, by refinementci through reflection following practice, by induction from

examples, and by observation and dilscovers nsolves successivelyl more complex processing on the part

of tk !cearner. I he second dini( tv.ion, thc rc\ul[Ing A a~WJt-vt.as indicated ihosc, specifies

wkhether the: product of the learning act i5, a new chunk of declarative knowledge (ar new fact or hod', of

facts) or nces, procedural knowiedg-c (at rul1, at skill, or a mental model). The third dimension, the

domainr, rclers to whether learning is osc(urring In a technical, quantitative domain or a more verbal,

non-technical dorniin Tetrthese three dimensions specifv a particular kind of learning act. The

fourth dimension, the: learn ncr's cogrt ti vA'. is a property of the learner rather than of the

Instructi mal sit11aattin per se . But we included it in rccognitio) f the possibility that %ke cannot be

20
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Declarative _

Knowledge

* PERFORMANCE
* ACCURACY

Procedural
__ ~~Skill _______________
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TIME

. . . . . . . . . . . . . . . .. . .. .. . ...

Automatic
Skill -

A TTENTIONAL
* RESOURCES

REQUIRED

TIME

Figure 4. Pcrformance Curves for Three Dependent Measures as a Function of the Stage of the Skill
Being Measured. The different dependent measures are optimally sensitive to individual
differences at different stages.
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Ccrtinf on .is taisk of what learnin- skill is [being assesed unless we consider how [he learner is

*3pproaching the task.

Our proposal, whIch has no( in any sense been put to the test, is that the taxonomv should prove

u,,cful In two wavs. First, it provides a sampling space from which we may draw- learning tasks. The

goal of the LAMP effort is to model learning ahilit), using cognitive skill measures; the taxonomV

spicifies the range Of lCarninv task, for wi-ich we must develop adequate models. Second, in revecrse

t,hioni. the taxonomy specifie,, the kinds of mic-ro-level learning acts that combine to make complex

k rminge. Th is aspect providesN a ta.4, analysis tioL Our idca is that we can inspect the requirements of

jr complex learning situation, in the classroom or in front of a computer, and specify what learning

ac~ts are occul ring. Given any instructional exchange, swe can Find a cell in the taxonomy that represents

thit cxehani e.

C'omplexr Learning Assessment (CLASS)

One potential stumbling bNock for any program like ours is that it is not easN to monitor progress.

F0 dectcrnionc whether our innovative measurement methods are valid predictors oft learning success, it

11 Tlet'. obscri, stujdents enganed in learning. Two approaches have traditionallN been taken.

)nc is to validate the nc\A, tests aeainst some criterion reflecting su~ccess In operational training, such uas

Final cour- g rade point averagL. The benefit of this approach is that inference,, from the research arc

dlict. hut there are a number cof drawbacks: Data collection is extremely slow, instructor quality Is '

hivhi, ,ariahle ind mnasi finteract with learnecr chaiaictcristics in affecting learniniz outcomes, and there is,

no A.il~ince for nm:mpulmiig the :carnirio tuzAk in an) wka so( as to allow "whai-mf' qIuestions regardirie!

validity (.g. hat if the instructor eneouraged more questions, would that differentially affect student

outcomes.

The see 'nd approor h is, to simplify the learning task such that it is under the- cxpeIimcnntrs, contro

and can he administered wit hin a single sessio~n. With completu ii ntrol over t hw Icr r nini! task, meII ciii

akand tcest what -if questions, easily. I nfort unately, in so mnodifying the learning task, the researchce

% .*, .. % N . .'



inno't nc~cssarilv continu~e It,- assume thait the: in.st: u'nncris ,hown to he valid In the coclcrirnental

context wkill preve toi he valid in pr-di, ing iiccess in more realistic learning situations.

Our -)lution I ' validi prthl nII rcpr,, ru' ii a bmro eer these two positions. We are

-~ ~ ~ ~ ~ ~ ~ ~ ~~u {'4ii5)U. 't t~ .:r- Le1!rilrUter prierarnining,

N

I ho: TUtkirlligs n il; k' f" In, A -;!(d!, pr, .iie i -!I\ariet of indices oft e le~ Iarner's curriculum

S.1,Id K.'c inr II A. ,' !I iii \A~ ed and skills bcine, (aught. 'The

A r run s' IT m a(' t ic '. it hal It ei () to modif the itrtonlstrategy an'd thus

. hio . LinY nl I M. 1ji!'t tm% 6,-d, Ioix risntrIil It has been estimaited that I hour

,i tuTored it ~:raiiwn i qui,-x( I,, ;iqliroimrttr ly 4 hmir of regular cl&isrom instruietion

(Andrrson, Bovle, & Ruse ,r. 19X'4,, trus. the.se mii srses arc qi,1te extensive. A major goal of our 5

eaj r rnt rese arch c forts is to, ue Tte taxonorno to, vgentrate, the roost expressive indices of the studcrnt's 5

iearninnC expcrcrine.

k c~i ona brial Oa f I t 11 serh qestiIon, thait can tic addressed once 'Ac begin gathering

L!,iil kind, 1f I iii. e H irst. the rudie eni ,cr,,c is aitrnatixe'. to end-,.f-cou-Lrse

I rlailihte (J re-k embrmne .;n i Uuriil propm 1)Rim 1j, j fuinction (if the amount ,f studs' andi

presenrt? tion lat' )' is inire 1irt~ci'< wid l~r eymore meneral thin a btiro1d ehxken te ire

skitch a bli hreCA'di,-r i -i0 01C !" ninerl :teiee .. i- pt !nw, erititined anile'. vlionk' the: indices)

heinsc!l(r For %:xarrile \ie can hkegin mL'.ntIing uim in a 'iseleone , a rs nkeerini the

relationship ix-tween Initianl knoviled oe aequr.itot oind the >,uheque:nt abilit'; to turn that knowledge%

Into problem-sol ink' s4;11, o)r the :ilitx to tun that 4kill Aith more priblen -silineexprnc.

-X I Malj ~f~.ii Lexeliing Flo. 11 t In - c an irjiN ilul~ !c 37, s Al iw 1, and \ikr -sis in t he, [ni;

elai~~~~~~~rate~~,o 1 4lis' 1, rn L~~ .[il 7 ut:tse~l'i e p' enin

*1.9
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it*J.

c-ir fx! Iraiv tt it cLk nptovinc [it (I glilnil aptitude Indices and global learnigg outcme measures

irwith pragmantic limit~itii ns )tI in.-Aruct inal ,aiil. The tutoring systems being developedI1tT I' the ~c 11mitations b\ gei iirating r. hcr lra, es of a learner's path through a curriculum, and by

INL:11i i01-1 1, TeI:, Lxletio\ Polciiti.tflv ulinitekd %ariations in hiow instruction is presenrted.

IV. SL N1X1UWY AND) CONCLUSIONS

i hi, pipf hrj oit. hi~ed (4i the reseacrch jctis itics unde:rway as part of the Air Force's Lkearning

es ~o irrr nPrc wr in U J,*\IP ) I h, nl~iqor goal of the project is to devise, new models ot

he n.!turi and orgariation At hu! -- n Ahilitis, Aith the long-term goal of applying those models to

impro c\ emrer pe'rsonnelI 11011t ot and clkitdfication syvstems.

J1' . 1111 r ii-1 k5 rtill,, ag. -,%c i. e divided the activities of the project into two

it,1t1s.Ih fir', st k.teeO i, L:,n,. ncd with identitvig, fundlam e ntal learning abilities by

!:e~inlrle hA k i(.,1nCi ditfer in[heir ihitlc~to think. rcrncmbethr, souse prolems, and acquire

I owed: 4 , i.'i I. rj IrC,,f% nIjI-tge~t!'y h-tec ctiblished a four-source framewii,%ik

ho it'l the jh ' i~n r dI 1fF(en i r,: due ti differenvces -n _nfornit ion processing

e C"10 "rk-in, inm,(r1L piw i d the bre-adth. cxc r rd aclcessibifly of con e ta n v c i

hi Oni. I-1 i ' N I L h it, i- ioni, r;icd '<Ih .,idating nL\A,' 1110del2S Of leutnine

ii.l 1; L' i.v : i . iiuii i i iilllfpti. rted ir,1eliieent tut ine \stii thtl secrve

rij r j) ''I 'Iill I k m [<i ir firk'' ixi' I~ iti~ i L,, i n 1 jItir o i tud i t il

Y Irlk!~ A t - ,i:m mli 1,i ]1( I- Fee inl i i,- ts, \ill re is heicatflink, o titt. nicisurcs

Aj':.s til 1i f in, t ~ e i m Ii in 1 ilul dl t dation ,Itudws I he

ill jt I . Ill k i t.'11 1; n t l iif wo .L t;a. mea i f l ti. I1 ire r er

in n -tt , hi Ii ni. , i~ , :.I , W W A L I r1~~~
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