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Abstract

S ¥

The relationship of aptitqde, strategy, and cognitive takk “ performance =
1s explored through the use of mathematical models of perforﬁance time.

Models ;of strategy and strategy-shifting on a spatial visualization task
were tested individually for 30 maie high school and college subjects.
For each of three successive task steps (encoding, construction, and
comparison), different models applied for different subjects suggestang
that different subjects used different strategies for solving the same

1tems. Some of the best frtting models specified that subjects
frequently and flexibly switched strategies during the task 1n keeping
with variations 11n -1tem <demands. This uwas 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 wrth a
particular aptitude profile. fFor the comparison step, strategy
selection appeared to be =& more casual choice but aptitude
differentially mediated performance depending on which strategy had been
selected. The wmmpontance of strategy-shift models as a me&dns for
analy2ing more precisely subjects' problem solving proceSses and (for
representing the adaptive, flexible quality of ntellrgent performancer
1s discussed. - . ©o \
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Hodels of Strategy and Strategy-Shifting
"inSpatial Visualization Performance

¢
#

Current research on aptitude uses 1nformation processing models to
identify components of <cognitive *performance. Using such models,
individuals have been found to differ parametrically, that -1s, 1n the

. efficiency wWith which particular performance compohents are executed
(Chiang & Atkinson, 19 N) Hunt, Frost, & Lunneborg, 1973;  Snou,
Marshalek, '& Lohman, ote 1). It 1s also possible, houever, that
individuals differ in the sequence or type of components they employ.
Snouw (1978)- proposed three sources of individual differences 1n task
performance beyond simple parametric differences: sequence differences,
where subj)ects differ n the order mn which procegsing steps are
executed; route'differences, uhere subjects differ 1n the steps that
are ncluded; ang summation or strategy differences, uhere the whole
processing program adopted differs from subject to ‘subject, or differs
within a subject for different 1tems within a task. Sternberg (41977)
offered a symilar hypothesis using other terminology. These sources
have all been loosely referred to as strategy differences, and there 1s
nou somé evidenee that strategies affect performance: and relate .to
aptitude differences (Cooper, 1080% " Macteod, Hunt, & Matheus, 1978;
Sternberg & Weil, 1980; Kyllonen, Lobhman & Snoq, Note 2). It s
important, however, for further research to distinguish among Snou's
Tour source categories. In particular, 1f subjects regularly shift
strategies within a task, then the prevailing theory that assumes a
constant information processing model across i1tems 1s urong.

This investigation hypothesized tuo types ‘of strategy-shifting
within a task: sequence-shif t:ng, \wheregubjects vary the sequence 1n
which different processing operations are applied across 1tems; - and
rouvte-shifting, uhere supjects apply qualitatively different processing
operations for different 1tems. Although potent1a11y involved 1n all
typés of cogn{tive tasks, strategy-shifting may bbe particularly
important 1n performahce 98 ‘spatval v1§uafizat?bn tasks, which have‘long
bedn thought subject tor alternative solution strategies (French, 1965;
Lohman, Noter 3).

v

A further purpose here uas to'd1stingu1sh Ahree possible fypes of

aptitude-strategy re]at10nsh1ps. In a Case I relationship, strategy
selection 1s limited by aptitude; use of a strategy requires particultar
skills, Evidence for this possibility was obtained 1in a:study of

aptitude-strategy training interaction, uwhere the training treatment
appeargd effective only 1f the subject's aptitude profile matched the
strategy being trained (Kyllonen, Lohman, & Snou, Note 2). Case 1
relationsheps have also been suggested 1n sy¥logistic reasoning (Egan &
Grimes, Note 4) and cube comparison tasks (Carpenter & Just, Note 5) in
Y wuhich th'e more efficient strategies have tended to be used by the more
able subjects. A Cose .JI relationship between aptitude and strategy
specifies -that strategy choice 1s wunrelated to aptitude; once the
decision i1s made -to use a part1culaq; strategy, houever, a person's
tfectiveness 1n the-task 1s dependent on the aptitude called 1nto play
by the strategy. . Sternberg and Weil (1980) found evidence for a Case Il ,
relationship. Those usﬁﬁg a spatial strategy on linear syllogisms
shouwed a Q@]at1onship' between spatial but not verbal ability and

3
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solution time, and those who spontaneously ‘selected @ linguistic
strategy Shoued a relationship between verbal - but not spatial ability
and solution time. A, similar Case II relationship was found 1n a
sentence-picture verification- task (Macleod, Hunt; & Mathews, 19738). A
Case [l relationship between aptitude and strategy combines, Cases 1 ang
JI: Aptitude both restricts strategy selection and limits the effective
use of the strategy qelectea. This possibilyty has not yet been
demonstrated, but 1s explicitly tested hert.
This study reanalyztd data collected by Lohmah (Note 6) as part of
a dissertation on spatial ability. Lohman's original analyses asseséed
the relationship between speed of problem solving and difficulty leval
of the problem 3$olved, but specific informatijon processing models were
not tested. His task was 1deally suited for examiping the alternative’
processing models hypothesized here, haquever, since subjects uere
_required to perform a varigty of mental operations on visual forms.
Further, Bxtensive aptitude information was available for each subject.

”

Hsthod L
: S
Sub jects -~ .

Subjects were 30 male Palo Alto high school and Stanford
undergraduate students selected to represent a wide range of ability. ’
Subjects had previously been administered a large battery of reference
aptitude tests i1ncluding measures of general crystallized (Ge), gener&]
flurd (6f), general visualization (Gv), closure speed (CS) perceptual
speed (PS), visual mecmory (VM), and memory span (MS), abilities., (See
Snouw, Lohman, Marshalek, Yalou, & HWebb, HNote 4? for, details regarding
the administration and analysis of the reference battery.)

J .

Composite aptitude scores were created for eaéh subject by summing
standardized (zero mean, un1t~var1ance) individual test scores. Thus,
6c was a composite of the WAIS subtest§ Vocabulary, Information,
Comprehension, ahd Symilarities (Necbsler. 19553; Gf was. a composite of
4 concept analogy test (Terman, 1950), progressive matrices (Raven,
1962), Letter Series, (French, Eksirom, & Price, [1963), and Necessary
Arithmetic Operations (French, etLQl.. 1963); 6v was a cgmposite of
Form Board, Paper Folding, Surface Development, and Hidden Figures
(French, et al., 1963); ¢S was a composite of two figure gesgahte tests
(French, et al., 1963; Harshman,¢ 1974)# PS wuwas a‘ composite of
Big1t-Symbol “(Mechsler, 1955), Number Comparison, and -Finding A'S
(French, et al., 1863); vyM' was a [composite of Mémory for Designs
(Graham & Kendall, 1948) and Wisual-Number Span (Mochsler, 1955); and
MS was a composite of forward and backuard digit span (Hechsler; 1955).

. [ 'Q
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* Task .. .

.

"The task consisted of* 21€\ 1tems designed to)‘measu spatial
visualization -ability. A typica) * 1tem proceeded a3 follpis. First,
*during ap encod: step, subjects were presented with a three- to eight- )
si1ded" fﬁgure,'ref red to as the A4 figure. Next, during a consfruction .
step, subjects were\presented with one or two other figures, referred to - ‘r
‘., @8 the B’and C fig » which they were to combine mentally with the 4
v f#gureﬁ They did th by imagining the figure that would be forme 184 \
the 4 figure were adjoined e1ther to the left or the right side of the B~
»tigure (depending on “individual 1tem instructions), and 1f the 48
,combosite tigure. were similarly adyoied to the C figure. Finally,
+ durang gfdbmparxson.step, subjects were“presented with a test prbbe and
‘required to ndicate ~whether thesmage formed during the encoding and
construction steps as the same as or different +from the test probe.
Fygure 1 ,depicts this sequence of presented steps. (A fourth step,
rotation, occniied between construction and comparison for two thirds of . R
nd

tke 1tems ard required subjects to potate their mental i1mage 90 or 180
* degrees. The “‘rotation step 1S 1ighored 1n the present analysis,

however.)

v q e mm————aea e e .
. . Insert Figure 1 about‘here
N \ ™ B ‘ .

- Subjects controlled ~presentation of 1tem Ateps. Steps were .
. é%%rformed In" the same “order ‘for each 1tew; turning back uas not -

trmitted. Response time for each step and :correctness at the / X

comparison step were recorded by, the experimenter. ’ ' .

N i L.
Design . N ‘ }
. ¥

\

There .were thréee major 1tem facets. First, three levels of the
-conS$truction facet corresponded to the number pof figures to be combined
with the A4 figure: 2zero, one, or tuo. Second, there were tuo types of
figure combination during construction: comhination from the left side
of the 8 and C figures a combinatyon fxom the right side. (The_ side
to be used*uns sndicatefl by a plus sign appearing either to the left or
the right of the 8 and \C figqures; Figure 1 shous an example of
combination trom the left') Third, for half the irtems the test probe uas
the same as the constructed image and for halt it was different. Figure
complexity, defined* by the number of si1des, was balanced across these
three facets, as was product 1mage complexity (1.e. the number of sides
1in the figure formed by comblning the A, 8, and C figures). -

9

Subjects were administered the 216 1tems 1n four blocks of. '54 and
paid $3.00 per hour for participating. They were allouwed as much time
as thev needed to \omp]ete a step but.uere encouraged to work as quickly - -
as possible. Itengéuere presented 1n random-order. For further detaills :
on the procedure, see Lohman (Note 6).

-
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Hodel Testting t . '
VArious information processing models were tested separately for
each subject and each'step. Ffor encoding all item times were f1t, -for
construction only correct items -were f1t, and for comparison only
correct 1tems of the 72 that di1d' not include a rotation step were fit.
Modeling technﬁquqs were similar to the ‘componential analysi1s procedures

describdd by Sternberg " #1977), uwith extensions to allow for strategy—
shifting. In componential “analys1s, the investigator constructs.
floucharts rnd1c!t1ng possible sequences of tal events occurring in

subjects performing* a task. Each box i1n a flowchart répresents a time
consuming mental _operation. A mathematical model of the flouchart
Qgguence‘is expressed as a multiple regression equation 1n which
performance time 1s the dependent variable, each term corr5§pond1ng to &
flouchart box 1s an “ndependent variable, and either the” number (for
discrete variables) or \the amount (for <continuous variables)’ of
operation execufions 1s the valuq‘of'the independent variable.
‘ : : . -«

A sequenqe-shi?ting_model spec1Jie§ that the subject applies the
same ' mental ‘operations during all items 1n the task but varies either
the sequence 1n which the elements within thed 1tem are égenated upon
(elements® 1n 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 cognytive operations for some 1tems and a partially

(Y

Hodels for Encoding (/' - - e

of wholly difterent set for other 1tems. (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, uwe address®d twmo quest1o§s First, do .different
strategies result in faster or more error frée performances? . Second,
does aptitude affect "strategy selection, ot does 1t appear to mediate
performance within a strategy group, or th.

v * -
. .

Three consistent strategy mddels and a, route-shifting model wuere
tested for the encoding step. The .models uere similar - 'n assuming that
performance time during encoding us related to the form 1n which the A4
figure is represented for storage, but different 1n speci1fying how the
figure is represented. Storage 1s assumed to be' a process 1n which a
ffental representation of the 4 flgure 18 constructed and stored in long-
term memory so as to be resistant sto interference from stimull 1%
subsequent steps. Though this assumption was not tested here, 1n a
S1m11ar study involving spatial .visualization (a figure / analogy task),
subfects did apparently commit figures to long-term memory as ?nd1cated.
since they were highly accurate wn_ figure recall on a delayed test even
though they were not instructed to remember the figures (Betﬁell-Fox,
Lohman, & Snou,-Note 8). i’
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. Model E+I specified a feafure analytic sfrategy in wh1ch the figure
, _ ‘*is analyzed and stored as a set.of basic features. Th typg of model
4 . ’ of form memory has been used in prev1ous research (Attneave, 1957) and
) "t “accounts <for the fgct >that more comp]gx figures require Tonger study
tiufes. Complexity is usually defined as the number of sides in a
randomly. constructed .figure. The figureg used here were not randomly
constructed, however, so variables 1n addition to number of sides were
needed to account. for- figure Tomplexity; these were the number of
different side .lengths, the number of different angle siZes, and he
number of rregular side orientationss (not counting hor1zontﬁl and
vertical orientations). Number of swdesﬁ§gui:the three additional
varraghes-together accounted for 874 of the v¥riance 1n rated complei1tx
s0f the encoding step figures. (Half the 216 frgures were rated tor
- comp]ex\ty by . six 1ndependenﬁ judges.) The regression equatiop that
“predicted the standardized ratiitgs was:

74

c . 8 ~
N * .
Cc = .83 (square root Qfépumber of sides) .
.08 (number of independent sside lengths)
.25 (number of 1pdependent angles)
.64 (number of 1rregular orientatians)
67 (nUmber.gf \rregular or1entat1ons X number of sides)

- 5.78, . §

.
T

¢ .

+ + +
(e B e i e R o R

vy

v
- - .
-

- where C 1s the sum of the tandardized (3ero mean, .unit variance)

5

) complex1fg ratings. ' Jqe infgrmation processing terms, the additional
- variables aécoun he fact that during encoding subjects notice and
* take advantage of the redundancy 1n figures to reduce processing time.

‘In additron the standard feature-analytig mode] tuo complextty~-
redvction mode]s or remember1ng a figure dere tested. Model E-II
‘r . specified a figure- decomposxfe,n strategy_1n which azsubject 1s assumed

to 1magane the figure/ broken 1nto basic units such as trxangies and

rectangles. The figure 1s then represented Intnrnally as, for example;

» an image of a triangle on top of a square. This strategy requires thal

the subject overcome, thé natural figure 'gestalt and mpose 1mag1n1ry

lines. That 1s, the subject "reads" something i1nto the figure to. weduce

subsequent memory burden. The decomposition model predicts that

encoding time 1s a function of the number of basic unit muk1ng‘hp the

figure and the complexity of those units. It uasg ry to reﬂggq

the complexi1ty variables 1in thi1s model "since f1gures could be

decomposed into equally'complex units. The ? on of complexity

variables allouwed for the reasonable predi that an 1mage of an

equilateral tr1ang]e on top of a square, for edwmple, uou\d take less

“time - to encode than an 1mage of an 1sosceles tr1angle on top,of a

v rectangle. 1In both cases thé figure breaks 1nto two units, but the

. units are more complex 1n the latter case, and are thus predicted to
o take more time to préTed¥s. . .

“

Model E-111 was a seconq,complex1ty—reduction model specifying a

. verbol-lgbeling strategy. Subjects using this strategy reduce memary
burden by applyihg a verbal label that describes the figure as a whole,
and then remembering the label.  Encoding time 1S assumed to be a

——fumetion of. the difficulty of creating a label that adequately describes
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f . .
the fij:??ﬁx ™o determine a figure's "labelability," si1x independent

judges rated hou}difficult it was. to think of an adequate verbal label
for each. figure. (Although a f1gﬁre'§ labélability 1s related to 1ts.
compl‘tvln the two characteristics are not i1dentical. Only 65% of the
variance 1n labelabi1lity was accounted for B by the objective figure
@ charactervstics that account for 874 of the *varlance 1n rated
complexity.) ' ?9*1 .

Finally, a fourth model represented the strategy of shifting
between the tuo complexity-reductign strategies, 1"abel1ng some figures
ard decomposing others. To determine which figures were labeled and ?
which decomposed, uwe compared subjective ratings of the ease of
decompgsition wi1th ratings of the ease of labeling. A 50-50 shift model
specified that figures for which labeling 1s easier than decompesition
are remembered w1th a labeling strategy and the rest are remembercd with
a decomposition strategy. We also tested two 75-25 models-1n which a
subject 1s assumed to be predisposed toward eirther labeling or
decomposing. All  the shift models for encoding uere route-shifting
models. since the variables that predicted encoding time wuwereynot the
same for all 1tems but depﬁnded on which strategic "reute" uwas selected.

. , S N S
4
Results for Encoding
In general, the results supported the val\d1ty of the® models and
led to insights 1nto the relationship betucen aptitude and strategy. Ro
subject was fi1t perfectly by any nodel, but a comparison of model fits
allouwed reasonable Jjudgments about which strategy each subject used.
(See Appendix B, Table B!, for actual RZ? values for all models; and for
a summary of mod®l predictors, Table B4.)

- Figure -2 shous overall errors and encoding times and i1dentifies the
best fitting modql for each subject. There 15 an 1ndidation that speed-
< accuracy trpdeoff"uag related to the strategy subjects used for

éncoding. Subjects best fi1t by the feature~analytic model committed few
errors but spent a long time encbd1ng. Apparemily, the feature-analytic
str gy led to good rey‘axyntat1ons of the figure and therefofe
res® ted in comparatively W ®»rrors. Houever, this strategy .uas .-
costly, especrally with comsas figurei;L wi1th no complexity-reduction

scheme applied, the sheer number of featurges to remember led to Wong
gncoding times.

Insert Figure 2 about here

»
__________________________ - .
- £y (

b v

The tuo complexi1ty-reduction strategies, laheling and
decomposition, resulted 1n significantly shorter encoding times than the
feature-analytic strategy. "However, the two strategies differed wuith
respect to error. Subjects best fi1t by the decomposition model appeared
to engage 1n an optimal speed-accuracy tradeoff. They committed feu
“errors and encoded aquickly. Subjects best f1t by a Tabeling model

-~ generally encoded quickly but made many errors. Applying a verbal 1zabel

«1s apparently a quick way of remembering a figure, ecven a complex one.
But use of the labeling strategy 1s perhaps likely to result n an .

_/’ihadequate representation of the A4 figure and therefore i1ncreases the
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chances of error. No one was best fi1t by “the 100%. labeling model.
Those so identified 1h Figure 2 labeled at least 50% of the twme as

[

determined by the strategy-shift models. !
1

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

encoding. Why then did most subjects fai1l, to use 1t? UWe examined the

hypothesis that aptitude restricts strategy ¢hoice (a, Case » 1

relationship) by>comparing the aptitude profiles of members of .the three

strat#gy groups. MWe als8 examined the hymothesis gthat certain aptitudes

affect perfo ’ within a stratggy group (a Case Il relationship) by
~correlating ch?:Z§Rbs§\iig£g§_and encoding times with the aptitude
méhsgres separately for members of each stratedy group. , The results
1nd1c$%admi Case IIT relationship  betueen aptntude and strategy for
encoding. ~Aal)tude appeared both to restrict strategy choice and to
determine pe ormawce success%u1th1n a strategy group.

Figure 3 shous that subjects who used the decomposition strategy
were generally higher 1n aptitude then those 1n the other two strategy
groups, but the difference ias greatest on closure speed (CS) and
spatial visualization (Gv) aﬁtJtude measures. The superiority 1n
spatial v1sgql1§pt1on ability 1s not surprising, but why were the
decomposers so \much higherw than others on closure speed? Perhaps
because closure speed represents the ability to impose a certain type of
structure on forms--to "read 1n" parts of incomplete figures to make
them uwho-e. $1m11ar19,*decomposit1on'1s a strategy that requires one to
‘impose a certain kind of stucture ont the f1gure--}o imagine lines that
break the whole 1nto parts. We " mifht speculate that the feature-
analyzers would have used the qmore efficient decoposition stirategy had
they been better equipped u1théihe sk11ls represented, by ¢S, as uell as
those represented by Gv. In any event, the choice of the decomposition
strategy appeared to be restricted by aptitude. , .

Insert.figure 3 -about here

“ Yable 1 shows that for each strategy group correctness uas  related
most highly to spatial visualization (G6v) abirli1ty. More i1nterestingly,
for those who selected  tBd* feature-analytic strategy, performance
depended also on memory span (MS), presumably because the feature-
analytic strategy placed % severe burden"™on memory. The labeling
‘strategy %odld pwesumably demand. verbal ability more than spatial
ability, but “the results do not suppoFt this expectation. With
relatively few subjects 1n the labeling strategy group, and the
possibility that all were sufficiently skilled verbally to use. th%s
strategy, 1t 1s possible that the data are 1nsufflc1ent to test this
hypothes1s adequately. <

- e e Y e e e e e = -
Q

- Insert Table 1 about here

B e e e R

“

Finally, sfrategy-sh1ft1ng occurred Wi1th experience on the task.

The various- encoding models were tested separately for the four blocks

of 54 1tems, It appeared that subjects started out, 1n Block 1, by

appening upon an encoding stratdqy; for 17 subjects this was the

feature-analytic strategy. By Block 4, however, the f{eature-analytic
. <
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B Q Table 1 ¢

'Y ’

o

Aptitude Performance Correlations Within Strategy Grovp A
for the Encoding 'Subtask
< - a
Aptitude
‘" ¢ b c
Model Description 6¢ G6f Gv Cs PS VM MS t SD N
) - Item Correctness

overall . s 50% 58% 74% 13 37% 54% 51% 80.77 8.30 30

y g .

\E-I feature-analysis 70% 72% 76% 33 39 55*{65f 8§1.00 7.33 11
E-11 decomposition 62% GO% 8§7% 53% 54% 38 ;32 ©83.79 7.69 14
TE-111 labeling 64* G3¥ 83ﬁ:29 35 83% 50 76.56 9.38 9
- ) : - ’ ~
Encod}ng Time . '
'} .) _‘—T“ ~ u
overall 95 18 069 -19 12 23 05 ° 5.45 2.25 30
E-1 feature-analysis 95 35 10 -05 09 53 -16 7.01 2.76 11
AY
: b

E-11 decomposition 26 21 53% 40 5@, 04 38 4.85 1.47 4
E-I11 labeling ‘ 00 60 3% -14 17 56 m12‘.¢5.84 3.55 9

Note. Decimals in correlation coefficients omptted.

» . . <
a Aptitudes are composite sceres {(see text).
'y P postte X~
. b I rrectnesi 1s ecxpressed as a percentage'of 216 1téms;
encoding times\are expressed in seconds. ' i

¢ Four subjﬁéts were f1t equally yel\‘by tuo mgdels: They are
. : E
incldded 1n both groups for calculatyons.

+ ¥ p ( .05. -
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Ll strategy had been abandoned by alt but ffive subjects. Others had
changed to complexity-reduction either by mghing of the labeling (total n
N for this group uas thus 8) or the decopbosition strategy (total n for
. thjs group uas.thus 17). Further, between Blocks 1 and 4 no one shifted
auay frqm er1ther of the complexity-reduction strategies to the feature-
analytic strategy. Thus, it appears " that subjects - discovered

complexi1ty~reduction wi1th experience .on the task. 'Because subjects
apparently began the task by casually happening updn a strategy, there
uas no relationship betueen aptitude ahd encoding strategy during Block
' 1. By Block 4, houever, the relationship betueen aptitude and~’strategy
choice was consistent with the results fob the overall fits. Thus, by
?Zock 4, 1t appeared that subjects had assembled a stritegy suirted to
their aptitude profile. .

Hodels for Construction . (

Tuo groups of models uwere tested for the construction step. One
group specified use of a consistent strategy and the other group
specified sequence—shift1ng. All models assumé that subjects perform
the same cognitive operations for each 1tem. These are: trieving the

. A figure, synfhesizing the construction step figures, and s%oring the ¢
®resultant product 1mage. The models differ +{from one another 1n
spec}fying ,the sequence 1n uwhich the synthesis and storage processes are
. . applied to the figures and 1n specifying the form 1n which the figures 5
are represented 1n memory; figures can be represented ‘separately or mn-
var) combinations. *
/ [ : ’
f During the construction step, we assume that subjects use a
f “feature—analyt1c strategy for storing 1mages regardless of the way the
N figures age combined for storage. This assumption may appear <curious
given the earlier dehonstration that a majority of sybjects did not use
the featune-analytic strategy for storage during encdglng. o« CONSkruction
1s unlike encoding 1n that what is stored 1s not directly available, but
‘ most undergo some transformation (the synthesis proeess) before 1t 15 1n
a form ready for storage. -~The temporary procuct of the syntbeéﬁs
process, which might be thought of as a tentative jmage, 1s stored cnly
In short-term memory. In encoding, 1t s not necéssary to hold a
tentative fmage in Short-term memory 'since thé figure 1s ayailable 1n
“front of the subj ct*gk aTl timepg during the step. Thus,gfor encoding,
fhe subject has short-term memory capacity avairlable for appling various
transformatdons onsjthe A4 figure, such as the transformations that are
impliei1tly called for by .the decomposition and’ labeling strategies.
- .Buring construction, houever, much short-term capacity 1s presumably
usurped by the tentative Jmager. Thu?. strategies .thaty require
additional transformations, such gs decomposition and | eling, are not
< available to subjects during the c2ﬁstruct1on step, and] only feature-
analytic storage, which does not assume an additional tfansformation of'
the image, 15 possibl® during construction. P . +

-

i""

3
. » Model C-1 specified a consistent;synthosis strategy 1n whyeh the 4,
\ ~ B8 and C figures are aluways nthesized 1nto a single unat apti'stored as
a unit 1n memory. Constructidn and storage time for this model s
[ ] v predicted by the feature omplexi1ty of the adjoining sides (during Y
synthesi1s, subjects "dissolve'l the features of the adjoining surfaces of

:, /
> «
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the to-be-synthesized figures sequentially) and the feature complexity
of the Qroduct 1mage. . ' . - ' ‘
Model.C=11 specified a consistent-no-synthes:s strategy in wuhich
-the figures “presented in the construction step are never synthesized,
but are instead stored as separate uqits in  memory. For this mgde],
construction time 1s predicted by the figure complexity of the separate
units (i.e. the sum of the camplexity values of* the 4, B8, and C
figures). . e '
In addition to the consistent strategy models, four sequence-shift
models were tested.. Each specified that subjects combine the 4, 8, and
C figures 1n different ways depending on the form and complexity of the A
1tem, and each consisted of two steps.’” The first step is an evaluation

¢

process 1n whigh the subject first imagines the figures combined in sonme f:;éﬁtyi“(

way and then decides whether+to store the figures 1n this gombination or
astseparate units. For some of 'the models the evaluation step 1s-

perforﬁed once; for other models there are multiple eva]uat1ons.',The //-*4/

second step 1s the storage process 1n which subjects construct a mental-
representation of the 4, 8, and C figures. //
’ - : ’
Model C-11I represented’ a forward-stepping synthesis strategy.
Subjects first attempt to, synthesvze the 4 and 8 figures into an 43
product image. Next, subjects evaluate the complexity of the 48 mage.

(In these models we arbitrarily defided images with five or feuer sidec P

as simpie and those with six or more sides as complex. Roughly ha%j\*hs, -
1mages 1n the task were thus considered simple and half complex\) If,
during this evaluation the subject determines that the 45 1mage 1s toe
complex to store as a uni1t, then the 4, B, and C figures of the item are
stored separatly, as they are in Model.C-1I. If, on the o¥her hand,
the AB 1mage 1s determined to be simple "enough, then the subject
attempts to synthesize the C figure w1 th the * A8 1mage 1n;o an J8C
product image. In this cafe a decond evaluation occurs 1n which the
subject determines whether this 4BC unit is simple or complex. 1f 1t is
determrned to bBe /Jﬁmple then the A4BC image 1s stored as a single unit .
(1§ 1y Model €-1). " If it is determined to be complex, then the AB image

1s stored separately from the € 1mage. That 1s, tuo<F1st1n”§ un1ts, an

AB unit and a C un1t. are represeqted in memory.

FJ\ Model C~1II, processing time during the evaluation step(s) s
.predicted. by the complexity of the.adjoining surfaces of the 'synthesized
figures (though we assume that any tuo figures are “ynthes}zfd only 5nce
during an item) and the number of complexity evaluatlows for thg 1tem.
Processing tame‘during the stonage step 18 predicted by ‘the comp12;1tv
of the final representation, determined by’ summing the cowplex1ty vdlues
for each unit stored.

L)

Model <C€-1V represented- a bockword-steppirg synthesis - strategg
similar to the +{orward-stepping strategy(ngCGpt that the subjecd 1s
assumed to begin the construction procedure by first. attempting to
synthe$ize the B8 and C figures into a 8C product 1mage, rather ‘than by .
synthes1zing the 4 and 8 figures.. In all other respects this model s
parallel to athe foryard stepping model. Our hypothesis was that the
backuagd-stepping strategy would be used only by those wuhose memory of
the A4 figure wuas 1nterfgf€3‘ with by the presentation of the' B and C

T {‘\
- Q‘ \:
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. figures. Thus, the éubject would be forced to try to synthesize the 8

and € figures: "and perhaps guegs about the form of the A4 fibure.
Subjects wWere instructed to synthesize in forward order, ~so the
. ' backward-stepping strategy represents a deviation from instructions.

, ) Model C-V represented’a simultaneous-synthes:s strategy. Subjects
, first synthesize the A, 8, and C figures into an ABC product image, then }
'evaluéﬁe this image for its complexity. If the image 1s simple, then it
is stored as an ABC unit; if the image is considered too complex to_
store as &8 unit, then the individual pfigures are stored separately. The .
predictors are the same as for model C-I, but the complexity values are
different,, since for some items the figures are assumed to be stored as
separate units and for others a sidﬁ)e ABC product image unit is stored.
A variation of this model specified that the simultaneous-synthesis
strategy is applied only uwhen figures are added frém the left side. For
items in which figures are added ;from the right side, a processing
» sequence identical to that fo Model C-111 (forward-stepping) 1s
N attempted. 1In the analysis, both these - variants of Model C-V Were
.considered together. ‘

: ffially. ‘Model ¢-VI represented a strategy of simultaneous-
synthesis-with-recovery. .Subjects begin by synthesizing the 4, 8, 5and C
figures-into an ABC product image. If the image is considered. simple it
's stored,as a single unit. If the image is considered too complex, ¢

. ’ then the subject evaluates the 4B part of the image. This 1s the -

- "recovery" aspect of the strategy. Before deciding to store the’figure%

separately the subject first tries to determine if a section f€in this

- - case; the AB section) of the ABC image can be stored as a single unit

- rather than _as two separate units. If the section 1s considered too \

complex, hen the figures are stored separately, but if the section 1s

. . considerfd simple,’ then-two units are stored, an A48 unit and a C unit.

A variation of 'this model specified that 1f the A48 unit 1s considered

. too compiex during the second ¢valuation.then the BC section of the ABC

prdduct image is evaluated and stored as udal. The predictors fog both

these modé\s are the complexity of the adjoining surfaces, the number of

s complexity evaluations: and the complexity of the final representation.

¥ s For the analysis, these two models uere considered in the same’category.- .
The  simultaneous-recovery strategy (C-VI) s the most demanding of the ~

construction step strategies because the subject must combine and

\1 recombine figures and perform more 'complexity evaluations (on average)

wl

than are required by the other strategies. The subject is presumed to
"do th1s to ensure tWe most efficient reépresentation of the i1tem figures.

Resulﬁg for Construction i V’R_\\)

N As uwith encoding, no one was perfectly fit by any of the ‘models.

o~

’ i Judgments regarding best ¥it were clear except in one case uwhere tuwo ,
: " models fit equally well. Some other subjects were fit equally well by
; essentially equivalent models (e.g., the two variants of C-VJ). (See
. i / Appendix B, Table B2, for R%* values; Table 84 for a summary of
predictors.) [ 4
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Figure 4 shows the relationship “be tueen speed, accuracy, and
strategy selected. As® With encoding, a ‘'tradeoff between speed and
accuracy appeared, Those uwho selected . the simul taneous>-recovery
strategy generally committed the fewest errors but took the longest
during the construction step. The“tuwo subjects most susceptible to the
interference effect (as indicated by the fact that they used the
backward-stepping strategy) uere two of the poorest performers. Both
the consistent-synthesis and the simul taneous-synthesis strategy groups?
performed reasonably quickly but committed a  comparatively high
percentage of errors,. “

)

—————————————————————— - - ————

Insert Figure 4 about here

- - = -

The subjects who demonstrated the greatest facility for flexible
adaptation to problem demands, as represented By model ¢-VI, shoued the
fewest errors, on average. Figure 5 shous that these subjects wuereg
higher than subjects 11n the other stratggy groups on all aptitude
measures. Thus, aptitude may have been a restricting factor 1n sirategy
selection for construction, Figure 5 also shows an 1i1nteresting apijtude
profile difference betueen, the consistent-synthesis group and the
simul taneous-no-recovery group. The latter group was higher in five of
the seven aptitudes, but tHe former group was higher 1in spatial
visualization (Gv) and visual memory (VM) abilities. The tuo groups
performed  equally well on average (see Figure 4) but,apparently reached
their performance level via different routes. Those with superior
spatiay'visua]ization and visual memory aptitude were. aluays able to'

" synthesize all the +figures . jn a problem, while those who wuere
comparatively deficient in these visual skills had to employ a, slightly
more ciﬂplxcated shift strategy of synthesizing, évaluating, and
.deciding Bou to store the figures. Finally, Figure 5 shous that the two
subjects fi't by the backward-stepping strategy had extremely lax spatial
visuyalization and visual memory aptitude. This suggests that these
"subjects were forced to use the backuard-stepping strategy because they
did not have the visual skills needed to remember the A4 figure once it
had disappeared from the screen. -

____________________ e —— 3 .
L7 ""f‘i' ‘
& Insert Figure 5 about here . ka/

Table 2 shous that within both the simultaneous strategy groups
(with or without recovery), memoyy span (MS) and spatial visualization
(Gv) aptitude were the best predictors of correctness. The other- tuwo
strategy groups ﬁere too small to compute stable correlations. o

- ——an - —— L - - —— -
n .

- Insert fable 2 about here,

N T
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/ Xz‘gure 4. Construction time vs. cc;rrectness for item's that
inclufled a consdruction step.(144 items; combined symbols 1i1ndicate more
. than one best fitting model), ‘
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Rigure 5. Aptitude profiles for subjects in various construction

strategy groups (see text for aptitude composite descriptions).
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Table 2 . / - ‘

t
o : o
Aptitude Pérformance Correldtions Within Strotegy Group
for the Copgtruction Subtask

a )
* . - Aptitude’ fu
. b . c
Model  Description i 6c Gf /6v Cs PS VM MS O N
el A
~ A
' _ Ttem Correctness o
‘ P T ¥ ~
overall . 49% 54% 76% 13% 39% 60% 53 76.20 9.87 30
C-1 - consistent-synthesis -— = - (--, -- .- -- 75.69 g.11 4

L4

C-Iva backward-stepping = t== == == == -- -- 58,68, 9.33 2
/ 3 -

C-V  simultaneous-no-recovery 35 51 54 01 32 34f64% 71.18,8.23 10

-

. r
c-vl° simultaneous-recovery 07 29 53% 12 28 19. 52% 81.02 8.58_ 15

3 v

Construction Time

overall 38% 35% 14 -21 29 34 36% '8.28 3.21 30
c-1 consistent-sy((hesis -— == == == == - e- 6.33 3.42> 4
C-Iva backuward-stepping e L 8.35{ 6.58 2

A}

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

c~-VI simultaneous~-recovery -06 22 29 05 40 36 55% 9,27 2.37 15

4

* .

™~

. ~
. . . . . + \\
Wote. Decimals in correlation _coefficients omiitted; some S~
coefficients are missing because group size was too small. g

.

a Aptitudes are composite scores (see text).

b Item correctness is expressed as a percentage of 144 items;
construction times are expressed in seconds. <

¢ One subject was fit equally well by tuwo "models and was
included in both grolps for calculations. ' N ) -

* (\(‘.05. ‘ ' , ’ )
e L4 ks ‘

)
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Mlodels for Comparison . .
LN i .

Three basic models for comparison were testel. All models asqumed
that subjects compare parts of the test probe, with correspondlng parts
of their internal image. This comparison process1 is assumed to be
sequential and exhaustive. That is, subjects compare all features or
units, 1n sequence, regardless 6f any mismatches that occur during the
comparison procedure. The models differ in spec1fv1ng 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 feature of the mental image. -Comparison time 1s predicted
by the total number of features i1n the test probe (weighted as bef6r§ to

variant ‘on this model includes a quick-reject option. Subjects using

}R to 'determine 1f it is radically different from the!r mental image.
1§ is, then the subject quickly responds uwith the "d1ffer nce" rgsponse,
otheru1§e the subject more carefully compares the fea es, S;Iquence,

different if _more than six correspond\ng sides of the figures and.the
image did not over]ap )

Model M-1I specified a strategy in which subjects compare larger
units than  features. There wuere tuo types of ‘unif-comparison
strategies. One beé!fled tha¥ subjects compare, in sequente, the 4, 8,
and C images to ihe corresponding parts of the test probe {the features
within the units aré& assumed to be compared 1n parallel),. Note that
this model assumes that regardless of how the image Has represented for

. storage during the construction step, the subject retains a memory of
the: individual figures thatt were presented. - Thn form of the
representation from construction may be thought of” serving as a
retrieval device for recalling the actual .data, the - 1nd1vfdua] A, 8, and
- C figyres which are then used jn the comparisen process. A variant of
this model spec1f1ed that the units are not the 1nd1v1dual figures that
were actually presented, but rather,,the uni ts as represented 1n memory
from the previous task steps. That 1s, if the™ ‘subject synthesized the
4, 8, and C figures into afi ABC product image during construction, then

- the. comparison test probe would .be compared singly mith the one ABC
unit. If the subject represented the 4, 8 and G 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 unmits.

6425 Finally, Model M-III specified a.feature-unif-shift strategy. I,
uring construction, the figures uwere stored as a single product image,
ﬁhen the subject would. employ a feature-comparison strategy 1dentical to
that specified by Model M-I, but 1f separaté units were stored during
construction, then the-subject would compare those units as in Model M-

figure allows for uhat we assume to be the more accurate . comparisch

method--feature-comparison--uhereas a not-synthesized figure makes th

teature-comparison method more difficult, thus inviting. the use of a

unit~comparison method. T ' i .
.

‘account for differences in the comp]ex1ty of various features). . A -

- the quick-reject strategy first conduct a quick scan of the test probe(

before responding. (We decided arbitrarily that figures uere radically

Ir. The rationale for this “model._ .as that a completely synthesized-
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Rqsu{fs for Comparison

. . % . .

In generagl, 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 timgs for the other

, rsteps In further contrast to encoding and construct1on. there was no

clear -best strategy, since there were no significant, differences betuween
correctness scores for the three strategy groups. kale 3 suggests that
those in the feature-comparison group committed more errors and
performéd more quickly than those in the other two groups, but these
differences-uere not significant. The fast average response time for
the feature-comparers was due primarily to those uho used the quick-
reject strategy, as Figure 6 shous. - -

~

Figure 7 shouws that aptitude protifes 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 vyields an interestdng

s 5

.

pattern of correlations within strategy grougs. For those fit by the
feature-comparison strategy., speed of comparison was highly related to
closure speed (€S), spatial visualization (Gv), and visual memory (VM)
aptitudes, while for those in the other two groups, comparison spced was
not highly telated to these aptitudes. Apparently, selection of the
feature-comparison strategy ‘brings in a-greater dependence on visual and
spatial skillsy. uhich is.tq say that high ability subjects are able to
compare features m&!.&rapidly than low ability subjects, while selection
of the wunit-comparison strategies reduces this dependence and gives no
advantage in speed for high ability Subjects. *This pattern suggests the
case Il relationship betueen aptitude and strategy for comparison;
selection of strategy is not strongly .related to aptitude but
performance speed in different strate&jés depepds on different
aptitydes. : )

-——— - - - T - — -

Insert Figure 7 about here

Discussion - £

The three major findings from this study concern the relationshi
" betueen aptitude and strategy, the lmportance of strategy-shifting

subJects, and the nature of aptitude fbr spatlal v1suallzat1on

F1gat. uwe [found evidence for ious types of relationships betuéen
aptitude and strategy *for the d ferent task steps.. For encoding and
construction, § Case 111 relationship was indicated; “strategy selection
‘ gppegrs to. be’ restr1cted by aptitude "and, in addition, pertormance
‘efficiency within a strategy gvoup depends, on the aptitudes called ‘fhto
play by the' particular strategy selected., For these task steps, the
most efficient strategy was used only by those who brought to the task

) 1y

o
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Figure 6. Comparison time vs. correctness for items that did not
include a rotation step.(72 jtems; combined symbols indicate more.than
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. ® L% o Table 3 | - .
. . - . . v
. ' ~Apfifude Pdrfo?mance Correlations Within Strategy Group
: for the Comparison Subtask
a
’ - Aptitude - .
o : b ¢
Mode!  Description . 6c G6f Gv Cs PS VM MS H s0° N
Item Correctness
i overall 43% 54% p5* 26 36% 306*% 40 83.10 6.43 30
M-1 feeture-compaéison 73% 18 54 43 -32 64 59 81.75 5.81 7

M-11 unit-comparison 48% (8% 70% 19 39 65 38% 83.85.6.37 16

M-111 feature-unit-comparison 40 45 78% 23 .59% 07 52% 83,21 7.72 11

Comparison Time

/ 2 3
overall -10 -03 -39%-25 02 -35%-10 1.44 .35 30 -
. N ! feature-comparison ,-01 18 -65 -80% 14 -65 -02 1.41 .62 7
&-II unit-comparison -19 -20 -34 -07 -06 -37 =37 }.45 .25 16

. M-1I1 feature-unit-comparison -44 -37 -26 04 -33 -22 =06 1.44 .19 11

R

Note. Decimals in correlation coefficients omitted.

*
» ¢ -

a Aptitudes are composite scores (see t’ex:’r -
b Item correctness is expresged as a perc age of 72 itgms;

Comparison times are expressed in:seconds.

¢ One subject uas fit equally wuell Qo model§ and uas
- included in both groups i'r calculations’ R
¥ p ¢ .05, -
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«the ’ptitude§ required to use the strategy. Ihe most efficient approach
to encoding was the figure-decomposition sjrategy, and it uas 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, wuhich consisted of
continually evaluating the complexity of various combinations of figures
to construct the modt efficient internal representation. This strategy.,
which calls for flexible adaptation to 1tem demands, was used only by
high ability- subjects, especially those high in spatial visualization
and visual memory.

In tuwo of the .task steps, it also appeared that aptitude played a
role 1in,  determining performance efficiency within strategy groups. 1In
encoding, performance wWwithin the  decomposition and feature-ahald¥ic
strategy groups depended most highly on® the 1individual's level of
general abi]i}y. Mrdditionally, 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
bs highly dependenﬁ 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 betueen aptitude and

performance 1is determined by which strategy is selected. ' For subjects
who selected the feature-comparison strategy .speed of comparison wuas
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 1mportance oj
Jstrategy~shift1ng models. We tested and found evidente for tuo types of
strategy-shifting, route-shifting and sequence-shifting. These shift
models prgVed fo be wuseful for both methodological and substantive
reasons. Such modtls help in explaining variance 1n problem solving
processes at least on the task used in this study. Thus, strategy-shift
mn&e[s reﬁrésent 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, 1long included 1n definitions <(see Snow, 1978) but not
before demonstrated directly. Strategy-shifting may reprasenf/ the
process of flexibly adapting to problems to maximize performance. , Some
new and important differences betueen 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 1nclude components
that should be found also i1n performance on other spattal vijualization
tasks. A fairly small number of components--storage, retrieval,
comparison, and« transformation--may be 1involved 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 gomponents. ) . »

For simplicity, we have ‘used ter 1nology suggesting that 'pausal1ty
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 abili1ty, then the
flexible §trateg1c phenomena 11luminated here can be reggrded as
fundamental comstituents, not only of the experimental! task, butf also of
the reference aptitude constructs wath which 1t 1s conffelated. The awm
of modeliné:‘Sucb tasks and families of tasks, 1n the long run, is &
comprehensive thegry of aptitude for cbmplex learning and problem-
solving. Models titat help to depict this complexity deserve more
intensive investigation, and séon. As Snow (1981) saw 1t:

Our work 1n this. direction 1s progressing, but sliouly.

models qf part1cu]a;j“tests are elaborated to i1nclude performance

programs for other related tests. The . . . approach
outlined here 1s used to §§1de theory construction for families of
related tests. We expect tpgt task complexity, the degree to uhich

a “test shous variance* components attributable to [general

intelligencel, can be interpreted 1n terms of the numbg\ and kinds

of processing steps assembled 1nto the performance program, and the
degree to wuhich these steps require flexible control and reassermbly

as the test or task proceeds. (p. 357.) i

[}
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‘ Appendix A- /A/ ~
. . Strategy-Shift Models , ‘
v és an example of sequence-shifting, consider a case in which the

task requires comparing tuwo figures, an 4 and a 8 figure. Assume that

thes subject has tuo strategic possibilities.~ Strategy 1 requires

' encoding A4 and then comparing features of 4 to corresponding features of

8.. Strategy 2 works in the opposite sequence, encoding & and then

aring it to A. Assume further that encoding time 1s a l#near

function of the number of features in the to-be-encoded figure, and

rcomparison time is a linear function of the number of matches betueen

the corresponding features of the tuwo figures. The regression model 1n
this example would be:

A |

RT = b1X1 + b2X2 + ¢, . . <= (1),

X where RT is the total item response time, X1 is the number ‘of features

i) in the to-be-encoded figure, X2 is the number of features in the to-be-
compared figure that match corresponding features 1n the encoded figure,
b1 ié the amount of time it takes to encode a single feature, 52 1s the
amount of time it takes to compare a pair of features, and ¢ 1is a
constant decision or response time.- The latter threz terms, the b
weights and the constant, are wuhat must be selved for. It can seen that
the values of X1 and X2 depend on uhich strategy 1s selected and
therefore the tuo strategy models will usually make different
predictions for RT. \

) A sequence™shift model in this example uwould specjfy that subjects
work from A to B (i.e., use Strategy 1) for some 1tems and from & to 4
(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 i1n the
model for Strategy ! for some items and identical to those in the model
-— for Strategy 2 ftor the rema1n1ﬁg items. Of course, it is necessary
before testing th1s type of sequence -shift model to determine for which
1tems Strategy "1 might be favored and tqr which Strategy 2 might be
favored. The investigator ‘'must determine beforehand what objective .
charactermst16§ of the items might favor a particulag strategy, or
alternatively, collect subjective ratings from independent judges of the
l1iklihood of a particular strategy being employed for a particular {tem.
Having done this, 1t 1s a straight foruard matter _to compare the tuo
possible no-shift modeis and the sequence- sh1ft models for best f1t
gsince all models 1nclude the same predictors; only the values of the
predictor variables differentiate the models.-
As an:- example of route-shifting, corsider again ’the preyious
*example of the A-B comparison task. Assume that tuo qualitatively
NNy different comparison operations are possible, a feature comparison
operation (ag above) and a holistic comparison operation 1n uhich the
subject compares the corresponding 'features of the tuwo -figures n
parallel, A simple model of the holistic. stategy woyld predict that
comparison time is independent of the number of features to be compared.

v
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- A route-shift model, in tbjs example, would specify that some
figures are compared using the feature §trategy and others using the
holistic strategy. The regression equation to describe this would be

RT = b1X1 + b2X2 + b3X3 + ¢ (2)
where all terms are defined as in Equation 1 except &b3, which is the
time it takes to make one holistic comparison, and X3, which 1s the
number of holistic comparisons made on an 1tem. The value of X3 would

.aluays be 1’ 1§ the subject aluays performed holistic comparisons (and

thus the associated 53X3 term would drop 1nto the constant). However,
the route-shift model assumes that the subject sometimes does not
perform the holistic comparison - and instead performs the feature
cohparison. If the subject performs feature comparison ongan 1tem, then

<the value of X3 for that i1tem is 0, and the value of X2 i he nuwber of

feakures compared; if the subject performs holistic comparison, then
the value of X3 is 1 and of X2 1s 0. It can be seen that comparing the
fit of a no-shift and a route-shift.model i1s not stravght foruard,
because the route-shift.model aluways has more predictors than the no-
shift model; 1n this case 1t has three predictors uhereas the no-shift
model has only two (either the X2 or,the X3 term, but not both). To
make the comparison betue . the tu odels, 1t is necessary to adjust
for differences 1n the numb of predittors using the standard R?
shrinkage formula (see, e.g.; Kerlinger & Prdhazur, 1973).
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Appendix B
* Table Bt

S

PE . E-1 E-Il‘k\\\\\\\\\\gplll

ﬁ
(7) 4y (5
09 35 39%
36 42 46%
05 24 24
02 84 %u*
10 45 48*
23 38 7 44
11 40% 38
08 36 36
09 18% 14
17 51% 49 -
43 55 55
12 23% 22
10 47 52%
26 65%  65%
32 49% 47
17— 51 53%
44 55% 52
13 17 16
29 45 47%
18 25 27%
07 21 20
15 34 36*
55 66% 64
36 63 64*
*13 34% 31
11 3% 3
21 25 27
05 24 22
26 37% 33
05 31 35%

25%
(6)

37 .
43
27%
33
48%
38
34
34
13
47
56%
22
51
61.
46~
43
52
18
45
27%
19
35
63
59
28
27
28
28
33
35

Note. Decimals in R%? values omitted.

highest
shrinkage formu)a);
less than .005.

model also includes 7 predictors for practice

effects).

-

Co
(&V]

507  75%
(6) (6)
31 . 32
43 43
27% 25
29 34
42 43
28 35
33 37
32 37%
12 12
46 44
52 52
17 17
47 42
56 52
44 49%
45 45
51 53
17 18
43 42
24 26
18 23%
35 35
61 60
57 56
27 28
30 31
v29% 28
32# 31
33 31
33 33
Asterisks

100%
(1)

27
40
21
28
34
30
39
31
12
37
47
15
"33
46
47

" 42

50
16
38
24
16
29
59
53
26
29
24
28
30
22

(*)

a

22

&

o

>

fa{"

indicate

rou value, after being adjusted for number of predictors .(using
ties occurred when adjusted R? values differed by
In parentheses are number of mode} predictors;
Xﬁffects (PE

each
practice
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\.\K\ Appen;z'x 8 (cont.) i
) Table B2
A
Hlode! Fits for Construction . .
PE ¢-1 ¢-II ¢-III ¢-Iva Cc~-IVb C-va (Vb ¢C-VIa C-VIb
subject (7) (12) (8) (13)- (13) (13) (13 (13) (13) )
J
1 05 67 38 58 52. 55 73 54 4% 74%
2 20 52 41 44 49 45 54% 44 54% 53
3 02 36 33 36 38 35 43 35 43 44%
4 07 ,50 36 41 47 45 62% 47 59 59
5 " 51 39 44 46 45 <\§ 45 57 60*
6 04 48 32 45 . 42 41 5N° 45 54 55%
7 07 51 34 54 47 46 56% 53 56% 55
3 04 52 43 447 47 48 55% 49 55%  55% Py
.9 21 52 41 53 53 52 54 52 55%  55% v
25 66 52 58 64 57 638% 63 67 67 |
08 50 40 47 50 43 53% 48 53% 52 ¥
07 45 40 46% 46% 46% | 44 44 44 44
11 65 43 // 66 58 60 72 61 72 73%
16 62 46 52 54 52 67% 52 67% 66
27 ~v61% 52 58 59 56 60 60 60 58!
11 57 40 46 50 47 59% 50 58 59% .
31 56% 49 54 56%¥ 56% 55 55 54 55 v
16 47 37 53 55%  55% 53 50 50 49 ¢
08 35 36 38 39 38 36 40% 35 35~ .
R Vi S51% 35 44 46 44 51% 406 51% 49 -
18 58 46 57 - 50 53 57 52 57 59%
12 53 40 49 47 48 56% 51 55 55
15 68 45 61 57 59  75% 63 74 73 ’
23 67 60 65 .61 66 69 66 71 73%
19 47% 29 42 40 43 47% 45 46 46
14 60 , 54 59 61 61 61 62% 61 61 .
05 54 42 55% 49 53 55% 54 55% 54
12 49 - 46 48 52 52 51 49 52 53%
20 _ 59 49 61. 62 62 64% 63 64% 63
06 68 46 61 59 59 70 59 72% 70 -
‘ / " .
Note. -Decimals in R?Z values omitted. Asterisks.“f*T’/indicate
highest row value, after being adjusted for number of predictors (using ‘
shrinkage formula); ties occurred when adjusted R? values differed by ‘
less than .005, In parentheses are number)of model predictors; each e
model also ingludes 7 predictors for practice effects (PE = practice. !

effects).
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Appendix B (cont.) ’
: Table B3
A Y . o
. Hodel Fifs for Cémparisgn
PE M-la M-1b M-Ila M-Ilb M-I11rg M-IIIb
subject . (4)  €4) (5 (1) (1) (5 (5w
. &
1 . 07 - 22 21 28 25 - 26 -« 24
2 01 42 46 51% 51%  51% 49
3 07 ‘08 08 %% 10 15 7% o
4 03 33 34 ~38% 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 4% 27 qa% 3
10 ' 03 J07 S 06 15%  15%  15% 14
1" 16 43 43 33 « 46 49% 48
12, 35 45%  42% 44 41 41 41
13/ 10 29 ,29 41 29 39 32
14 16 40 38 44 53 54% 51
15 18 - 34 36 37% 29 34 36
\ 16 01 15 15 © 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 J9%  39%  30%
20 12 53% 52 52 51 53% 52
21 01 35 43% 25 32 33 34
22 ' va 38 35 33 43%  43%  43%
23 45 47% 38 44 44 44
24 34 36 39 38 41% 39
25 05 26% 23 2 14 26% - 23
26 22 33 35 38 39%  39%  30%
27 02 40 as; 45 61% 60 60
28 30 38 - 42 42 43% 41
29 ‘10 21 25 19 21 21 27%"
¢ 30 - 01 16 18% 10 1" 14 14y

- . ~ e

~ -

effects)

-
-
L4

‘Note. ODecimals in R2 vyalues omitted. Asterisks (¥) indicate
highest rouw value, after be1n adjusted for number of predictors (using
shrinkage formula); ties ‘ocourred wh adjusted R? values differed by
less than ,005. In parentheses arf number of model predictors; each
mode]l "algo includes 4 predlctzﬁégior practice effects (PE = practice.
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4 6 " ‘Table BY S
L3 . ' . R " . '. "
.- 4 Predictors for Tosk Step Hodels

.

- . .
ey « bl
. . . .

Model : ! . Predtctors

« ' . Encoding :

: E-1 feature-analysis . ¢ =qomplexity of A'figure (4). <
T E-11 decomposition .- -sum of complexity values for
" each decomposed unit (4).
v - . -number of units (1).
E-II1 labeling - . ~rated ‘1abelabaTifly (1),
v ’_/

h e
. . > ‘ Nosmae®
) . ‘::) . //Esxébﬁé;tion .

.

_ all models -complexity of retrieved (4)
- ' ) figure (4). -
R ) ' -complexity of -stored unit(s) (4). °
-complexity of dissolved sides (4)
. (not applicable to C-JI).
-number of evaluations (1)

. (not applicable to C-1, c-11).

% L . -

-
&\
\‘\ g B
/9 ) ’ ‘ Comparison . -

-~

LY

- * » v
Q:ZEL feature-comparison ~complexity of test probe (4).
" -quick-reject (1) (M-Ib only). «
Can ’ M-11 unit-comparison -~ -number of units compared (1).
/ M-I111 feature-unit-comparison “complexity of test probe (4).
< . -number of units compared (1).

«
N - hd

Note. In parentheses are number of predictors associated With .
the entry;“complexitf‘actually consists of four predictors: nuhber of

+

.

. sides, number of different side lengths, number of different angle,

. :s sizes, and number of difﬁeﬂiit orientations.
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