
\

'ED 209 358

DOCU4ENT RESUME

TM atb 935,

AUTHOR KIllonen, Patrick C.$ And Others
TITLE Models of Strategy and Stritegy-Shiftirg. ,in Spatial

Visualization Performance. Technicaleport No.f 17.,

INSTITUTION Stanford Univ., Callfr School of EdUcation. ,.

SPONS AGENCY Advanced Research Projects Agency (Doij, Washington,
D.C.;, Office of Naval, R earch, Arlington, Va..
Personnel and Training search Programs Office.

PUB DATE . Oct 81 ,,

CONTRACT N00014 -r79 -C -0171 4

'NOTE-, 51p.; Paper presented at the Annual Meeting of the
American Psy0ological Association (Los Angeles, CA,
1981). ,...L:

,

EDRS PRICE' MF01/PC03 PlAPostage.
. ,k

1

DESCRIPTORS Aptitude; Alatitude Treatment Interaction; *Cognitive
' . Processes; Higher Education; High Schools; Males;

,/0- *Models; Performance Teets; *Problem Solving; *,!

*Spatial Ability; Visualization

ABSTRACT 4

The relationship of aptitude, strategy, ana cognitive
task performance" is explored through the use of mathematical models
of performance time.' Models of strategy and'itrategy-shifting OA a
spatial visualization task were tested individually for 30.male high
school and college subjects. For each of three successive task steps
(encoding, construction, and comparison), different models applied
for different subjects suggesting that different subjects used
different strategies for solving the s. items. Some Of the best

ele
fitting models specified ttat subjeCt frequently and 'flexibly
switched strategies during the task i keeping with variations in
item demands. This was considered a form of adaptive, withinrt&sk
learning. Three alternative cases of aptitude-strategy relationship
were examined. For the encoding and construction steps the most
efficient strategy was restricted to subjects with a particular
aptitude profile. For the comparison step, strategy selection 'I

appeared to be a more'casual choice but hptitude differentially '

mediated perforiancp depen&ing on -which stalategy had been selected.
The importance of strategy-shift models asa means for analyzing more,
precis y subjects' problem Solving processes \and for repreDenting
the adap ive, flexible quality Of'intelligent performance is
discusse 4-(Author) . k, )N.

#1,4

. .

. . .
,

**************0*************************:***g************************
--* Reproductions supplieby EDRS are the )est that can be Made *

*--"
. from'the original document. . *

**.*********************************w*********************************

"IN

rt

A.



S

c

I.

A

,MOtELS OF STRATEGY AND STRATEGY - SHIFTING
IN SPATIAL VISUALIZATION'PERFORMANCE

(

PATRICK C. KYLLONEN
DAN J. WOLTZ

AND
DAVID F. LOHMAN

I

TECHNICAL REPORT NO. 17
APTITUDE RESEARCH-PROJECT

SCHOOL OF EDUCATION
STANFORD UNIVERSITY

Sponsored by

Personnel and Training Research Programs
Psychological Science's Division

Office of Nasal Research
and

Advanced Research Projects Agency
under

Contract No NO.00 I i-79-C-017.1

Approved for public release, distribution u !mired
Reproduction in whole or in part is permit .d for

any purpose of the United States Government

OCTOBER 1981

U.S. DEPARTMENT OF EDUCATION
NATIONAL INSTITUTE OF EDUCATION

EDUCATIONAL RESOURCES INFORMATION
CENTER (ERIC)

X This document has been reproduced as
mowed from the Jerson of .organtzsmon
ongmaung n
h4mor changes have been made. to .Cnts,Ove

reprOduCPOn QueMy

Pants of view Or opmoarts stated ns &psalm..
went do not neCe5senly represent offkcal NIE

PO9reOn or po,,oy.

"PERMISSION TO REPRODUCE THIS

MATERIAL HAS BEEN GRANTED BY

TO THE EDUCATIONAL RESOURCES

INFORMATION CENTER (ERIC)



a

L.

UNCLASSIFIED
SECURITY CLASSIFICATION OF IS PAGE (When Data.Entered)

REPO* DOCUMENTATION PAGE READ INSTRUCTIONS
BEFORE COMPLETING FORM

t REPORT NUMBER a

17

2 GOVT ACCESSION NO. 3 RECIPIENT'S CATALOG NUMBER

4 TITLE (and Subtitle)

MODELS OF STRATEGY AND STRATEGY-SHIFTING
IN SPATIALWISUALIZATION PERFORMANCE

5 TYPE OF REPORT 6 PERIO OVEREO

interim technical report

6 PERFORMING ORG. REPORT NUMBER

7 AUTHOR(e)
Patrick C. Kyllonen,
Dan J. Woltz, &
David F. Lohman

a CONTRACT OR GRANT NUMBER(*)
11

N00014-79-C-0171

.

6 9 PERFORMING ORGANIZATION NAME ANO ADDRESS. #.

School of Eduction
Stanford University 4-

ctanf,prd. CA 9305

10 PROGRAM ELEMENT. PROJECT, TASK
AREA 6 WORK UNIT NUMBERS

NR 154-426

11 OFIFidrE NAME ANO ASORESS
.

Personnel and Training Program i/

Ps hological Services DivisionONR, 458
A'

12 REPORT DATE

October, 1981
13 NUMBER OF PAGES '

25

14 MO Ilk/RING AGENCY NAME 6 AOORESS(II ditteyentlttedr,ControLing Office)
i .;i

..'

. .
..

.......

1 SECURITY CLASS 101 thi report)
.

UNCLASSIFIED
(

I5a cactKIVCATION DOWNGRADING

)6 DISTRIBUTION STATEMENT (of this 'port). ./ .. .

Unlimited f¢ .

.

.. . .

17 DISTRIBUTION STATEMENT (01 the abstract entered in Block 20, it dilferent Imo, Report)
J

-/ \..

.

Unlimited

i

18 SUPPL EMEN TA1RY NOTES of
..... ,

,

This research was jointly sponsored by the Office of. Naval Research and
the Defense Advanced Research Projects Agency. Portions of this paper wire
presented at American Psychological Association convention, Los Angeles, 1981

19 KEY WORDS (Continuo on fVeri side it necessary and identity by block number)

strategies, strategy-shifting, aptitudes, information processing,
spatial visualization

s.

20 EISTRACT (Continua on reverse side II racssery and identify by block number)

hee(elationship of aptitude, strategy, and cognitive task ixerformance,
,ip plored through the use of mathem--...atical models of performance time.

....

.

Uodels of strategy jnd strategy-shifting on a spatial visualizaeion task
0ere,tested indivilualkly for 30 male high school and coilege subjects.
.,Por each of three sucfflessive task steps (encoding, construction, and (
:comparison), different models applied for different subjects suggesting
that different subjects used different strategies fox solving the same

;items. Some of the best fitting models specified that subjects
.

th FORM
17 1 JAN 73 1473 EDITION OF i N9V 65 IS OBSOLETE

N 0102-LF- 014-6601
UnClassified

SECURITY CLASSIFICATION OF THIS PAGE (When Data Botanic')



'UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (roan Data Entered)

--/

f;equent17 and flexibly switched strategies ddring the task in keeping
w th %re-dilations in item demands. This,was'considered a form of

/adaptive, within-task learning.. Thitee alternative cases of_aptitude-
straegy relationship were exafilihed. Far the,encoding'and constKuction
steps the most,tfficient strategy was restricted to subjects with a
particular aptitude profile. For the comparison step, strategy
selection appe'ared to be a more casual choice but aptitude differentially
Mediated performance depending on which strategy had been selected.
The importance of strategy-shift models as a means for analyzing more
precisely subjects' problem solVing processes and for repi-esenting the
adaptive, flexible quality of intelligent performance is discussed.

40.

a

3

.

Y

1

S,N 0102 I-F.014.6601
UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS,RAGE(Whon Data Entered)



MODELS OF STRATEGY AND STRATEGY-SHIFTING
IH SPATIAL VISUALIZATION PERFORMANCE

PATRICK C. KYLLONEN
DAN J. WOLTZ

AND

DAVID F. LOHMAN.

TECHNICAL REPORT NO. 17

APTITUDE RESEARCH PROJECT
SCHOOL OF EDUCATION
STANFORD UNIVERSITY

Sponsored by

Flersonnel and Training Res h Programs

t Psychological Scien s Oiviiion
,

Office of.Oaal Research
and

Avanced Research, Projects Agency
under

Contract No. N00014-79-C-0171

The views and conclusions contained in this document are those
Of the author and should not be interprete'd as necessarily

representing the official policies, either expressed or

,iimplied, of the Office of Naval Research, the Advanced

Research Projects Office, or the U.S. Government.

Approved for public release; distri6ution unlimited.

Reproduction in wholor in part' is permitted for any purpose

of'the United States Qovernment.

We would like to thank Richard Snow for helpful comments on an
.earlier draft of this report.

OCTOBER 19&1



44,

C

1'

PREFACE

The investigation reported herein .is part of an ongoing
research 'project aimed at understanding the nature and
importance of individual differences in aptitude for learning.
'Information regarding thYs'project and requests for copies of

this or other technical reports should be addressed td-:

Professor'Richard E.Snow, Principal inveetTgator
Aptitude Research Project
School.of EducaIiein
Starlford University

Stan-fdrd,.California94305
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Strategic Processes

Abstract

The relationship of aptitude, strategy, and cognitive talk -performanCe
is explored through the use of mathematical models of performance time.
Modelssof strategy and strategy-shifting on a spatial visualization task
were tested individually.for 30 male high school and college subjects.
For each of three successive task steps (endoding, construction, and
comparison), different models applied for different subjects suggesting
that different subjects used different strategies for solving the same
items. Some of the best frtting models specified that subjects
frequently and flexibly switched strategies during the task in keeping
with variations in -item demands. This was considered a fOrm of
adaptive, within-task learning. Three alternative cases of aptrtude-
strategy relationship were examined., For the encoding and construction
steps the most efficient strategy was restricted to subjects with a .

particular aptitude profile. For the comparison step, strategy
selection appeared to be a more casual choice but aptitude
differentially mediated performance depending on which strategy had been.
selected. The impoRtance of strategy-shift models as a metrns for

analyzing more precisely subjects' problem solving proce'sses and (for
representing the adaptive, flexible quality of intelligent performance,
is discussed.

"\
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Strategic Processes 2

Models of Strategy and Strategy-Shifting
*im5patial Visualization Performance

4

Current research on aptitude uses information processing models to

identify components of cognitive 'performance. Using such models,
individuals have been found to differ parametrically, that 1s, in the

. efficiency with which particular performance components are executed
(Chiang & Akinson, 193.6) Hunt, Frost, & Lunneborg, 1973; Snow,

Marshalek, & Lohman, Note 1).

or

is, also possible, however, that
oindividuals differ in the sequence r type of components they employ.

Snow (1978) prorlosed three sources of individual differences in task
performance beyond simple parametric differences: sequence difference,s,
where subjects- differ ,in the order in which processing steps are
executed; route 'differences, where subjects differ in the steps that
are included; an.d summation or strategy differences, where the whole
procesSing program adopted differs from subject to *subject, or differs
within a subject for different items within a task. Sternberg, (1977)
offered a similar hypothesis using other terminology. These sources
have all been loosely referred to as strategy differences, and there is
now some eiridenee- that strategies affect performance and relate to

aptitude differences (Cooper, 1980; T1a4eod, Hunt, & Mathews, 1978;

Sternberg & Weil, 1980; 'Kyllorlen, Lohman 0 Snow, Note 2). It is

important, however, for further research to distinguish among*Snow's
Tour source categories. In particular, if subjects regularly, shift
strategies within a task, then the prevailing theory that assumes a
constant information processing model across items is wrong.

This investigation hypothesized two types 'of strategy-shifting
within a task: sequence-shiftIng,\wherelsubjects vary the sequence in
which different proce1sing operations'are applied across items; and

route shifting, where subjects apply qualitatively different processing
operations for different items: Although potentially involved in all

types of cognitive tasks, strategy-shifting may 'be particularly
important In performahce pei'spatial vi,suafizatilan tasks, which have'long
bedn thought subject to, alternative solution strategies (French, 1965;

Lohman, Noter3).

A further purpose here was to distinguish .three possible typos of

aptitude-strategy relationships. In a Case ( relationship, strategy
selection is limited by aptitude; use of a strategy requires particular
skills. Evidence for this possibility was obtained in a.stuay of

, aptitude-strategy training interaction, where the training treatment
appeared effective only if the subject's aptitude profile matched the
strategy being trained,(Kyllonen, Lohman, C Snow, Note 2). Case I

relationships have also been suggested in syl:logistic reasoning (Egan &
Grimes, Note 4) and cube comparison tasks (Carpenter & Just, Note 5) in

) which th'e more efficient strategies have tended,to be used by the more
able sublects. A Case J1 relationship between aptitude and strateg'
specifies that strategy choice is unrelated to aptitude; once the

c
decision is madeto use a particular strategy, however, a person's
ffectiveness in the.task is dependen on the aptitude called into play

by the strategy% .,Sternberg and Weil (1980) found evidente for a Case- II ,

relalionship. Those using a spatial strategy on linear syllogisms
showed a *lationship* between spatial but not verbal ability and

3

J--



Strategic Processes 3

solution time, and those who spontaneously )s elected ar'lviguistic

strategy showed a relationship between verbal- but not spatial ability

and solution time. A, similar Case II relation-ship was found in a

sentence-picture verification-tit-k (Macleod, Hunt; C. Mathews, 1978). A

Case 111 relationship between apti-tude and strategy 'combines.Cas'es I ak
31: Aptitude both restricts strategy selection and limits the effective
use of the strategy selected. This possibility has not, yet been

demonstrated, but is expl.i.,citly tested jeer(?.
41,

This study reanal9zbd data collected by Lohman (Note 6) as part of

a dissertation on spatial abil'ity. Lohman's original analyset assessed
the relationship between speed of problem solving and difficulty levJi

of the problem tolved, but specific informatJon processing models were,
not tested., His task was ideally suited for examining the alternative'

processing models hypothesized here, hawever,' since subjects were

required to perform -a varifey of mental operations on visual forms.

Furthpr, extensive aptitude information was available for each subject.

Method

Subjects

Subjects were 30 male Palo Alto high school and Stanford

undergraduate students selected to represent a wide range 0 ability.
Subjects had previously been administered, a large battery of eference
aptitude test's including measures of general crystallized (Cc), general

fluid (Gf), general visualization (Gv), closure speed (CS) perceptual

speed (PS), visual memory' (VM), and' memory span (MS), abilities. (See

Snow, Lohman, Marshalek, Yalow, & Webb, Note 4, for, details regarding

the administration and analysis of the reference battery.)

Composite aptitude scores w', created for each subject by summing

standardizdd (zero mean, unit'variance) individual test scores. Thus,

Gc was a composite of the WAIS subtests Vocabulary, InformatIon,

Comprehension, and Similarities (Wechsler, 1955); C-1 was,a composite of

6 concept analogy test (Terman, 1950), progressive matrices (Raven,

1962), letter Series, (French, Ekstrom, C Price, )963),, and Necessary

Arithmetic Operations (FrdriCh, et41., 1963); Gv was a clinposite. of

Form Board, Paper Folding, Surface Development, and Hidden Figures

(French, et al., 1963); OS was a composite of two Ogure gesiarti. tests

(French, et al., 1963; Harshman,i 1974). PS was a. composite of

Digit-Symbol '<Wechsler, 1955), Number- Comparison, and -Finding ,A'.s r--

(French, et al., 1-963); VM. was a ;composite of Itmory for Designs t\

(Graham & Kendall, 1948) and Visual- Number Span (Wechsler, 1955); and

MS was a compot'ite of forward and backward digit span (Wechsl'erl 1955).
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' Task

The task consisted of 216\ items designed to ) .measu spatial

* visualization ability. A typicer item proceeded a\foll ft. First,
'during an encodt step, subjects were presented with a tkrpe- to eight-
sided. figure, ref
,step, subjects were

red' to as the A figure. Next, during a construction
presented with one or two other figures, referred J4)--

'. as the S'end C fig , which they were to combine mentally with the A
figure. They did th by imagining the figure that would.be forme* if

--,

the A figure were adjoined either to the left or 'the right side of the 8-.
figure (depending on individual item instructions), and if the AB

,composite figure. were similarly ad...1446d to the C figure. Finally,

4 during a'eamparsson,siep, subjects were/Presented with a test prbbe and

'required to indicate -whe'ther the.image formed during the encoding and
construction steps tas the same as or dierent fron the test probe.

Figure 1 ,depicts this sequence of presented steps. (A four,th step,

rotation, occ rred between construction and comparison for two thirds of
k...t14* items ad required subjects to ratate their mental image 90 or 180

degrees. The rotation step is ignored in the present analysis,
however.)

Insert Figure 1 about here

Subject's controlled -presentation of item teps. Steps were
rformed in the same "order for each it turning back was not
rmitted. Response time for each step and correctness at the

comparison step were recorded by,the experime'nter.

Destgn

There.we're three major item facets. First, three levels of the

-construction facet' corresponded to the number of figures to be cbmbined
with the A figure: zero, one, or two. Second, there were two types of

figure combination during construction: combination from the left side
of the B and C figures a combination ficom the right side. (The side

to be used'Fwas indicate by a plus sign appearing either to the left or
the right of the B and C figures; Figure 1 shows an example of

combination from the left.) Third, for half the items the test probe was
the same as the constructed image and for half it was different. Figure
complexity, defined, by the number of aides, was balanced across these
three facets, as was product image complexity (i.e. the number of sides
in the figure formed by combining the A, S, and C figures). .

Subjects were administered the 216 items in four blocks of. '54 and

paid $3.00 per hour for participating. They were allowed as much time
as they needed to spmplete a step but.were encouraged to work as quick,ly
as possible. Iteatilwere presented in random,order. For further details
on the procedure, see Lohman (Note 6).

I
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5

Model Testing

Various information processing models were tested separately for
each subject and each step. For encoding all item times were fit, -for
construction only correct iteMs -were fit, and for compar.ison only
correct items of the 72 that did'ndt include a rotation step were fit.
Modeliog techn'iques were similar to the 'componential analysis procedures
describdd by Sternberg 11177), with, extensions' to allow for strategy-
shifting. In componential -/analysis, the investigator cbnstructs
flowcharts rndiching possible sequences of pfltal events occurring in
sUbjetts performinwa task. Each box in a flowchart represents a time
consuming mental ,operation. A mathematical model of the flowchart
evuenceis expressed as a multiple regression equation in which
performagte time is the dependent variable, each term corresponding to a
flowchart box is an 'independent variable, and either the' number (for
discrete variables) or \the amount (for continuous variables)' of
operation executions is the valuvf"the independent variable.'

A sequence-shiIting,model specisfies that the subject applies the
same 'mental operations during all items in (the task but varies either
the sequence in which the elements within the item are ePerated upon
(elements in this task were defined as the individual figures) or the
sequence in which the operations themselves are applied. Route-shifting
is a second type of strategy'-shift model which specifies that subjects
call upon one set of cogn)tive okerations for some items and a partiallyI

or wholly different set for other 'items. (See Appendix A for details on
strategy-shift models And the mechanics of testing them).

Results

Results are presented separately for each of the three task steps.
In each case, we addressed tsto questio s. First, do ,different
strategies result in faster or more error fr e performances? , Second,
does aptitude affect 'strategy selection, or does it appear to mediate
performance within a strategy group, or 4th?

Models for Encoding

Three consistent strategy models and a, route-shifting model were
tested for the encoding step. The.models were similar, in assuming that
performance time during encoding Is related to the form in which the A
figure is represented for storage, but different in specifying how the

' figure is represented Storage is assumed to bea process in which a

.ntal representation of the A figure is constructed and stored in long-
term memory so as to be resistant .to Interference from stimuli ilia

subsequent step's. Though this assumption was not tested here, in a
similar study involving spatial,visualization (a figure/ analogy task),
subjects did apparently commit figures to long-term memory as indicated,
since they were highly accurate Tn,figuTe recall on a delayed test even
though they were not instructed to remember the figures (Bethell-Fox,
Lohman., & Snow, -Note 8).

I n



'-Strategic Processes 4 6

Model E =I specified a feature analytic sVategy in which the figure
is analyzed and stored as a set.of basic features. Thti.type,, of model

Of form memory' has been used in previous research (Attneave, 1957) and

accounts *for the fact >that more complex figures require longer study

tithes. Complexity is' usually defined as' the number of sides in a

randomly. constructed ..figure. The figure? used here were not randomly
constructed, however, so variables in addition to number of sides were

needed to account. for figure Complexity; these were the number of

different side lengths, the,Wumber of different angle sites, and :.the

number of irregular side orientations. (not counting horizon41 and

vertical orientations). Number of sides linrd ;the three additional

vari-akolei together accounted for 87% of the ve lance in rated compleiite

,ofthe encoriing step figures. (Half the 216 fi -gures were rated for

"complexity by. six independent judges.) The regression equation that

'predicted the standardized ratiil'gs was:

C = 1.83 (square root ofpumber of sides)
+ 0.08 (number of independent oide lengths)
+ 0.25 (number of independent angles)
+ 0.64 (number of irregular orientations)

0.07 (number of irregular orientations X number of sides)

- 5.78,
AV It

where C is the sum ,of the tandardized ( ero mean, .unit variance)

complexity ratings. ` in rmation processing terms, the additional

variables a6coun e fact hat during encoding subjects notice and

take advantage of the redundancy in figures to reduce processing time.

'In addition 4o the standard feature-'apalytip model two complexity-

reduction models or 'remembering a figure 44 ere tested. Model E-II

specified a Figure-decomposittpn strategy.in which a\subject is assumed

to imagine the figure/ broken into basic unitssuch as triangles and

rectangles. The figure is then represented intern ally as, for example,

, an image .Of a triangle on top of a square. This strategy requires thaot

the subject overcome the natural figure 'gestalt and impose imaginary

lines. That is, the subject "reads" something into the figure to wedlice

subsequent memory burden. The decomposition model pr diets that

encoding time is a function of the number of basic unit makinghp the

the complexity variables in this model Since figures could
figure and the complexity of those units. It was ry to re

decomposed into equally complex units. The on of complexity

variables allowed for the reasonable pred that an image of an

equilateral triangle on top of a square, for e 'mple, would takt less

'time. to encode than an image of an isosceles triangle on top,of a

rectangle. In both cases the figure breaks into two Units, but the

units are more complex in the latter case, and are thus predicted to

take more time to pro?' s.

Model E-III was a second complexity-reduction model specifying a

verbal-16bellng strategy. Subjects using this strategy reduce memory
burden by applying a verbal label that describes the figure as a whole,

and then remembering the label. Encoding time is assumed to be a

of.the difficulty of creating a label that adequately describes
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.

the figt.. o determine a figure's "labelability," six independent
judges rated how difficult it was. to think of an adequate verbal label

for each, figur (Although a figUre'q, labelability is related to its.
complArty., the two characteristics are not identical. Only 65% of the

variance in labelability was accounted for, by the objective figure
00.characteri"stivs Oat account 87% of the 'variance in rated

complexity.)

Finally, a fourth model represented the strategy of shifting

between the two complexity reduction strategies, labeling some figures
and decomposing others. To determine which figure's were labeled and

which decomposed, we compared subjective ratings of the ease of

decompqsition with ratings of the ease of labeling. A 50-50 shift model

specified that figures for which labeling is easier than decomposition
are 'remembered With a labeling strategy and the rest are remembered with
a decomposition strategy. We also tested two 75-25 models-in which a
subject is assumed to be predisposed toward either labeling or

decomposing. All the shift models for encoding were route - shifting

models,. since the variables that predicted encoding time wereAnot the

same for all items but depended on which strategic "route" was selected.

et

Results for Encoding

In general, the results supported the validity of the models and

led to insights into the relationship between aptitude and strategy. No

subject was fit perfectly by any model, but a comparison of model fits

allowed reasonable judgments about which strategy each subject used.
(See Appendix B, Table Blp for actual R2 values for all models; and for

a summary modl predictors, Table B4.)

Figure-2-shows: overall errors and encoding' times and identifies the

best fitting model for ea'ch subject. There is an indication that speed-
accuracy tradeofua related to the strategy subjects used for

encoding. Subjects best fit by the feature-Analytic model committed few
errors but spent a long time encoding. Apparently, the feature-analytic
stra6egy led to good rep. t.ltations of the figure and therefoi-e

res ted in comparatively rrors. However, this strategy was

costly, especially with co figures; with no complexity-reduction
scheme applied, the sheer number of featu s to remember led to long

etncoding times.

Insert Figure 2 about here

The two complexity-reduction strategies, labeling and

decomposition, resulted in significantly shorter encoding times than the
feature-analytic strategy. However, the two strategies differed with

respect to error. Subjects best fit by the decomposition model appeared
to engage in an optimal speed-accuracy tradeoff. They committed few

errors and encoded quickly. Subjects best tit by a Tabeling model
generally encoded quickly but made many errors. Applying a verbal label

"is apparently a quick way of remembering a figure, even a complex one.
But use of the labeling strategi, is perhaps likely to result in an

inadequate representation of the_ A figure and therefrore increases the

.4.
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f

chances of error. No one-was best fit by 'the 1001. labeling model.

Those so identified In Figure 2 labeled at least 50% of the time as
determined by the strategy-shift models.

Thus, decomposition-appears'to be the'most efficient strategy for

encoding. Why then did most subjects fail, to use vt? We examined the

hypothesis that aptitude restricts strategy Choice (a. Case I

relationship) by'domparing the aptitude profiles of members of_the three
strategy groups. We also examined the hOkothesis4that-certain aptitudes

correlating cbrreEtn score nd encoding times with he aptitude
affect perfo within a strategy group (a Case II relationship) by

t

mea.aves separately for members of each strategy group. 1 The results,

indica'te,,tCase lIrrelationship between aptitude and strategy for

encoding. h ip,t.tude appeared both to restrict strategy choice and to
,,,

determine pe ormftnce success within a strategy group.

Figure 3 shows that subjects who used the decomposition strategy

were generally higher in aptitude than those in the other two strategy
groups, but the dtiference lids greatest on closure speed (CS) and

spatial visualization (Gv) aptitude measures. The superiority in

spatial visualization ability is not surprising, but why were the

decomposers so `much higherw tkan others on closure speed? Perhaps

because closure speed represents the ability to impose a certain type of
structure on forms--to "read in" parts of incomplete figures to make

% them whole. imi.larlY,decomposition.is a strategy that requires one to

.impose a certain kind of stucture ontthe figure--.to imagine lines that
break the whole into parts. We mibht speculate that the feature

analyzers would have usedthe4more efficient deco,position strategy had
they been better equipped with"lhe skills represent d. by CS, as well as

those represented by Gv. In any event, the choice of the decomposition
strategy appeared to be restricted by aptitude.

Insert,tigure 3-about here

Table 1 shows that for each strategy group correctness was related

most highly to spatial visualization (&v) ability. More interestingly,

for those who selected ,.,tiOcet feature-analytic strategy, performance

depended also on memory, span (MS), presumably because the feature -

analytic 6trategy placed 1 severe burden-on memory. The labeling

-sti-ategy toOld presumably demand. verbal ability more than spatial

ability, but 'the- results do not support this expectation. With

relatively few subjects in the labeling strategy group, and the

possibility that 411 were sufficiently skilled verbally to use this

strategy, it is possible that the data aro insufficient to test this
hypothesis adequately.

Insert Table 1 about here

Finally, strategy.- shifting occurred uith experience on the task.

The various encoding models were tested separately for the four blocks
.0 54 items, It appeared that subjects started out, in Block 1, by

happening upon an encoding strategy; for 17 subjects this was the

feature-analytic strategy. By Block 4, hoUever, the feature-analytic

hi
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Str=ategic Processes

Aptztude PerfOrxance Correlations Within Strategy Group
for the Encoding 'Subtask

Model Description

a

Aptitude
a

t b

Go Gf Gv Cs PS VM MS M SD N

Item Correctness

overall 4 50* 58* 74* 13 37* 54* 51* 80.77 8.30 ,30

E-I feature-analysis 70* 72* 76* 33 39 55*(65* 81.00 7.38 11

E-II decomposition 62* 60* 87* 53* 54* 38
0

32 '83.79 7.69 14

E -III labeling 64* 93* 83*-29 35 50 76.56 9.38 9
rL-

Nit
'TimeEncoding

overall '05 18 09 -19. 12 23 05 5.45 2.25 30

E-I feature-analysis 05 35 10 -05 09 53 -16 7.01 2.76
o

E-II decomposition 26 21 53* 40 54, 04 38 4.85 1.47 14

E-III labeling 00 60 39 -14 17 56 (5.84 3.55 9

Note. Decimals in correlation coefficients or. vetted.

a Aptitudes are composite scores (see text).

b I rrectnes1 is expressed as a percentage of 216 lteps;

eneodin times are expressed in seconds.

c Four subjects were fit equally, yell-by two Wets: They are

incldded in both groups for calculations.

* p < .05.,
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strategy had been abandoned by ali but

changed to complexity - reduction either by m
f'or this group was thus 8) or the deco

9

five subjects. Others had
ng of the labeling (total n

osition strategy (total n for
this group was thus 17). Fdrther, between Blocks 1 and 4 no one shifted
away from either of the complexity-reduction strategies to the feature-
analytic str"ategy. Thus, it appears that subjects discbvered
complexity-reduction with experience on the task. Because subjects
apparently began the task by casually happening upon a strategy, there

was no relationship between aptitude and encoding strategy during Block
1. By Block 4, however, the relationship between aptitude andistrategy
choice was consistent with the results fol the overall fits. Thus, by
Bock 4, it appeared that subjects had assembled a str)tegy suited to

tfieir aptitude profile.

Models For Construction

(Two groups of models were tested for the construction step. One

group specified use of a consistent stra egy and the other group
specified sequence-shifting. All models assume that subjects perform

A figure, syndesizing the construction step figures, and storing the ,.165\

the same cognitive operations for each item. These are: trieving the

*resultant product image. The .models differ from one another in

spec)fying ,the sequence in which the synthesis and storage processes are
applied to the figures and in specifying the form in which the figures 4
are represented in memory; figures can be represented 'separately or in-

v-ariut combinations.

During the construction step, we assume that subjects use a

4Ifeature-analytic strategy for storing images regardless of the way the
figures aq:e combined Itor storage. This assumption may appear curious
given the earlier detonstration that a majority of subjects did not Use
the featup-analytic strategy for storage during encoding. *Construction
is unlike encoding in that what is stored is not directly available, but
most undergo some transformation (the synthesis rrasrss) before it is in

a form ready for storage. The temporary product of the syntbells
process, which might be thought of as a tentative ,image, is stored cnly

. in short-term memory. In encoding, it s not necessary to hold a
tentative fmage inrshort-term memory 'since t figure is ailable in

'front of the subjct'lL" aT1 time during the step. Thus, or encoding,
he subject has short-term memory capacity available for appling various
transformations onvithe A figure, such as the transformations that are
implicitly called for by ,the decomposition and labeling strategies.
_During Construction, however, much short-term capacity is presumably
usurged by the tentative image. ThuS, strategies .thatt require
additional transformations, such as decomposition and 1 eling, are not

availabtsa,to subjects during the c6fistruction step, and only feature-

.
analytic storage, which does not assume an additional t ansformation of,
the image, is possiblg during construction. 0

3

. Model C-I specified a consistont7synthosis strategy in wh*h the A,
B' and, C figures are always nthesized into a single unit acid stored as
a unit in memory. Constructi 11 and storage time for this model is

, predicted by the feature omplexity of the adjoining sides (during N

synthesis, subjects "dissolve' the features' of the adjoining surfaces of

M
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the to-be-synthesized figures sequentially) and the feature complexity
of the product image.

Model.C-II spbcified a consistent-no-synthesis strategy in which

the figures 'presented in the construction step are never synthesized,
but are instead stored as separate units in memory. For this model,

construction time is predicted by the figure complexity of the separate
units (i.e. the sum of the complexity values of' the A, B, and C

figures). . 0

In addition to the consistent strategy models, four sequence-shift
models were tested.. Each specified that subjects combine the A, 6, and
C figures in different ways depending on the form and complexity of the '

item, and each consisted of two steps.' The first step is an evaluation
process in whifh the subject first imagines the figures combined in some
way and then decides whethergto store the figures in this combination or
a?separate units. For some of the models the evaluation step is

perfored once; for other models there are multiple evaluations.' ,The
second step is the storage process in which subjects construct a mental'
representation of the A, B, and C figures.

Model C-III represented' a forward- stepping synthesis strategy.

Subjects first attempt to synthesize the A and B figures into an AS4 .

product image. Next, subjects evaluate the complexity of the AS image.

. (In these models we arbitrarily defined images with five or feer sides
as simple and those with six or more sides as complex. Roughly h )bf s-we __

images in the task were thus considered simple and half complex ) If,

during this evaluation the subject determines that the AS image is too

complex to store as a unif, then the A, 8, and C figures of the item are
stored separately, as they are in Model.C-II. If, on the other hand,

the AB image is determined to be simple enough, then the subject
attempts to synthesize the C figure with the 6 AB image ipto an ABC

product image. In this cafe a second evaluation occurs in which the
subject determines whether this ABC unit is simple or complex. If it is

determined to be "mole then the ABC image is stored as a single unit
(is inimodel C-I). If it is determined to be complex, then the AS image
is stored separately from the ,C image. That is, twoestinct units, an
AB Ludt and a C unit, are represeRted in memory.

FOrVModel C-III, processing time during the evaluation step(s). is

.predicted. by the complexity of.the.adjoining surfpces of the. 'synthesized
figures (though we assume that any two figures are synthestztdonlytnce
during an item) and-the number ed complexity evaluatioltS for the item.
Processing t.ime'during the storage step is predicted by the compleexity

of the final representation, determined by'summing the complexity vdlues
for each unit stored.

Model C-IV represented a boskwordste ing synthesis ' strategy

similar to the forward-stepping strategy except that the sub.ject is

assumed tp begin the construction procedure by first, attempting to

syntWetize the a and C figures into a BC product image, rather Than by
synthesizing the A and B figures.. In all 'other respects this model is

parallel to *the for lard stepping model. Our hypothesis was that the
backwa6d-stepping strategy would be used only by those whose memory of

the A figure was interfMed with by the prosentation of the'S and C

, -

,,
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1

1f

figures. Thus, the Subject would be forced to try to synthesize the

and C figures. :and perhaps gulfs about the form of the A figure.
Subjects were instructed to synthesize in forward order, so the

backward-stepping strategy represents a deviation from instructions.

Model C-V represented'a simultaneous- syntheses strategy. Subjects

first synthesize the A, B, and C figures into an ABC product image, then
evalua46 this image for its complexity. If the image is simple, then it
irs stored as an ABC unit; if the image is considered too complex to
store as a unit, then the individuall,figures are stored separately. The

predictors are the same as for model C-I, but the complexity values are
different,

0
since for some items the figures are assumed to be stored as

separate units and for others a sine ABC product image unit is stored:
A variation of this model specified that the simultaneous-synthesis
strategy is applied only when figures are added frtfm the left side. For

items in which figures are added ifrom the right side, a processing
sequence identical to that foj- Model C-III (forward-stepping) is

attempted. In the analysis, both these- variants of Model C-V were

.considered together.

;14%11y, 'Model C-VI represented a strategy of simultaneous-
synthesis-with-recovery. .Subjects begin by synthesizing the A, B, and C

figures-into an A8C product image. If the image is considered, simple it

is stored ..as a single unit. If the image is considereCtoo-complex,
then the subject evaluates the AB part of the image. This is the

"recovery" aspect of the strategy. Before deciding to store the'figurA
separately the subject first tries to determine if a section (in this

case, the AB section) of the ABC image can be stored as a single unit
rather than s two separate units. It the section is considered too

complex, hen the figures are stored separately, but if the section is
consider d simple,'then,two units are stored, an AB unit and a C unit.

A varia ion of 'this model specified that if :the AB unit is considered
.too comp x -during they second dvaluation.then the BC section of the ABC

prdduct i age is evaluated and stored as usual. The predictors fdlboth
these mod s are the complexity of the adjoining surfaces, the number of
complexity evaluations, and tht complexity of the final representation.

,tror the analysis, these two models were considered in the same category..-
The' simultaneous-recovery stratOy (C-VI) is the, me.*t demanding of the
construction step strategies be4ause the subject must combine and

recombine figures and perform more:complexity evaluations (on average)
than are required by the other strategies. The subject is presumed to

' do thil to ensure t$ most efficient representation of the item figures.

Result 1 for Construction

As with encoding, no one was perfectly fit by any of the 'models.

iJudgments regarding best 'fit were clear except in one case where two
models fit equally well. Some other subjects were fit equally well by

essentially equivalent models (e.g., the two variants of C-V). (See

Appendix B, Table 82, for R2 values; Table 84 for a summary of

predictors.)
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Figure 4 shows the relationship 'between speed, accuracy, and

strategy selected. As with encoding, a 'tradeoff between speed and
accuracy appeared. Those who selected .the simultaneousrecovery
strategy generally committed the fewest errors but took the longest
during the construction step. The'two subjects most susceptible to the

interference effect (as indicated by the fact that they used the
backward-stepping strategy) were two of the poorest performers. Both
the consistent - synthesis and the simultaneous-synthesis strategy groups4
performed reasonably quickly but committed a comparatively high
percentage of errors4 .

Insert Figure 4 about here

The subjects who demonstrated the greatest facility for flexible
adaptation to problem demands, as represented By model C-VI, showed the
fewest errors, on average. Figure 5 shows that these subjects were
higher than subjects in the other strategy groups on all aptitude
measures. Thus, aptitude may have been a restricting factor in strategy
selection for construction. Figure 5 also shows an Interesting aptitude
profile difference between, the consistent"-synthesis group and the

simultaneous-no-recovery group. The latter group was higher in five of
the seven aptitudes, but the former group was higher in spatial
visualization (Gv) and visual memory (VM) abilities. The two 'groups

performed-equally well on average (see Figure 4) but apparently reached
their performance level via different routes. Those with superior
spatialeevisualization and visual memory aptitude were always able to

synthesize all the figures ,in a problem, while those who were

comparatively deficient in these visual skills had to employ a. slightly
more ccEplicated shift strategy of synthesizing, evaluating, and

deciding Row to store the figureS. Finally, Figure 5 shows that the two
subjects fil by the backward-stepping strategy had extremely lot spatial
visualization and visual memory aptitude. This suggests that these
subjects were forced to use the backward-stepping strategy because they
did not have the visual skills needed to remember the A figUre once it

had disappeared from the screen.

Insert Figure 5 about here

Table 2 shows that within both the simultaneous strategy 9roups
(with or Without recovery), memdp span (MS) and spatial visualization
(Gv) aptitude were the best predictors of correctness. The other- two
strategy groups were too small to compute stable correlations.

44 Insert table 2 about here,

V.
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Table 2

/

Aptitude Performance CorretOtions Within'Strotegy Group
for the Cogitruction Subtask

4

Modbl Description

a

Aptitude

Gc Gf /Gv Cs PS VM MS ft so

c

Item Correctness

overall 1 49* 54* 76* 13* 39* 60* 53 76.20 .87 30

( ,

C-I - consistent-synthesis -- --, -- .-- -- 75.69 11 4

C-IVa backward-ttepping -- .-- -- 58.68, 9.33 2

/ . ,

C-V simultaneous -no- recovery 35 51 54 01 32 341'64* 71.18 ;. 8.23 10

C-VI' simultaneous-recovery 07 29 53* 12 28 19, 52* 81.021 8.58. 15

Construction Time

overall

C-I consistent synthesis

C-IVa backward-stepping

38* 35* 14 -21 29 34 36* '8.28 3.21 30

6.83 3.42N 4

-- 8.351 6.58 2

C-V simultaneous-no-recovery 33 08 -11 -38 -09 23 46 7.07 3.56 10

4

C-VI simultaneous-recovery -06 22 29 05 40 36 55* 9.27 2.37 15

dote. Decimals in correlation .coefficients omitted; some

coefficients are missing because group size was too small.

a Aptitudes are composite scores (see text).

b Item correctness is expressed as a perCentage of 144 items;

construction times are expressed in seconds.

c One subject was fit equally well by two models and was

included in both gro6ps for calculations.

*c <, .05.

A
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Models for Comparison
4 I

Three basic models for comparison were test d. All models assumed
that subjects compare parts of the testprobe,with corresponding parts
of their internal image. This comparison p'rocess

1

is assumed to be
sequential and exhaustive. That is sub1jects compare all features or
units, in sequence, regardless Of any mismatches that occur during the .
comparison procedure. The models differ in specifying the size of the
part that subjects compare sequentially.

, Model M-I specified a feature - comparison strategy in which subjects
compare, in sequence, each feature of the test probe with the
/orresponding featffre of tho mental ,image. ,Comparison time is predicted
by the total number of features in the test probe (weighted as befOr$ to
account for differences in the complexity of various features). . A

variant 'on this model includes a quick-reject option. Subjects using
the quick reject strategy first conduct a quick scan of the test probe,
to determine if it is radically different from \their mental image. If

fj

it is, then the subject quickly responds.with.the "diffe2encen r sponse,
otherwie the subject more carefully compares the featufes, in quence,
before responding. (We decided arbitrarily that figures were radically
different if more than six corresponding sides of the figures and.. the
image did not overlap.).

Model M-II specified a strategy in which subjects compare larger
units than jeatures, There were two types of 'unit - comparison
strategies. One ts0e6,,ifiecLthat subjects comglre, in sequemCe, the A, 8,

and C images to t,he corresponding parts of the test probe (the features
within the units art, assumed to be compared in parallelY. Note that
this model assumes that regardless of how the image was represented for
storage during the construction step, the subject retains a memory of
the individual figures thati were presented. The form of the
retiresentation from Construction_may be thought of as serving as a

retrieval device for recalling the actual ,data, the-individual A, B, and
C figdres which are then used jn the comparison process. A variant of

this model specified that the units are not the indiviOual figures that
were actually presented, but rather, ,the units az,represented in memory
from the previous task' steps. That is, if the 'subject synthesized the
A, 8, and C figures into an ABC product image during construction, then
the Domparison test probe would .be compared singly ,With the one ABC
unit. If the subject represented the A, B and Gt figures as separate
units during construction, then the three corresponding parts of the
test probe would be compared, one-at-a-time, to the three stored units.

Finally, Model M-III specified a.feature-unit-shift strategy. If,
curing construction, the figures were stored as a single product image,

/------

then the subject would, employ a feature-comparison strategy identical to
that specified by Model M-I, but if separate units were stored during
construction, then the-- subject would compare those units as in Model M- ,

II. The rationale for this'inodet_ is that a completely synthesi- d', --
figure' allows for what we assume to be the more accurate compnris i

method--feature-comparison--whereas a not-synthesized figure makes th
feature-comparison method more difficult, thus inviting, the use of a

_

unit-comparison method. *

1'
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Results for Comparison

0
In general, the model fits for comparison were lower than those for

the other two steps (see:Appendix B, Table B3), probably because the
comparison times were so much shorter than the times for_ the other

'steps. In further contrast to encoding and construction, there was no
clear best strategy, since iihere were no significantAifferences between
correctness scores for the three strategy groups. Table 3 suggests that

those in the feature-comparison group committed more errors and

performed more quickly than thdse in the other two groups, but these
differences-were not significant. The fast average response time for

the feature-comparers was due primarily to those who used the quick-
reject strategy, as Figure 6 shows.-

Insert Figure 6 about here

Insert Table 3 about here

Figure 7 shows that'aptitude profiles for the three strategy groups
were similar, except that those who used the feature-unit-shift strategy
were higher in closure speed (CS). Table 3 yields an interestang

pattern of correlations within strategy grous. For those flt by the

feature-comparison strategy, speed of comparisOn was highly related to

closbre speed (CS), spatial visualization (Gv), and visual memory (VM)
aptitudes, while for those in the other two groups, comparison speedas
not highly related to these,aptitudes. Apparently, selection of the
feature - comparison strategy' brings in a'greater dependence on visual and

spatial skills'', which is_JA say that high ability subjects are able to
compare features metlfirapid140 than^low ability subjects, while selection

of the unit-comparison strategiei reduces this dependence an gives no

advantage in speed for high ability subjects. 'This p&ttern suggests the
Case II relationship between aptitude and strategy for comparison;

selection of strategy is not strongly related to aptitude but

performance speed in different strategies depends on different

aptitudes.

Insert Figure 7 :about here

Discussion
Ale

The three major fjndings from this study 'concern the relationship.

between aptitude and strategy, the importanCe of Strategy-shifting bV
' *subjects, and the nature of aptitude for spatial visualization.

b

:First, we found evidence for Nfious types o1 relationships between

construction, a Case relationship was indicated; "strategy selection,
aptitude and strategy ,for, the different task steps.. For'encoding and

appears to, be restricted by aptitude 'and, in addition, performance
'efficiency within a strategy group depends, on the aptitudes called to

play by the' particular strategy selected.. For these task steps, the
most efficient strategy was used only by those who brought to the task

OP-1
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Table 3

Aptitude Pdtfoi-mance Correlations Within Strategy Group
f.or the Comparison Subtask

Model Description

a

Aptitude
b c

Gc Gf Gv Cs PS VM MS M SD'

Item Correctness

bveratl

M-I feature-comparison

M-II unit-comparison

43* 54* 65* 26 36* 36* 40 83.10 6.43 30

73* 1.8 54 43 -32 64 59 81.75 5.81 7

48* 68* 70* 19 39 65 38* 83.85 .6.37 16

M-III feature-unit-comparison 40 45 78* 23 .59* 07 52* 83.21 7.72 11

Comparison Time

overall -10 -03 -39*-25 02 -35*-10 1.44 .35 30

M-I feature-comparison .-01 18 -65 -80*'14 -65 -02 1.41 .62 7

unit - comparison -19 -20 -34 -07 -06 -37 -37 3.45 .25 16

M -III feature-unit-comparison -44 -37 -26. 04 -33 -22 -06 1.44 .19 11

Note. Decimals in correlation coefficients omitted.

a Aptitudes are composite scores (see text

b Item correctness is expressed as a perc age of 72 items;

Comparison times are expressed in.seconds.

c One subject was fit equally well-

indluded in both groups it calculation

* p < .05.

ti
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,,theyptitudes required to use the strategy. -The most efficient approach

, to encoding was the figure-decomposition strategy, and it was used only

by those who came equipped with 'the necessary closure speed and spatial
visualization skills. The most efficient handling of construction was

the simultaneous-synthesis-with-recovery strategy, which consisted of
continually evaluating the complexity of various combinations of figures
to construct the most efficient internal representation. This strategy,
which calls. for flexible adaptation to item demands, was used only by

high ability' subjects, especially those high in spatial visualization
and visual memory. '

In two of the.task steps, it also appeared that aptitude played a

role in determining performance efficiency within strategy groups. In

encoding, performance within the' decomposition and feature-ahal)tic
strategy groups depended most highly on the individual's level of
general ability. C"'Ntiditionally, within the feature-analytic group,

memory span and visual memory came into play, probably because this
strategy demands that large numbers of features be stored in memory. In

construction, performance within'any of the strategy groups appeared to
be highly dependent on spatial visualization ability and memory span.

A Case II relationship between aptitude and strategy was

demonstrated for the comparison step. Strategy selection appears not to
depend on aptitude, but the relationship between aptitude and

performance is determined by atich strategy is selected. For subjects

who selected the feature-comparison strategy .speed of comparison was

related to level of closure speed and spatial' visualization; that is

higher aptitude subjects were able to compare features more quickly.

Among subjects who selected a strategy that involved comparing larger
units, speed of comparison was not as dependent on these aptitudes.

The second major result of this study shows the importance of

)strategy-shifting models. We tested and found evidence for two types of
strategy-shifting, route-shifting and sequence-shifting. These shift

models proved to be useful for both methodological and substantive
reasons. Such modtls help in explaining variance in problem solving

processes at least on the task used in this study. Thus, strategy-shift
models represent an important addition to the collection of modeling

techniques for cognitive tasks, especially for tasks that may.be

susceptible to alternative solution strategies. Substantively,
-strategy-shift models indicate that aptitude constructs must include the
ability to shift strategies. This may be an important aspect of

intelligence, long included in definitions <see Snow, 1973) but not

before demonstrated directly. Strategy-shifting may repre.sent the

process of flexibly adapting to problems to maximize performance., Some
new and important differences between those who are able to adapt to

problem demands and those who are not may be captured in such models.

Finally, the models developed and tested here include components

that should be found also in performance on other spatial vifualization
tasks. A fairly small number of components -- storage, retrieval,

comparison, ande transformation--may be involved in a large number of
tasks that collectively have been called tests of spatial ability. We

were able here to achieve a reasonably good accounting of subjects' ,

visual problem solving behavior through various mixtures of this small
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set of basic cromponents.

For simplicity., we have used terminology suggesting that ,causality
runs from aptitudes to strategies(' But the entire conceptual system can
be reversed. To the extent that the task studied, here can be regarded

as a measure of spatial visualization and memory ability, then the

flexible strategic phenomena illuminated here can be regarded as

fundaments) constituents, not only of the experimental task, butt also of
the reference aptitude constructs wth which it is corlelated. The aim

of modeling74`tucts tasks and families of tasks, in the long run, is a

comprehensive tliet..y of aptitude for complex learning and problem-

solving. Models Mat help to depict this complexity deserve mora
intensive investigation, and soon. As Snow (1981) saw it:

Our work in this direction is progressing, but slowly. . . .

models of particular''tests are elaborated to include performance
programs for other ,''related tests. The . . , approach . . .

outlined here is used to Bide theory construction for families of
related tests. We expect tht task complexity, the degree to which
a test shows variance', components attributable id-to [general

intelligence], can be interpreted in terms of the nu.nbAk and kinds

of processing steps assembled into the performance program, and the
degree to which these steps require flexible control and reassembly
as the test or task proceeds. (p. 357.)

16
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Appendix A'
Strategy-Shift Modals
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4s an example of sequence - shifting,' consider a case in which the

task requires comparing two figures, an A And a B figure. Assume that
the subject has two strategic possibilities. Strategy 1 requires
encoding A 'and then comparing features of A to corresponding features of
B.. Strategy 2.works in the opposite sequence, encoding S and then
co*aring it to A. Assume further that encoding time is a linear
function of the number of features in the to-be-encoded figure, and

7comparison time is a linear function of the number of matches between
the corresponding features of the two figures. The regression model in

this example would be:

RT = b1X1 + b2X2 + c, . (1),

where RT is the total item response time, X1 is the number 'of features
in the to-be-encoded figure, X2 is the number of features in the to-be-
compared figure that match corresponding features in the encoded figure,
bl i6 the amount of time it takes to encode a single feature, b2 is the
amount of time it takes to compare a pair of features, and c is a

constant decision or response time.- The latter three terms, the b
weights and the constant, are what must be solved for. It can seen that
the values of X1 and X2 depend on which strategy is selected and
therefore the two strategy models will usually make different
predictions for RT.

A sequencel+shif,t, model in this example would specify that subjects
work from A to B (i.e., use Strategy 1) for., some items and from 6 to A
(i.e., use Strategy, 2) for the remaining items. Thus, in the sequence-
shift model, the values for X1 and X2 would be identical to those in the
model for Strategy 1 for some items and identical to those in the model
for Strategy 2 or the remaining items. Of course, it Is necessary
before testing this type of sequence-shift model to determine for which
items Strategy 1 might be favored and frir which Strategy 2 might be
favored. The investigator 'must determine beforehand what objective
characteristic of the items might favor a particulAc strategy, or
alternatively, collect subjective ratings from independent judges of the
liklihood of a particular strategy being employed for a particular item.
Having done this, it is a straight forward matter to compBre the two

possible no-shift models and the sequenc-shift models for best fit
since all models include the same predictors; only the values of the

predictor variables differentiate the models.

As an example of route-shifting, corl'sider again 'the previous
example of the A-8 comparison task. Assume that tuo walitatively
different comparison operations are possible, a feature comparison
operation (aT above) and a holistic comparison operation in which the
subject compares the corresponding 'features of the two -figures in

parallel, A simple model of the holistic, stategy would predict that
comparison time is independent of the number of features to be compared.
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A route-shift model, in tikis example, would specify that some
figures are compared using the feature strategy and others using the
holistic strategy. The regression equation to describe this would be

RT = b1X1 + b2X2 + b3X3 + c (2)

where all terms are defined as in Equation 1 except b3, which is the
time it takes to make one holistic compariscen, and X3, which is the
number of holistic comparisons made on an item. The value of X3 would
always be 11 if the subject always performed holistic comparisons (and
thus the associated b3X3 term would drop into the constant). However,
the route-shift model assumes that the subject sometimes does not
perform the holistic compar)son . and instead performs the feature
comparison. If the subject performs feature comparisononen item, then
the value of X3 for that item is 0, and the value of X2 lithe number of
feakures compared; if the subject, performs holistic comparison, then
the value of X3 is 1 and of X2 is 0. It an be seen that comparing the
fit of a no-shift and a route -shift model is not straight forward,
because the route-shift_model always has more predictors than the no-
shift model; in this case it has three predictors whereas the no-shift
model has only two (either the X2 or,the X3 term, but not both). To

make the comparison betwe ,the tw. ,

'odels,

it is necessary to adjust
for differences in the numb of predi ors using the standard R2

shrinkage formula (see, e.g.;-Kerlinger & P dhazur, 1973).

J

sr I
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Appendix B
Table 131

Model Fits 1Sr Encoding

subject PE

25% 50?. 75% 1007

(7) (4) (5) (6) (6) (6) (1)

1 09 35 39* 37- 31 32 27

2 36 i..-\42 46* 43 43 43 40

3 05/ 24 24 27* 27* 25 21

41°6
4 02 34 33 29 34 28

5 10 45 48* 48* 42 43 34

6 23 38 44-x- 38 38 35 30

7 11 40* 38 34 33 37 39

8 08 .36 36 34 32 37* 31

9 09 18* 14 13 12 12 12

10 17 51* 49 47 46 44 37

11 43 55 55 56* 52 52 47

12 12 23* 22 22 17 17 15

13 10 47 52* 51 47 42 33

14 26 65* 65* 61 56 52 46

15 32 49* _47 46' 44 49* 47

1'7-- 51 53* 49 45 45 42

17\ 44 55* 52 5? 51 53 50

18 13 17 16 18 - 17 18 16

19 29 45 47* 45 43 42 38

20 18 25 27* 27* 24 26 24

21 07 21 20 19 18 23* 16 s

22 15 34 36* 35 35 35 29

23 55 66* 64 63 61 60 59

24 36 63 64* 59 57 56 53

25 13 34* 31 28 27 28 26
26 11 31* 31 27 30 31 29

27 21 25` 27 28 '29* 28 24

28 05 24 22 28 32* 31 28

. 29 26 37* 33 33 33 31 30

30 05 31 35* 35 33 33 22

Note. Decimals in Rz values omitted. Asterisks (*) indicate
highest row value, after being adjusted for number of predictors .(using
shrinkage formu)a); ties occurred when adjusted R2 values differed by

less. than .005. In parentheses are number of model predictors; each

model also includes 7 predictors for practice ffects (PE = practice
effects).
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Appendix 6' (cont.)

Table B2

Hodel Fits for Construction

PE C-I C-II C-III C-IVa C-IVb C-Va C-Vb C-VIa C-VIb

subject (7) (12) (8) (13) (13) (13) (13) (13) (13)

4

05 67 38 58 52. 55 73 56 4* 74*

20 52 41 44 49 45 54* 44 54* 53

e) 34

02

07

36

.50

33

36

36

41

38

47

35

45

43

v 62*
35

47

43

59

44*

59

5 11 51 39 44 46 45 '1\58 45 57 60*

6 04 48 32 45 42 . 41 45 54 55*

7 07 51 34 54 47 46 56* 53 56* 55

8 04 52 43 11.47 47 48 55* 49 55* 55*

9 21 52 41 53 53 52 54 52 55* 55*

$ 1 25 66 52 68 CM" 57 68* 63 67 67

11 08 50 40 47 50 43 53* 48 53* 52

12 07 45 40 46* 46* 44 44 44 44

/ 13 11 65 43

r46*
/ 66 5'8 60 72 61 72, 73*

14 16 62 46 52 54 52 67* 52 67* 66

15 27 --,v61* 52 58 59 56 60 60 60 58

16 11 57 40 46 50 47 59* 50 58 59*

17 31 56* 49 54 56* 56* 55 55 54 55

18 16 43 37 53 55* 55* 53 50 50 49 '

19. 08 35 36 38 39 38 36 40* 35 35

20 12 51* 35 44 46 44 51* 46 51* 49

21 18 58 46 57 50 53 57 52 57 59*

22 12 53 40 49 4 47 48 56* 51 55 55

23 15 68 45 61 57 59 75* G3 74 73

24 23 67 60 65 461 66' 69' 66 71 73*

25 19 47* 29 42 40 43 47* 45 46 46

26 14 60
1

54 59 61 61 61 62* 61 61

27 05 54 42 55* 49 53 55* 54 55* 54

28 12 49 46 48 52 52 51 49 52 53*

29 20 59 49 61 62 62 64* 63 64* 63

30 06 68 46 61 59 59 70 59 72*- 70

fts

., Note. -Decimals in Rz values omitted' Asterisks. indicate

highest row value, after being adjusted for number of predictors (using

shrinkage formula); ties occurred when Rz values differed by it

-
less than .005. In parentheses are number of model predictors; each

:- I

model also inpludes 7 predictors for practice effects (PE = practice.

effects). _
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Appendix B (cont.)
table B3

lode! Files for Comparison

PE M-Ia M-Ib M-Ila M-1Ib M -IIIb

subject. (4) (4) (5) (1) (1) (5) (5)

07 22 21 '28* 25 26 4 24

2 01 42 46 51* 51* 51* 49

3 07 '.08 08 10 15 17*
4 03 33 34 43 43 44*
5 05 28 30 35 33 44*- 37

01 21 21 15 27 31) 33*
7 17 22 25 41*' 36 36 37

8 06 08 10 22 21 25* 22

9 08 27 32 44* 27 44* 31

10 03 107 % 15* 15* 15* 14

11 16 )43 43 33 46 49* 48

12. 35 45* 42 44 41 41 41

13 10 29
s
29 41* 29 39 32

14 16 40 32a 44 53 54* 51

15 18 34 36 37* 29 34 36

16 01 15 1 28 38* 37 38*
17 14 28* 2/ 27 25 28* 27
18 12 24 22 33 30 34* 30

19 12 18 22 51 39* 39* 39*
20 12 53* 52 52 51 53* 52

21 01 35 43* 25 32 33 34

22 38 35 33 43* 43* 43*
23 /28 45 47* 38 44 44 44

24 20 34 36 39 38 41* 39
25 05 26* 23 21 14 26* 23
26 22 33 35 38 39* 39* 39*
27 02 40 45 61* 60 60

28 30 38

01

42 42 43* 41

29 10 21 25 19 21 21 27*/-'

30 01' 16 18* 10 11 14 .14,
N

-Note. Decimals in 82 values omitted. Asterisks (*) indicate
highest row value, after bei4Nadjusted for number of predictors (using
shrinkage formula); tiet occurred wh adjusted R2 values differed by
less than .005. In parentheses ar number of model predictors; each
model'also includes 4 predictor 4or practice effects (PE = practice.
effects).
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Appendix 8 (cont..) 41.

Table B4

41.

Predictors for Task Step Models

" 25

Model Pred'i'ctors

Encoding

E-I

E -II

feature-analysis
decomposition

E-III labeling

omplexity of Afigure (4).
- sum of complexity values for

each decomposed unit (4).
-number of units (1).
- rated labela Y (1).

Cons i on

all models - complexity of retrieved (A)
figure (4).

- complexity of-stored unit(s) (4).
- complexity of dissolved sides (4)

(not applicable to C-11).
- nUmber of evaluations (1)

(not applicable to C-1, C-II).

Comparison

:!)11...

feature-comparison -complexity of test probe (4).

; quick-reject (1) (M-Ib only). .
M-II unit-comparison -7, -number of units compared (1).

i M-ILI feature-unit-comparison '- complexity of test probe (4).

- number of' units .compared (1).

Nohi,:, In parentheses are number of predictors associated With
the entry;4complexit6 actually 'consists of four predictors: nudiber of

sides, number of different side lengths, nUmber of different angle/
sizes, and number, of difrfer tent orientations.
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