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The goal of this paper is to review advances in the study of
individual diTferences and consider some of their practical implications.
We are not concerned with all aspects of human intellect but with the study
of spatial ability which constitutes an important subset of research on
spatial cognition. There are a variety of reasons for being interested in
the study of spatial cognition in general and spatig) ability in
particular. First, it is of theoretical and practica] significance to
understand how individuals represent the physical world in which they
operate, Evidence exists for a theoretical separat1on of physical or
spatial representations and semantic or conceptual representations. There
is also a substantial body of literature suggesting the existence of
something called spatial ability which is differentiable from general
ability and verbal ability. In addition, there appear to be group
differences in spatial ability. For example, males tend to score higher on
measures of spatial ability. Finally, measures of spatial ability frequently
add unique varfiance for predicting performance in certain courses such as
engineering design or graphics and occupations such as mechanic, architect, or
pilot. The preceding is only a cursory list and more will be said about some
of these generalizations in the subsequent sections of this paper.

While our general goal is to review research on spatial cognition and
spatial ability, our specific goal is to show how an information processing
approach to the study of human cognition can facilitate our understanding
of individual differences in spatial ability. We will try to show how such
an approach has been fruitful for organizing, analyzing and interpreting an
extant body of theory and data on spatial ability. To do so we first review
psychometric studies of spatial ability. Such a review traces some of the

background and history of the concept of a separate "spatial ability." It

also serves the purpose of identifying and clarifying some of the confusion
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5 surrounding this ability domain with respect to factors, subfactors, and
"t tests. Using Lohman's (1979) reanalysis as a framework, we argue for a set

e : of related spatial factors which can be understood in terms of cognitive

;g{ processing demands. The organizational framework also leads to certain

%ﬁ predictions about sources of individual differences which are substantiated
52 in information processing reseafch.

vgf The second major section of this paper is concerned with theories and
?w models of spatial information processing and their application to the

! analysis of individual differences in spatial cognition. Such theories and
gg models have been developed apart from psychometric theories of spatial

y

o ability, with little or no concern for issues of individual differences.
Nevertheless, they provide an analytic framework and a methodology for

g studying tasks, people and the interaction between the two. In this secticn

; we briefly consider Kosslyn's (1980, 1981) theory of mental imagery and
'f’ applications of this type of theorizing to the study of spatial ability.
éﬁ OQur primary focus is on studtes of individual differences in components of
gg spatial processing and the relationship to psychometric factors and tests.
Ei Another specific goal of this paper is to show how an information
3; processing perspective leads us to ask questions about the development and
ij: acquisition of spatial ability that would not necessarily follow from a
‘#, psychometric or measurement orientation. In the third major section we
gﬁ review studies of two types indicating substantial absolute changes in
ig people's ability to manipulate "spatial information." One class of studies
e focuses on age changes in spatial processing while the other class of
?S- studies focuses on within individual changes as a function of experience
:gg and practice. Results from these studies have interesting implications with
”i respect to views about the modifiability of abilities, the goals of
i
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. testing, and alternative assessment procedures.
Xé’ N
E&g The final section of this paper is a consideration of how the various
i) ’
:«J ) streams of research can be used address practical concerns. One such
o concern is the assessment of human abilities, in particular, improvements
e
:§$ in assessment that might come about through the use of modern technology.
ey ’
3;: We argue for three things. First, that information processing research
g;b allows one to develop more precise indices for the types of processing
o ‘
%&g‘ associated with typical spatial factors. Second, that such research also
0
N leads to the generation of new types of tests. Third, that technology makes
a{ possible tests of dynamic spatial processing which can contribute to both
4 ;:
T‘ theory development and practical assessment. Finally, we consider the
i
ol implications of information processing research with respect to the
fﬁ; purposes and uses of testing.
R
o
iﬁf Psychometric Analysis of Spatial Ability
For nearly fifty years the psychometric literature has suggested the
&
ikj concept of a separate spatial ability differentiable from other
:1-_‘.
o> intellectual abilities such as verbal, quantitative and reasoning ability.
 \Fea
:fﬁ Independent of any particular factor theory, it must be conceded that next to

a verbal ability factor a distinct spatial factor is the most frequently

i ‘Jd’o'\- -

et
=

occurring in the psychometric literature. Paper and pencil tests employing
T figural-pictorial stimuli have been used since the early 1900's. The original
iS% paper and pencil tests were actually drawn versions of wooden performance
:§§ tests such as form boards, mazes and pegs (Smith, 1964). They were intended
%“’ as general intelligence tests for persons who had little education or poor
éa. verbal expression skills (e.g., United States Army Beta, 1917). However, well
;Sﬁ' before their use as non-verbal intelligence tests, invostigators had employed
2§i them in studies which showed their importance in predicting success in various
§¥.
N 3
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trade and engineering courses (e.g., Minnesota Mechanical Assembly Test, 1928;

éég' see Likert‘& Quasha, 1970). The first reported study of the inter-test

§§§, structure of paper and pencil spatial measures was by E1 Koussy (1935; cited

' in Smith, 1964). The author argued for a broad group factor in the

%3%; correlation matrices which went beyond Spearman's g. E1 Koussy claimed that
:Efs it was characterized by the investment of visual imagery in the solution of
e individual problems.

;E“~ By 1950, research demonstrating a separate spatial ability was so

QIQF . voluminous that Vernon (1950) proposed a modification of Spearman's theory.
ey Vernon's proposal was for a hierarchical theory that placed two broad group
};ﬁ factors between Spearman's apical g and the large number of test specific

?ﬁﬁ factors at the bottom. One of the large group factors, v:ed, represents

. verbal, numerical, reasoning and memory abilities. The other group factor,
EEE k:m, represented the complex of spatial-practical-mechanical abilities. These
32_* were considered more heterogenous than the v:ed group because they are not
§§g solidified and maximized through schooling. According to Vernon, this ability
QTE‘ complex was assessed by "mechanical and spatial, physical and manual, and some
353 non-verbal g, perceptual and performance tests" (p. 32). At the time, this
5%; represented a major break from the °‘two-factor' theory of Spearman.

ﬂﬁ Major Psychometric Studies

};J Vernon's theory focuses on the broad group k:m factor but allows for

::-2 ‘minor' spatial factors. By minor, Vernon was referring to the plethora of
EEE% spatial-like factors identified by American researchers, chiefly, Thurstone
)

and Guilford. Thurstone (1938, 1944) had reported both spatial and perceptual

- :
-A‘

f‘_..-%.-
Pl -
XAF XL

‘s

factors while Guilford (Guilford & Lacey, 1947; Guilford, Fruchter &
Zimmerman, 1952) reported a perceptual factor along with several spatial

factors. By the mid-1950's at least four replicated spatial factors had

r

emerged in the psychometric literature; perceptual speed, spatial relations,
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 “, ~ spatial orientation and spatial visualization. (Examples of marker tests for
fi%g these factors are presented in Figures 1-4 and are discussed subsequently.)
'3\% ' While all of the relevant research cannot be reviewed, several milestone

Q?V- studies will be reported (for complete reviews see Lohman, 1979; McGee, 1979;
é%ﬁz Smith, 1964; Vernon, 1961). The focus of the review will be to present the
'&E? emergence of a contemporary'view of spatial abilities.

i.ﬁi In Thurstone's (1938) Primary Mental Abilities study, he extracted 13
32§§ orthogonal factors from 56 tests administered to several hundred college

b students. For our discussion only two of the factors are of interest.

‘.53 Thurstone found a large perceptual speed factor, labeled P, which was chiefly
;:%% defined by his Identical Forms test, Figure 1 contains problems adapted from
this test (Identical Pictures; Ekstrom, French & Harman, 1976). The test

g
e -
F N

requires an individual to rapidly find a match for the leading figure among

“

s
'

;é, the five alternatives to the right. The author described the factor as

i representing facility in rapidly perceiving detail. A single spatial factor
§é§§ emerged in the study, labeled S, which had significant loadings for a number
%:ﬁi of tests including flags, lozenges, cubes, form board, surface development and
}if punched holes. Thurstone characterized his S factor as “"facility in spatial
f?;; and visual imagery (p. 80)." Flags, lozenges and cubes all require the

§E§ irdividual to decide if a pair of objects are logically consistent or

3; n represent the same side of an object (see Figure 2). In the flags test,

'Ej examinees are presented with a pair of asymmetric flag drawings in different
:ég orientations. The task is to decide if the drawings represent the same side
gy of the flag; the individual must mentally reorient one member of the pair to
%é;; complete the item. There are several versions of the lozenges test but all
iii use small parallelograms with markings to distinguish front from back and top
%‘“ from bottom. The examinees must decide the location of the markings on a
o
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lozenge in a different orientation. A variant of the cubes task (from |

LA

i
az: Ekstrom, French & Harman, 1976) is presented in Figure 2. Each item consists ‘
%d of a pair of cube drawings which have letters on the three visible surfaces.
ifi; The testee must decide if the two cubes are logically consistent by mentally
féﬁ reorienting one member of the pair. The surface development, punched holes and
T;}Q form board tests (see Figure 4) require much more complex mental

%E%\ transformations of the stimuli for problem solution than the above three

:é%g tests. In the surface development test a three-dimensional object is

Yol presented along with a flat 'unfolded' representation of the abject. The

NG individual must mentally fold the flattened object to determine which of its
jﬁf marked edges would coincide with those on the completed object. The punched
:Eig holes test presents the individual a series of drawings representing the

1%1% folding of a square piece of paper which is then perforated. The individual's
i%?é task is to determine the pattern of holes that would be created when the paper
i?:' is unfolded. The form board test consists of small puzzles. The examinee is
g ;3 given a set of puzzle pieces and a completed outline. The task is to decide
i;}ﬁ if the pieces can be connected to produce the complete outline (for a similar
i)' test, see Figure 4). |

f | Guilford and Lacey (1947) edited a volume which summarizes sixteen factor
;jﬁﬁ analytic studies comprising the Army Air Forces Aviation Psychology Program
;i,‘ (AAF) of World War II. These studies identified a perceptual speed factor

Pfj (P), two strong spatial factors named Spatial Relations (SR) and Visualization
Eﬁ%g (vz) along with two more tentative spatial factors (simply, S2 and S3). The P
o factor was defined by tests requiring the rapid identification of similar

iiﬁé stimuli in a spatial array such as airplane silhouettes and arbitrary simple

" figures as described above. The authors described the factor as involving

%} "the rapid comparison of visual forms (p. 823)". The SR factor was similar to
£§§ Thurstone's (1938) S factor and was defined by his flags, figures and cards
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tests which were described above. Other tests used by the AAF researchers
that loaded on the SR factor were similar in format but differed in content,
using gun, plane and tank silhouettes. The Vz factor was marked by tests
similar to Thurstone's surface development and punched holes tests. Guilford
and Lacey (1947) say the Vz "factor is strongest in tests that present a
stimulus either pictorially or verbally, and in which some manipulation or
transformation to another visual arrangement is involved" (p. 838). The S2
factor was identified by only a few tests such as Thurstone's hands where the
individual must decide if the hands presented are right or left; thus the
factor was characterized as requiring "an appreciation of right-hand-left-hand
discrimination" (p. 838; see Figure 3). The S3 factor was later dropped since
it was identified in only one of the studies and then by only two psychomotor
tests; Two Hand Coordination and Rotary Pursuit.

Guilford, Fruchter and Zimmerman (1952) report the analysis of a large
battery of tests administered to over 8000 aviation recruits tested as part
of the AAF project but left unanalyzed in the 1947 (Guilford & Lacey)
report. Four of the 13 orthogonal factors extracted are important for this
discussion. The P (perceptual speed) factor was best defined by Speed of
Identification A and C. In form C, parailel strings of arbitrary objects
were presented and the examinee's task was to find the matching pairs
(Guilford & Lacey, 1947, p. 380). Form A was more complex and utilized

drawings of airplanes many of which had been rotated. However, in many cases

rotation for correct matching does not seem necessary. Regardless, the two
forms defined the factor but much of the form A variance was split off onto
the SR factor. The SR factor was marked by some of the same tests as in the
1947 report; Object Identification I and II. Form I was modeled after

Thurstone's Flags and Cards but employed silhouettes of guns, tanks, planes,

I-’
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etc. In the test, a standard is presented along with 5 alternatives which
ﬂ@ are rotated versions of the standard; the individual must pick out the ones
that show the same side of the standard. Form II is the second part of the
test but employs Thurstone's original flags. A third spatial factor, Spatial

Orientation (S0), also emerged in the study and was described by the authors ‘

i;ﬁ _as requiring empathetic involvement where “orientation is with respect to his
gqi H own body" (p. 55). This facté;'appears similar to the S2 factor from the 1947
§§E analysis. Among the tests that marked this factor was Visualization of

%&3 Maneuvers C where the individuals must choose from among five alternatives the

correct picture of an airﬁiane following several maneuvers. An important part

Fh

>
K 2

of this task is that the examinee must make the designated transformations

i
Py’

from the pilot's position (i.e., right is relative to the pilot of the
pictured plane; see Figure 3). Aerial Orientation also defined SO. In this

e

test the individual is given a cockpit view of a shoreline and must use this

to choose from among 5 alternatives the correct photograph of a shoreline with

R an airplane above (see Figure 3). The final factor of importance in the study
ii; was the Vz factor. The factor was defined by a complicated version of
Ejﬁ Thurstone's punched holes test called Visualization I. The other reference
§:< test was Visualization II which required the examinee to read a description of
5 : a solid cube that was painted different colors on each face and then cut into
? . smaller blocks. The testee was then to determine the number of blocks with
;%ﬁ varying color combinations (e.g., how many blocks with 1 blue and 1 red
szé surface?). Overall, these factors converge well with those reported in the
- 1947 summary.
é i The SR and Vz factors identified in the Guilford and Lacey (1947) and
;f: Guilford et al. (1952) studies appear to represent a partitioning of

Thurstone's S factor. To bolster the validity of the earlier analyses,

Zimmerman (1953) reanalyzed Thurstone's PMA battery utilizing newer factor
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& ~ #
£§§ rotation methods. The reanalysis showed two orthogonal spatial factors
;g§ instead of the single S factor originally reported. The first factor, SR, was
ﬁdﬁ similar to Thurstone's and defined by flags, lozenges and cubes. The second
§:E factor, Vz, was defined principally by the punched holes and form board tests
{ééé although all of the spatial tests had positive loadings on both factors.
oS Zimmerman (1953) describes the difference between the two factors in terms of
1§:§: item and transformational complexity. The simpler SR factor tests require
%%: quick comparison and mental rotation or empathetic involvement while the more
"' complex visualization problems, requiring many transformations, evokes a
i#r detailed mental representation that can be operated on. Zimmerman (1953)
1'| suggested that the two factors may actually represent a break in a continuum,
". Indeed, another reanalysis by Lohman (1979) supports this notion by showing
32& that the two factor solution (SR and Vz) was appropriate but that the factors
%g should be allowed to correlate (the actual correlation was .64).

o LZimmerman (1954a), following his extensive experience with the AAF
:%; studies, published a more formal and general restatement of his earlier
:ég (1953) hypothesis concerning the nature of the spatial factors. He argued
ﬁi: that the factor composition of spatial tests was a function of item
? §~ complexity. Specifically, he proposed that as problem complexity increased
?42 the test should respectively emphasize perceptual speed, spatial relations,
3;; visualization and reasoning. This hypothesis is partially supported by the
{#? separation of the SR and Vz factors in the reanalysis of the PMA
g*@ correlation matrix. The more complex tests, surface development, punched
‘:E holes and form board, split off and defined the Vz factor. The item
-:§E complexity hypothesis was explicitly tested by Zimmerman (1954b) utilizing
5;; three versions of the Visualization of Maneuvers test developed for the
??L - AAF. The test showed the silhouette of an aircraft followed by a
4
;
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ﬁ,. description of either one, two or three maneuvers (e.g., bank 90 degrees

é g right). The individual's task was to select from among 5 alternative

%%f | silhouettes the one showing the correct final orientation. Figure 4 contains
3¢J an example of the more difficult three transformation problems. The

[kﬁ hypothesis was mostly supported. He successfully demonstrated that the three
}: E versions of the test fell on different factors; the test with one

59% transformation loaded mostly on P, the two maneuver version loaded mostly on
§ : SR but some variance was split onto Vz, the three transformation test loaded
3&& solely on Vz. However, Zimmerman failed to show the hypothesized saturation
J't on a reasoning factor.

£§ A Contemporary Reanalysis

iﬂ Lohman (1979) reanalyzed the spatial test submatrices from many of the
:}; largest and most influential aptitude studies conducted in the United States.

The purpose of the project was to organize under a common theoretical and
methodological umbrella the multitude of published factor analytic studies.

The theoretical view was that abilities are best viewed in a hierarchical

;;& structure such as Vernon's (1950, 1961) and Cattell's (1971). The

E). methodological approach was to look for convergent interpretations from a

}i uniform hierarchical factor analysis assisted by cluster analysis and

$§E multidimensional scaling. The reanalysis concludes that, along with the

il perceptual speed factor, three spatial factors are consistently supported by
}%g ’ the available data. The factors are Spatial Relations, Spatial Orientation
‘jg | and Visualization. The factors can be described by their marker tests, as in
oy Figures 1 through 4, and the similarities of the global mental processes which
%3_ appear to be used for item solution (see Carroll, 1976 for a similar type of
%&E analysis). The perceptual speed tasks appear to demand very rapid encoding

and comparison of relatively simple stimuli such as letters, numbers and

iq

%%: nonsense figures. Spatial relations problems also require fairly rapid
‘ 4
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encoding and comparison processes but they additionally require that
alternatives be mentally rotated into congruence with the test standard. The
spatial orientation tests are more diverse but they all appear to tap the
underlying ability to imagine a stimulus array from a different perspective
by encoding the various orientation dimensions (e.g., bank, pitch, heading)
or positions and then translating them to alternative perspectives. The
factor is sometimes difficult to identify since certain problems allow
individuals to either imagine an alternate viewing position or mentally rotate
the entire array (this would be a SR solution). The last factor,
visualization, is represented by a wide variety of tests, but they seem to
share two important features: they tend to be relatively unspeeded and are
more complex than tests which load on the other factors (p. 127).

Lohman (1979) concludes that these factors can actually be described as
representing two correlated dimensions. One dimension is speed-power and the
other is a simple-complex dimension. Using a hierarchical representation
which is shown in Figure 5, the Vz factor abstraction is at the top with tests
below it arranged horizontally with perceptual speed at one end and mental
rotation tests at the other. The vertical axis is the speed-power dimension
while the horizontal axis represents the simple-complex dimension. Tests can
then be located in this positive manifold with the lower left corner
representing the most simple and speeded of all possible spatial tests. This
same representation can been used to describe the mental processes and
processing demands of the tests in much the same way. The origin of the
quadrant represents very rapid and simple matching operations. Movement
upward and away from the origin represents increases in the number and/or
complexity of the processes involved. More will be said concerning the

processes underlying spatial task performance in the next section.
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Predictive Validity

Before considering the cognitive processes underlying performance on the
types of tasks illustrated in Figures 1-4, let us briefly digress to emphasize
why we might be interested in this area of intellectual ability. The
effective use of spatial information is one aspect of human cognition and it
is manifest in situations ranging from navigating through one's environment to
determining the trajectories of approaching objects. These skills are also
required in intellectual endeavors ranging from solving problems in
engineering and design to physics and mathematics. As stated earlier, spatial
tests have a long history of consistent predictive association with a variety
of criteria. Smith (1964; see also McGee, 1979) provides an extensive review
of the predictive validity of spatial tests. These tests are correlated with
many academic courses which are unrelated to general and verbal intelligence
tests. Smith (1948; cited from Smith, 1964) administered a variety of spatial
and intelligence tests to first and second year secondary school students.

The spatial test battery was predictive of engineering drawing (R = .66) and
art (R = ,39) while the Otis Intelligence Test produced correlations of -.07
and .19, respectively. Smith also reports a validity study by Holzinger and
Swineford (1946) which shows that spatial tests are unrelated to foreign
language (-.06), biology (~.00) and English (.00) but strongly related to
drawing (.69), shop performance (.46) and geometry (.23). The Manual for the
Differential Aptitude Test (Bennett, Seashore & Wesman, 1974) reports several
hundred validity coefficients between academic achievement and the DAT spatial

subtest. The highest correlations (in the .60's) were obtained with tests of

A
o
:.2 geometry, math, quantitative thinking and map reading while the lowe