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Spatial ability is discussed in terms of psychometric factors and information
processing rescarch. Reanalysis of major psychometric studies suggests two
major sparial factors — spaual relations and spatial visualization ability.
Apparent differences berween these factors in speed versus power and
cognitive complexity are venfied by process analyses of individual dif-
ferences in spaual relations and visualization ability. Informarion process-
ing studies suggest muluple sources of individual differences such as pro-
cess execution speed, quality and capacity of representation, process coor-
dination and strategies for problem solution. Consideration is also given o
additional issues for research as well as implications for testing.

The concept of a separate intellecrual ability
known as spadal abdity, which 15 differen-
tated from other abilities such as verbal,
quantitative or reasoning ability is derived
from psychometric research and theory. The
effective use of spatial information is one
aspect of human cognition, and it is manifest
in siruarions ranging from navigaring through
one’s environment to determining the trajec-
tories of approaching objects. These skills are
also rt:quired i intelleciual endeavors ranging
from sol ving problems in engineering and
design to physics and machematics. Evidence
of the importance of spatial ability in these
various areas can be found in the recent review
by McGee (1979) of the predictive validity of
measures of spatial ability. For academic and
vocational training programs, spatial ability
tests correlate with course grades in mechanical
drawing, shop courses, arr,
physics and mechanics. In the area of job per-
formance in industry, spatial ability tests have
been proven useful in predicting success in
engineering, drafting, design and  other
mechanically oriented areas. The predicrive
validity of such tests frequentdy surpasses that
obtained from verbal ability or general |
telligence rests.

Given. the potential impertance of this
aspect of inrellecrual ability and the wide
vartaion among individuals, how might we
understand this aspect of cognition? Our goal
in this ardcle s firse o summarize what is
meant by spatial ability from 2 psychomerric or
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assessment  perspective since spatial abiliry
rurns out to be composed of several subfacrors.
This summary serves as the basis for then
presenting some of the results from informa-
don processing research attempting to isolate
the cognitive processes’ associated with overall
abilicy differences. The final section of this ar-
ticle considers some of the implicaticns of
these avtempes to understand spadal abdicy
and directions for further research.

Psychomertrics of Spacial Ability

Recendy, two reviews of psychomerric
studies of spatial ability have appeared, one by
Lohman (1979) and the other by McGee
{1979). Both re-emphasized points made by
Smith (1964) in a much earlier review of this
ability domain. First, they were clear in noting
that virtually all major facror analyric studies
have idenufied mechanical-spatial factors thar
are distinct from other general and specific fac-
tors. However, both afso point out that spauial
abiity is sull an ill-defined construce after 70
years of psychomerric research. There often ap-
pears to be lirtle agreement among major
studies as 1o the number of distiner spaual
abilities that exist and how best 1o characterize
each one. Carroll (1983) and Lohman (1979}
mention several reasons for such a situarion
and have stressed the need for reanalyses of
data from major psychometric studies. Con-
flicts in the literature can be aruwibured to (a)
different methods used in the extraction and
rotation of factors, (b} differences in the sub.
ject populations and composition of tesnt
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batteries, and {¢) differences in the administra-
tion, format and conrent of tests bearing the
same label

In Thurstone's (1938) study of primary men-
wl abilives, he identified a “"Space’ facror
which represented che ability o operate menal-
ly on spaual or visual images. Zimmerman
(1953} subsequently re-analyvzed Thurstone’s
data and derived rwo spaual factors. The first
was identical to Thurstone’s Space factor and
scemed to involve mentally manipulating ob-
jects and object relationships. Zimmerman
labeiled this as the Spatial Relations facror. The
second factor was called Visualization and the
tests loading on this factor tended 1o be more
difficult and less speeded than those loading on
the Spatial Relations factor.

Another major study of spaual ability was
conducted by Guilford and Lacey (1947). They
identified two strong spatial facrors, spartial
relations and visualizadon. and also obrained
rwo weaker spatial factors labelled simply as 52
and 53. The spatial relations and visualization
factors were the same as those found by
Thurstone and Zimmerman, bur the 52 facror
seemed to emphasize tests of right versus left
hand discriminadion. The §3 facror was subse-
quenty dropped as irrelevanr. In 1992
Guulford, Fruchter, and Zimmerman reported
the factor analysis of a 65 test apurude bactery
administered to over 8,000 aviation students
and reported in part in Guilford and Lacey
. (1947). This scudy yielded five spatial facrors
denoted as Spatial Relations, Visualization,
Spatial Orientation, Spaual Scanning, and
Perceprual Speed. The first two were identical
w the factors discovered earlier. The Spatial
Orientauon factor was characrerized by “'em-
pathetic involvement’’ where spatial
judgments were made given a particular orien-
mton of the individual. The Spatial Scanning
factor involved the use of planning in order to
visually map out a cofrect route on a test like
maze tracing.  Finally, Perceprual Speed
related to tests involving rapid identification of
a letter i a lerrer suring.

Given the diversity of findings in the
literature, 2 necessary step rowards under-
standing spatial ability is the reorganization of
psychomerric data with the goal of standar-
dization. Lohman (1979) acempted such a
reorganizarion by re-analyzing within a hierar-
chial framework the data from major American
psychomerric studies such as those mentioned
carlier. The result of his efforts was the
delineation of at least two distinct and
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replicable spacial factors. To help understand
these factors it is necessary to examine the
rypes of rasks and performances associared with
these factors.

Figure 1 shows examples of four tasks that
tap Spatal Relations ability. The problem
shown at the 0p of the figure is drawn from
Thurstone's Primary Menrtal Abilities rese. It
requires idenufication of those alternatives
identical to the'standard on the left. Identity is
defined in terms of rotation in the piciure
plane whereas mismarches involve rotation
plus mirror umage reversal. The second prob-
lem type shown in Figure 1 is the cards test
from the French Reference Kir (Ekstrom,
French, & Harman, 1976). The formar of the
problem is identical to the problem from the
Primary Menal Abilities test. The third prob-
lem type in Figure 1 is the cubes comparison
rest from the French Reference Kit. The task is
to determine if each pair of cubes is logically
consistent. This requires one or more 90 degree
rotations to bring surfaces into congruence for
a consistency check. The final problem type in
Figure 1 is wken from a test adapred by
Vandenberg (1971) based on stimuli originally
used by Shepard and Metzler (1971). The task
is o find the two stimuli on the right thac are
the same as the standard on the lefr. This re-
quires mental rotation in the depth or picture
plane. Tests composed of problems such as
those illustrated in Figure 1 define the Sparial
Relations factor. This factor seems to ap the
ability to engage rapidly and accurately in
mental transformation or rotation processes for
judgments about the identry of a pair
of stimuli.

The second major spadal ability facror is
referred 1o as Spaual Visualization, and it is
defined by a variety of problem types. Figure 2
shows examples of some common spatial
visualization problems. The problem shown at
the top of Figure 2 is drawn from the Min-
nesota Paper Form Board Test (Likert &
Quasha, 1970). The sk is 1o select the com-
pleted figure that can be constructed from the
set of randomly arranged picces shown in the
upper left corner of the item. The second
problem shown in Figure 2 is the punched
holes test from the French Reference Kit. The
left portion of the problem shows a
hypothetical series of folds of a square of paper
followed by the puching of 2 single hole. The
task 15 to determine the number and location
of the holes when the paper is unfolded and
select the appropriate answer. The third
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Figure 1. Examples of spatial relations problems (from Pel legrino & Kail, 1982;
reprinted with permission).

problem type in Figure 2 is known as a surface
development problem and it comes from the
Differential Apritude Test {Bennert, Seashore,
& Wesman, 1974). The left portion of the
stem isa rcprcscma:mn of a flat, unfolded ob-
ject. The right portion of the problem is a
series ofmmp!c'cd objects. The task is to select
the completed object that can be made from
the unfolded object. The Spacial Visualization
factor is defined by tests thar are relarively
unxpt:cdcd and i:t:"aplct Such rasks frequently
quire 2 m m'pufa' ion in which there is move-
ment among the internal parts of 2 complex
configuration and/or the folding and e
folding of flat parterns.

Conclusions from Lohman's (1979)
reanalysis of factor analytic data are illustrared
in %gzz;‘g 3 3;&3;232 abiliry is decomposable in-
to at least two major subfactors referred ro as
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Spatial Relarions and Sparial Visualization.
Each of these subfactors is asessed by specific
wsts or problem types. The differences be-
tween Spatial Relations and Visualization tasks
seem to represent rwo correlated dimensions of
performance. One of these is a speed-power
dimension. Individual spadial relations prob-
lems are solved more rapidly than spatial
visualization problems, and the rests
themselves are administered i 2 formar that
emphasizes speed in the former case and both
speed and accuracy in the latter case. Test
“speededness” may be measured by the
number of irems in a test divided by roral time
allowed. Lohman’s (1979) §§’§4i§§3$ of 14 spatial
ability tests indicated a correlation of .75 be-
wween “speededness’ and facror loadings sup-
porting the hypothesis that the spatial rela-
gons vs visualization split pardially reflecrs such
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Figure 2. Examples of spatial visualization problems
reprinted with permission). ).

2 speed-power dimension. The second dimen-
son shown in Figure 3 involves stimulus and
cognitive processing complexity. A gross index
of stimulus complexity 15 the number of in-
dividual elements or parts that must be dealt
with. Spagial relacions problems, athough
varying among themselves in complexity, in-
volve less complex sumuli than  spaciad
visualization problems. In terms of cognitive

{from Pellegrino & Kail, 1982;

processing complexity or cfforr, an intuirive
analysis suggests thar more mental operations
and coordination are required 1o solve spanal
visualization problems,

The recent te-analyses of psychometric
studies of spatial ability have helped impose
some order and interpretation on an important
set of data about variation in intellecrual abili-
ty. We know from psychometric studies that
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Figure 3. Schematic representation of spatial ability (from Pellegrino & Kail, 1982;
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there are substantial vanadons among in-
dividuals in their ability to solve problems in-
volving the manipulation of figural or picrorial
stimuli. However, these vanatons are not
uniform over the spaual problem types thac
have been devised for testung purposes. This
lack of uniformity gives rise to a further dif-
ferentiation of spatial abilities ranging from
simple perceprual speed to spaual refations 1o
spatial visualizaton ability. These abilivies are
correlated bur the patrern and problem forms
suggest continua in the number and type of
mental processes that underlie performance
and individual differences. (See also
Zimmerman [1954] for a related discussion of
item characreristics and factor loadings.)

Cognitive Process Analyses
of Spatial Ability

A principal shortcoming of the factor
analytic approach ro mental ability is its inap-
propriatencss for discovering the cognitive pro-
cesses underlying performance on any intellec-
aal rask. Facror analysis is limited wo analvzing
inter-itern  structure  across tasks and  ine
dividuals. However, the locus of intelligence
and aptitude is not berween individuals, rests
or items. Rather, the source of inter-item and
inter-test variance is the dynamic processes thar
ndividuals  bring o bear s:;gg problems
presented in tests {see Resnick, 1976} Facror
analysis can only zcim?;% majot iagtg{;gzts of
mentation and groups of tests that seem 16 re-
quire the same skills. This limitation was noted

by Thurstone (1947): **The factorial methods
were developed for the study of individual dif-
ferences among people but these individual
differenices may be regarded as an avenue to
the study of the processes which underlie these
differences.”” (p. $3)

In contrast to factor analysis, informadion
processing analysis has the goal of understand-
ing the basic processes and process coordina-
tion invoived in solving a specific problem.
This theoretical and methodological approach
pmvidcs 2 powerful set of “‘rools’’ for decom-
posing item soludon into the requisite mental
operations underlying overall performance.
However, this approach does not directly pro-
vide rechniques for discovering the ways in
which these processes combine to form consis-
tent patterns of individual differences in
diverse tasks.

By combining information processing analy-
ses with factor analytic resules, 2 richer
understanding of human ability can be
achieved. This combined approach has been
referred 1o as cognitive components research
{(Pellegrino & Glaser, 1979} and componenual
analysis {Sternberg, 19773 Process analyses of
spacial ability have been pursued over the past
few years, and they have moved us closer 1o an
métfﬁ%ﬁéﬁg of individual differences in
spatial ability. These analyses have separately
focused on the spatial relations and visualiza-
tion factors delineated in psychometric research.

Before sz}miiﬁﬁiﬁg process analyses of perfor-
mance on tasks representing s;zmﬁi relavions
and visualizaton, m & imporant 1o set the
theoretical context for conducting such studies.
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Cognitive psychologists such as Roger Shepard,
Lyan Cooper, and Stephen Kosslyn have
vigorously pursued theoretical and empirical
ssues concerning spavial informarion process-
ing. As a result of these efforts we now have s
reasonably well developed theory of the
cognitive structures and processes that underlie
the solution of a wide range of spatial reason-
ing problems, including those found on stan-
dardized tests of spatial ability.

For purposcs of discussion we will briefly
focus on the elaborate theory developed by
Kosslyn (1981). Although it is conceived as a
thcc:r} of mental imagery, it is also applicable
to issues concerning the processing of visual
stimuli. A central aspect of this theory is the
idea that the human mind creates and operates
on analogical representations that preserve
spatial properties of visual stimuli. The theory
distinguishes berween structures and processes.
One strucrure s a visual buffer or short rerm
memorty. This medium mimics a coordinate
space and it supporrs data sirucrures that
depict information. Regions of the buffer are
activated and these regions correspond to por-
dons of depicred objects. Relations among ac-
“tivated portions mirror actual physical relations
of the object or objects depicted. The visual
image or representation resides in the visual
buffer and such a representation is derived
either from acrual visual impur or from infor-
mation stored in long-term memory. The
other major structures in the theory are the
types of informadion stored in long-term
memory. This includes both propositional in-
formation about the parts of objects and their
relations, and information about the literal ap-
pearance of an object.

Kosslyn postulates a ser of processes that
operate on the various strucrures just described,
For present purposes we will focus on those pro-
cesses that operate on the visual buffer. One
major process s Regenerate which refreshes or
reactivates the representation which fades over
time. Of particular significance are the processes
for operating on visual ;c;fzgms:mws for the
purpose of transforming them. Several specific
ransformation _processes are postulated, and
these include ﬁﬁ?{a‘{@ Sean, Pan, Zoom. and
Translate. Each of these processes mxsé“eﬁ some
manipulation of the tepresenravion ¢ s:mg i
a modification of the §i’§{§£€*§“§{fé{;{}§§ inn the
visual buffer. Finally, there are processes that
mspect and classify pacterns depicted in the
representation.  These include a Find and
Resolunion process.

GRING, DAVID L. ALDERTON, AND VALE
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Kosslva's theory is an attempr to address the
issue  mentoned  earlier —  namely,  the
mechanisms underlying specific inrelleciual
performances. The performances of interest are
the manipulation of simple and complex visual
representations for the purposes of making
decisions or solving problems. There are
several wavs in which we can use his theory ¢
discuss issues 2bour this domain of inteilecrual
abilicy. First. it emphasizes the face that the
processing of visual-spacal information is com-
posed of many basic processes that interace
with information representations of varving
detail and clarity. Second. rasks or perfor-
mances can vary on several dimensions. One
such dimension is the number of processes that
must be executed to achieve a given result.
Another dimension 15 the types of processes
necessary to achieve thar resulr. Third. in-
dividuals can vary in their performance de-
pending upon how well they dan perdorm cer-
tain processes and the extent to which those
processes are necessary for solving different
types of problems.

A theory of spatal informaton processing,
such as &@sslm s theory, not only addresses
issues concerning the mechanisms um}cr;ymg
this class of intellectual performance, but it also
provides a basis for understanding issues
associated with individual variation within this
intellecrual ability domain. We have a frame-
work for simultaneously znalyzing differences
among individuals and rasks and for under-
standing psvchometric data on spauial ability.

Earlier we indicated thart spaual ability can be
broken down into at least two major facrors and
that these factors seem 1o vary on two dimen-
sions. One was the speed-power dimension and
the other was a complexity dimension. We can
great these dimensions as hypotheses abour
what we would expect o find a5 the major
sources of individual differences in rasks sam-
pled from these continua. More specifically, we
would expect thar individual differences in sim-
ple spatial relations rasks would be pﬁm%ﬁi?
associated with measures of processing Q;zzm
while individual differences in complex s;}:;a';;&;
relations and spadal visualizadion sks would
reflect an increasing conuibution of processing
accuracy. Similarly, we would expect that the
models for describing rask performance would
reflect 2 larger number of componen: protesses
and/ or more executions of z?é;vzaa‘é PIOCESSES.
Both of these expectations have been borne out
i our data, .mfi we will now diustrate some of
these resulss.

T PPN ——
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Spazial Relavions Performance

A basic aspect of any process analysis of
ability is the development of explicit process
models for individual tasks represenung an
ability factor. The process models provide a
basis for examining exactly how individuals
differ on specific components of processing
such as encoding, rotation, transformartion ot
comparison of visual simuli. To estimate these
processes, laboratory tasks are designed thac
ernulate the problems found on psychometric
tests. The laboratory tasks include systematic
problem sets that permit model testing and
parameter estimation for individuals who are
known to vary in the ability of interest.

This approach has been used to examine
sources of individual differences in several
wasks representing the spatial relations factor.
Earlier we illustrated thar spadial relatons prob-
lems are typically presented in a macching-to-
sample formar with a standard or referent
presented along with several alternatives to be
individually evaluated relative to the standard.
The individual’s wask for most spauial relatuons
problems is to find those alternauves that can
be rorated into congruence with the standard.
The distractors or non-matching sumuli are
typically mirror image reflections of the stan-
dard that have also been rotated. Thus, the in-
dividual must make a series of same-different
judgments on pairs of stmuli involving dif-
ferent degrees of roration or angular disparity.
Information processing models have been
developed for this type of mental roration task
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Fgure 4. Components of mental rotation performa

(Cooper & Shepard, 1973; Shepard & Metzler,
1971), and they can be used as the basis of a
process analysis of spatial relations ability.

To solve a typical spatial relations problem,
the individual must encode, i.c., internally
represent, each of the sumuli in the pair.
Then, a rotation process must be executed on
one of the representations to attempt to bring
corresponding features into congruence, 1.c.,
orient the stumuli the same. The individual
must then compare the two [epresentations to
see if they match and execute a response of
same or different. When problems of chis type
are presented, the time to make a decision is a
systematic linear function of the differences in
orientation berween the two sumuli. As the
angular disparity between the sumuli in-
creases, more rotation must be done to bring
features into congruence. Thus, the slope of

the linear function relating reaction tme to

angular disparity provides an index of the rate
of the mental rotation process while the in-
tercept provides an index of the encoding,
comparison and response processes.

The process model applied ro typical mental
rotation data provides the basis for a process
analysis of individual differences in spatial
relations ability. Mumaw, Pellegrino, Kail,
and Carter (in press) conducted a study explor-
ing this issue. They tested 99 young adults who
varied in spatial relations ability as measured
by the Primary Mental Abilities spatial rela-
dons rest. Each individual was presented a
large number of individual stimulus pairs that
systematically varied in angular disparity.
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nce as a funcrion of stuimulus maderal and spatal

ability scores (from Mumaw, Pellegrino, Kail, & Carter, in press: reprinted with permission].
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Two types of stumuli were used, familiar
alphanumerics such as F, P and 4, and un-
familiar shapes such as those found on the
reference test (see Fig. 1). For cach individual
they derived four measures of processing speed.
Differences berween individuals in  these
measures of processing speed are shown in
Figure 4. The left panel shows the data for the
two intercept measures which reflect encoding,
comparison and response speed. Three chings

‘Comparison of
Two-Dimensional
otated Figures

R @&

are of interest. First, it takes longer to encode,
compare and respond to unfamiliar than
familiar sumuli, and this is wue for all in-
dividuals. Second, there are minimal dif-
ferences among high and low ability individuals
in the time to execute these processes for
familiar stimuli. In contrast, chere are large dif-
ferences among individuals in the time o en-
wde, compare and respond to unfamiliar
stimuli, and these differences are a systematc

Comparison of
Three-Dimensional
Rotated Figures
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g 3000 4 (Metzier & Shepard, 1974)
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Fgure 5. Effects of stimulus complexity on mental rotadon performance (from Pellegrino

& Glaser, 1979; reprinted with permission).
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function of spatial relations ability. The right
panel shows similar data for the two slope
measures. Again, it takes longer 1o rotate un-
familiar than familiar stimuli and for both types
of stimuli, rate of rotation is related 1o spatial
ability. Ability differences are also larger for the
rzte of rotating unfamiliar stimuli.

In addition to measures of the speed of ex-
ecuting specific processes, Mumaw et al. {in
press) also recorded error rates. However, errors
were generally low and unrelated 1o ability.
Thus, ability differences in simple spatial rela-
tions tasks are associared with speed rather
than accuracy measures, and this is consistent
with the evaluation of spatial relations and
visualization rests presented earlier.

Similar analyses of individuzal differences in
spatial relztions ability have been conducred
with more complex three-dimensional stimuli.
One interesting aspect of performance in men-
ral rotarion rasks is that i1 takes considerably
longer o solve problems using three-
dimensional stimuli than those using two-
dimensional stimuli, and this is illustrated in
Figure 5. Both types of stimuli yield the typical
linear function relating reaction tme
angular disparity, burt the intercepts and slopes
are considerably higher for the three-

-dimensional block structures. A further dif-

ference is that errors are more frequent in the
rotation of three-dimensional block structures.
Dara such as these suggest that as sumubi
become more complex in spaual relatons
asks, both speed and accuracy measures will
be related to individual differences in spatial
relations ability.

Pellegrino and Mumaw {1980) conducted an
analysis of individual differences in spatial
relations ability as assessed by tests of three-
dimensional foration. A large number of in-
dividual problems were presented 1o these in-
dividuals permirting the derivation of slope
and intercept measures for both same and dif-
ferent judgments as well as accuracy measures.
Systematic zbility differences were obrained
for all the measures of processing speed consis-
rent with resules obrained by Egan (1979) and
Lansman (1281). In addition, the low ability
individuals exhibited significantly more ezrors
in solving such problems.

Resules from process analyses of spacial rela-
dons ability can be summarized 3¢ supporting
the general hypothesis thar individual dif-
ferences are a function of both the speed and ac-
curacy of executing specific menral processes.

-

When spatial ability is defined by scores on

simple spatial reladons tests involving two-
dimensional rotation, speed of processing is
the primary conuributor to overail differences
in reference rest scores. As one moves along the
continuum of stimulus complexity, accuracy of
process execution, as well as speed of process
execution underlie ability differences on
reference tests. The results of several studies
are consistent in showing that high ability in-
dividuals are faster in encoding and comparning
unfamiliar stimuli and in the execution
of a menml rowation or transformation
process that operates on the internal stmu-
lus representation. :

The differences in encoding, comparison
and rotation processes favoring high ability in-
dividuals are of even greater magnitude with
three-dimensional block stimuli. The com-
plexity of such stimuli also leads to
substantial errors on three-dimensional spacal
relations problems with greater error rares
exhibited by low ability individuals. We will
provide a more derailed discussion of the im-
plications of such results after considering
results from process analyses of spaual
visualization ability.

Spatial Visuslization Performance

In contrast to spatial relations rests, all of
which involve mental rotation problems,
spatial visualization tests are more
hererogeneous, and no single process model
can be applied to 21l tasks or problems. In ad-
dition, problem types such as form board or
surface  development have received con-
siderably less artention in the information pro-
cessing lirerature. This neglect has necessirared
the development and testing of models to ex-
plain performance on individual problem
types, in contrast to the application of an ex-
isting model in spatial relations (mental rora-
tion) problems. We will consider two cases
where process analyses have been conducted
with spatial visualization tasks. Before doing
5, it is important to note some general expec-
tations abour sources of individual differences
in spaual visualization ability. Lohman's
{1979} analysis of spatial relations and spaual
visualization rests suggests thar individual dif-
ferences in these more complex spatial process-
ing tasks are likely to be 2 funcrion of both the
speed and accuracy of executing meneal pro-
cesses with 2 strong possibility thae accuracy
will be more important than speed.
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A related hypothesis is that these problems Test which was illustrated in Figure 2. Rather
require the execution and coordination of than the muldple choice formar of the standard
several separate processes with more informa- wst. they developed problem types requiring
don stored in a visual buffer. Thus, the grearer same-different judgments so that latency and
cognitive complexity may lead o scrategy dif- accuracy of solution could be systemarically
ferences in problem solution, as well as poten- analyzed. Figure 6 contains examples of the
tial breakdowns of solution strategies with in- problems thar were used. Each item conins 1
aeased problem complexity. These expectations completed “puzzle” and a set of individual
have been borne out in studies of individual clements. The task is o determine as rapidly
differences in spatial visualization performance. and accurately as possible if the completed ob-

Mumaw and Pellegrino (in press) scudied ject can be constructed from the set of elemencs,
performance on problems modeled after those i.e.. whether the completed object and the ser
found on the Minnesota Paper Form Board of elements are the “same’ or "different’”.

ﬂ (j Rotated & Displaced
ll p% Encoding, Search, Rotation, Comparison, Respense
4
Rotated

@ )1> d Encoding, (Search), Rotation, Comparison, Response

% P Displaced ,
OQ Encocging, Search, Comparison, Response

O Separated
%Q Encoding, Comparison, Response

Wholistic

%L < Encoding, Comoparison, Responsae

Fgure 6. Problem types used in the analysis of form board performance (from Pellegrino
& Kail, 1982; reprinted with permission).
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The problems wused by Mumaw and
Pellegrino (in press) had several systemanc
variations. One variation, which 5 shown in
Figure 6, was the manipulaton of the elements
themselves ranging from roradon and displace-
ment in the picture plane, the most difficulr
condition, to a holistuc identiry march, the
easiest condition. A second variation with each
condition was the number of elements in each
type of problem, ranging from 2-6. A third
variation was whether the completed puzzle
and the clements marched. Mismartches were of
two types, either one element was incorrect or
all the elementss were incorrect. These tem
manipulations were designed o test a process
model which included encoding, search, rora-
tion, comparison, decision and response pro-
cesses and  provide estimares of the ume
associated with each process,

Performance in this spaual visualization rask
was a systematic function of problem type and
processing complexity. This is illustrated in
Figure 7. The top panels of Figure 7 show per-
formance on problems where the completed
puzzle and the elementss march, e, same
judgments. The left and right panels show per-
formance of individuals with high and low
spatial visualization ability. For both groups of
individuals, the time for problem solution in-
aeased as a funcuon of overall problem (pro-
cessing) complexity and within each problem
type a5 a funcrion of the number of rimes each
process needed 1o be execured. Error dawm
showed 2 similar pattern. As shown in Figure
7, there were systernatic larency differences
between the high and low ability individuals.

As problem complexity increased, ability
differences in solution ume and errors also in-
creased. This was also reflecred in correlatons
based on measures of process execution speed
derived from fitting the information process-
ing model to the data of individuals. The bot-
tom two panels of Figure 7 show performance
differences on problems with a complete
mismartch berween the completed puzzie and
the array of elements. High ability individuals
were very fast and accurate in detecting these
musmarches while low ability individuals were
exceedingly slow and inaccurace. To adequare-
ly model the dara, Mumaw and Pellegrino (ip
press) had to incorporate an assumprion of
processing incfficiency in detecting differences
which then accounted for both the latency and
error rates. Individual differences in visualiza-
tion ability were predicted by a combinauon of
both speed and accuracy measures from this

processing  task.  However, the  accuracy
measures made a mote substanual conuibu-
ton to the prediction of individual differences
in ability lfevel.

Thus, with more complex spauial tasks such
as the form board, it is not simply 2 marrer of
how quickly one can execure menal processes
bur how accurately they can be executed and
how well they are coordinated when multiple
processes and cycles of processing are required.
A subsequent study of performance in this
type of processing rask, showed that high abili-
ty individuals also exhibited a more systeman
and “‘analytic” solunion swategy in solving
form board problems (Pellegrino, Mumaw, &
Shute, in press).

An additional spaual visualization task that
has been studied is solution of surface develop-
ment type problems (see Figure 2). Shepard
and Feng (1972) examined performance in 2
task  where individuals were  presented
representanons of flat, unfolded cubes. Two of
the squares had marked edges and the rask was
to determine if the marked edges would be ad-
jacent when the pattern was folded o form the
cube. The items varied in the number of 90
degree folds required to bring the marked
edges together. [tems were also classified by
the number of surfaces thar had o be mentally
carried along with each fold. Decision times
for items were a linear funcrion of the ol
number of folds and surfaces that had o be
processed to solve a problem. The slope of this
functio.: provides an estimate of the tme re-
quired for each mental wransformartion while
the intercepr reflects other processes such as
encoding, decision and response.

Alderton and Pellegrino (1984) used a
variant of this task ro study individual dif-
ferences in spatial visualizacion ability as de-
fined by performance on the surface develop-
ment test from the Differential Apritude Test.
Each problem consisted of rwo unfolded cubes
presented successively. Each cube had shaded
surfaces and the individual’s rask was to derer-
mine for each cube the relationship(s) of the
shaded surfaces and whether the wo cubes
were therefore the same or different in shading
parrern. Ability differences were nor associated
with the speed of solving these problems, the
worrelation berween mean response latency and
reference test scores was almost zero. Ability
differences were associared with the accuracy of
solutdon, and high ability individuals could
solve  problems involving more complex
folding patterns.
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Figure 7. Solution latency for form board problems as a function of problem type and ability
level (from Mumaw & Pellegrino, in press; reprinted with permission).
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Fgure 8. Solution latency for surface development problems as a function of problem complexity
and ability level (from Alderton & Peliegrine, 1984).

A deailed analysis of the latency dawa re-
vealed an interestng difference berween the
high and low ability individuals and helped ex-
plain why mean solution latency was unrelated
o ability. Figure 8 shows the relationship be-
rween problem solution rime and problem com-
plexity. The high ability individuals showed a
very systematic larency partern consistent with
Shepard and Feng's (1972} daca. Problem solu-
tion time Increased with each addidonal surface
w© be manipulated for final solution. In con-
trast, the low ability individuals showed 2 much
less systernatic latency pattern suggesung an ef-
ratic solution procedure and/or a breakdown in
the ability to coordinate the image beyond a
certain level of complexity. The erratic latency
pattern coincides with their lower overall ac.
curacy of solution.

Process analyses of individual differences in
spaval  visualization ability provide resulss
complementary to those obuained from
analyses of spatial relacions ability and supporc
interpretations of differences berween these
subfactors of spatial abilisy (Lohman, 1979;
Michael, 19%4: Zimmerman, 1954). Firse,
more individual processes are required for
problem solution leading o 2 longer average
solution time and a greater likelihood of error.
Second, while individual differences are partly
arrributable o speed of process execution, as

in spatizl reladons tasks, they are more
associated with accuracy or power. The latter
may reflect three differences in cognitive
capacity berween high and low ability in-
dividuals: (a) assembly, coordination and
monitoring of a complex solution procedure,
{b) amount of information that can be retain-
ed and coordinated, and (¢} quality or preci-
sion of the information represented and subse-
quently wransformed. More precise and derail-
ed process research must be done to evaluate
these possiblities.

Conclusions and Implications

We have provided an overview of efforts to
understand spacial ability (see also Cooper &
Mumaw, in press, Peilegrino & Kal, 1982},
One element of doing so involves the
reorganization and incerpretation of
psychometric studies of this domain of in-
weilectual performance. Lohman's (1979) ex-
rensive examination of psychomerric studies
has helped identify rwo major subfactors and
some of the relevane differences berween these
subfactors. The correlared  dimensions of
speed-power and cognitive complexicy as bases
of rask and individual differences are sup-
ported by process oriented research.
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Process analyses of individual differences in
spatial problem solving have provided a more
detailed picture of the cognitve mechanisms
mpped by this domain of intellectual rasks. In-
dividual difference data obrained from sparial
relations and spawal visualization tasks can be
considered together to formulate a preliminary
answer to the question of what constitutes
spatial ability. By looking across rasks and
studies, one might initally conclude thar
spatial ability is a funcuon of several capacities
such as those included in Kossiyn's (1981)
theory of mental tmagery. One is the ability to
establish precise and stable internal representa-
tions of unfamiliar visual stmuli. Such
representations can then be operated on or
transformed with minimal informadion loss or
degradation. It appears thar individuals high
in spatial ability are often faster at representing
and comparing unfamiliar visual sumuli and
what is ultimarely represented and compared is
more precise.

Differences in the quality of representation
may also give rise to other speed differences
such as superior rotation and search rates
observed in spaual relations and visualization
tasks. Problems of representation are most ap-
parent in the more complex rasks thar require
the representation and manipuladon  of
stimuli having several interrelated elements. If
we assume that stimulus representaton and
processing involve a visual shorr-term memory
ot buffer (Kosslyn, 1981), then ability dif-
ferences may also be a function of capacity and
resolution within this system.

Differences berween sparial relations and
visualization rasks may partally reflect a dif-
ference in the importance of coding versus
wransformartion processes within this system.
Another difference berween the rwo factors ap-
pears to involve single versus muldiple wransfor-
mations and the coordination and monitoring
of the larter.

A number of issues and details necessary for
understanding spatial ability stilll need w be
wnsidered and resolved. One such ssue is the
use of different straregies in solving complex
spatial problems. Both berwesn- and within-
individual differences can involve the use of
different seraregies and processes in wem solu-
ton. Cooper and Mumaw (in press) and
Lohman and Kyllonen {1983} have explored
this possibility. It appears thar individuals
change strategies as a funcuon of the complexi-
ty and difficulry of problems. An interesting

issue (s whether the selection and use of
strategies is opuimally matwched to problem
characreristics and whether ability differences
result from the swaregy repertoire available
and/or the optimality of the decision rules for
strategy applicacion.

Given thart there are differences in the speed
and accuracy of executing spauial processes and
in the selecrion and use of straregies for prob-
lem solution. another important issue s
whether these differences are fixed or modi-
fiable. Can individuals of low ability acquire
skill in spacial processing as a functon of ex-
perience, practice, and/or rraining? A
preliminary and guarded answer wo this ques-
tion is yes. Pellegrino (1984} reported data
showing that low ability individuals improved
subsrantally in compenents of spatial process-
ing and in measured abilities as a function of
extended practice in spaual ptocessing tasks.
Such data suggest that abilities are modifiable,
but it is unclear atr present whether the im-
provements are task or situation specific versus
more general. Additional studies are needed of
near and far transter of processing skills follow-
ing practice and training.

A final, pragmatic issue also bears considera-
tion. It concerns the assessment of intellectual
ability and the uses of mental rests. For some
time there has been consensus among
psychomerricians that the predictive level of
mental tests has reached an asymprote given
the typical constraints of the testing situation.
The emphasis on prediction partly reflects a
view that intelligence and ability are refarively
stable and inert. If we adopt the view that
ability is malleable, as suggested by informa-
tion processing and developmental research,
then the value of a rest becomes us diagnostic
value for instrucrional decision  making
and planning.

Current mental tests are not terribly useful
for such purposes. One could hope that by
combining process analysis with  existing
psychometric  procedures, instruments and
westing siruations could be developed thar,
although they may be no more predictive than
their predecessors, will provide more extensive
dagnostic  information  regarding  an  in-
dividual’s cogninive assers and labilines. This
would include cesting sirundons sufficiently
extensded so thar changes in performance could
be observed, including the capacity to adapt o
novel siuadons and automate performance
{Sternberg, 1984).
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