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INTRODUCTION

The research discussed in this chapter relates to aptitude analysis and to the
analysis of technical skill competence. In both cases, the focus is on the
general area of spatial cognition and processing. Spatial ability represents a
major individual differences factor (see, e.g., Lohman, 1979; McGee,
1979). However, such abilities are only weakly related to typical academic
achievement. There is no major curriculum area that focuses primarily on
spatial cognition and processing. Nevertheless, spatial ability measures, like
other aptitude and intelligence measures, have served as useful predictors of
success in other environments. McGee (1979) identified two major areas
where spatial tests have been utilized for prediction. One area is industry
and the other involves certain academic settings and vocational -technical
training programs. In the job performance area, spatial ability tests have
been most useful for predicting success in engineering, drafting, and design.
In academic settings and training programs, spatial tests have been most
strongly correlated with performance in mechanical drawing, shop courses,
art, mechanics, and to some extent mathematics and physics.

Although correlations exist between spatial aptitude measures and job or
technical course performance, there is little substantive theoretical basis for
explaining and understanding such relationships. Our research on spatial
cognition and processing, as well as that of others (e.g., Cooper, 1982) has
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been directed at establishing such abase. In the remainder of this chapter we
first illustrate some initial attempts to understand the cognitive skills under-
lying both spatial aptitude and achievement. The next section focuses on
efforts to design and use a systematic set of problems to analyze components
of processing in a complex spatial aptitude task. The task isa standard index
of spatial visualization ability that is predictive of success in technical skills
courses such as engineering design and graphics. The following section
discusses some initial work that examines dimensions of performance in the
engineering design and graphics area. These two focuses are largely discon-
nected at present, although at the end of the chapter we consider some
directions for linking them together.

SPATIAL APTITUDE ANALYSIS

One approach to studying the nature of aptitude is to apply cognitive
process theory and methodology to the analysis of performance on tasks
found on various aptitude test batteries. This so-called cognitive compo-
nents approach (Pellegrino & Glaser, 1979) does not presuppose that apti-
tude is uniquely defined by the circumscribed performances required by
tests. Aptitude or ability covers a much wider range of knowledge and skill.
However, the cognitive components approach recognizes that various tests
have been devised that reliably assess individual differences in cognitive
abilities and that these differences are predictive of success and achievement
in diverse real-world settings. The question is, then, what are the skills that
are being assessed by such instruments and how can the basis for individual
variation be understood? The goal is to treat the tasks found on aptitude
tests as cognitive tasks (Carroll, 1976) that can be approached and analyzed
in the same way that cognitive and developmental psychologists have ap-
proached and analyzed other cognitive tasks.

An initial step in a systematic analysis of individual differences in spatial
aptitude is identification of the domain of tasks that serve to define it. This
involves identifying a core or prototypical set of tasks that frequently occur
across many widely used spatial aptitude tests and that have a history of
consistent association with the spatial aptitude construct. Such an initial
step delineates the task forms that should serve as the target for rational,
empirical, and theoretical analysis. A multitask approach is important
because an adequate understanding of individual differences in spatial abil-
ity cannot be based on an intensive analysis of only a single task with a high
loading on the spatial aptitude factor(s). Rather, it is necessary to conduct
analyses that consider the various tasks yielding correlated performance, and
in 50 doing specify a set of performances that define the aptitude construct.
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A successful analysis of multiple tasks should provide a basis for under-
standing the patterns of intercorrelations among tasks. More importantly,
the analysis of multiple, related tasks should permit the differentiation of
general and specific cognitive processes and knowledge. This differentia-
tion can lead to a level of analysis where research can be pursued on the
feasibility of process training and transfer.

Spatial aptitude has remained a nebulous psychometric construct even
after 70 years of psychometric research. There appears to be little agreement
among major studies about the number of distinct spatial abilities that may
exist and how best to characterize each one. Lohman (1979) has provided
an overview of some of the problems encountered in trying to integrate the
major factor-analytic work that has been done on spatial aptitude. First,
identical tests appear with different names in different studies, and tests
given the same name are often quite different in appearance and cognitive
demands. A second problem is that subtle changes in test format and
administration can have major effects on the resultant factor structure. A
typical change that can produce such an effect is the use of solution time as
opposed to number correct as the measure of performance. Finally, perhaps
the most important difference relates to procedural variation in factor ex-
traction and rotation.

To correct for some of the problems just described, Lohman (1979) reana-
lyzed the data from several major studies in an attempt to isolate a common
set of spatial factors. The result of these efforts was the delineation of three
distinct factors. One factor, labeled Spatial Orientation, appeared to in-
volve the ability to imagine how a stimulus or stimulus array would appear
from another perspective. Typically, such tasks require the individual to
reorient himself or herself relative to the array, as when in a plane or boat that
shifts heading relative to some land mass. The other two factors were
labeled Spatial Relations and Spatial Visualization. The spatial relations
factor appears to involve the ability to engage rapidly and accurately in
mental rotation processes that are necessary for judgments about the identity
ofa pair of stimuli. Spatial relations tasks can be found in test batteries such
as the Primary Mental Abilities test (PMA; Thurstone & Thurstone, 1949).
The spatial visualization factor is defined by tests that are relatively un-
speeded and complex. Such tasks frequently require a manipulation in
which there is movement among the internal parts of the stimulus configura-
tion or the folding and unfolding of flat patterns. Spatial visualization tasks
can be found in test batteries such as the Differential Aptitude Test (DAT;
Bennett, Seashore, & Wesman, 1974) or as separate tests such as the Minne-
sota Paper Form Board Test (Likert, 1934; Likert & Quasha, 1970).

The differences between and among spatial relations and visualization
tasks seem to reflect two correlated dimensions of performance (Lohman,
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1979). One of these is the speed-power dimension. Individual spatial
relations problems are solved more rapidly than spatial visualization prob-
lems, and the tests themselves are administered in a format emphasizing
speed in the former case and both speed and accuracy in the latter case. The
second dimension involves stimulus complexity. A gross index of com-
plexity is the number of individual stimulus elements or parts that must be
processed. Spatial relations problems, although varying among themselves
in complexity, involve less complex stimuli than do spatial visualization
problems. In terms of a process analysis of spatial aptitude, the important
question is whether individual differences in performance on these various
tasks reflect differential contributions of the speed and accuracy of executing
specific cognitive processes.

Considerable attention has been given to the analysis of performance on
spatial relations tasks (see, e.g., Pellegrino & Kail, 1982). Studies have
examined sources of gender, individual, and developmental differences in
performance on simple mental rotation problems. These studies have ap-
plied a process model originally developed by Cooper and Shepard (1973)
for mental rotation tasks. The results are quite consistent in showing that
substantial speed differences exist in the encoding and comparison of unfa-
miliar stimuli and in the execution of a rotation or transformation process
that operates on the internal stimulus representation. Adult individual
differences exist in all these components of processing and they are mirrored
by overall developmental trends. The limited analyses of age changes fur-
ther suggest that individual differences initially relate to encoding and com-
parison processes and that the rotation process subsequently becomes an
increasingly important source of individual differences. A further potential
source of individual differences, one that needs further analysis, involves the
strategy for task execution. Systematic individual differences may also exist
in the speed and criteria for judging the mismatch between stimuli in differ-
ent orientations.

The differences in encoding, comparison, and rotation that exist for sim-
ple spatial relations tasks are of even greater magnitude in complex spatial
relations tasks employing more abstract stimuli. The complexity and ab-
stractness of the stimuli lead to substantial errors on such problems that are
also related to individual differences in reference test scores. The particular
errors that seem most important for differentiating among individuals in-
volve the processes associated with comparing figures for differences. La-
tency data for different judgment performance also contribute to predicting
individual differences in reference test performance. The data indicate that
individuals experience considerable difficulty in establishing the correspon-
dences between common segments of complex stimuli, leading to several
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iterations through a sequence of processes and often culminating in an
incorrect evaluation or guess.

The tasks associated with spatial visualization have received considerably
less attention than spatial relations tasks. Relatively little has been done to
develop and validate information-processing theories and models for such
tasks. There are two major exceptions; these include the early wgrk of
Shepard and Feng (1972) and our own recent work (Mumaw, Pellegrino, &
Glaser, 1980; Pellegrino, Cantoni, & Solter, 1981). Shepard and Feng
(1972) studied performance in a mental paper-folding or surface develop-
ment task. In the Shepard and Feng study, individuals were presented a
representation of a flat, unfolded cube. Two of the surfaces l_lad marked
edges and the task was to decide if the marked edges would be adjacent yvhgn
the pattern was folded to form the cube. The items that were used varied in
the number of 90-degree folds required to bring the two marked edges
together. Items were also classified by the number of surfaces that had to be
carried along with each fold (i.e., the number of surfaces that had to be
mentally moved to complete each new fold). Ten different stlm_ulus values
were obtained and decision times for items showed a general linear trend
consistent with the total number of folds and surfaces that had to be pro-
cessed to solve a problem. Shepard and Feng were not explicit about a
model of performance for this task. Thus, the component processes and
their sequencing are not well understood at present and no systematic pro-
cess analysis of individual differences has been conducted.

ANALYSIS OF A SPATIAL
VISUALIZATION TASK

Our analyses of spatial visualization involved performance on the Minne-
sota Paper Form Board (Likert & Quasha, 1970). Figure 1 illustrates a
typical problem from this test. The individual is presented wi’gh an array of
pieces and five completed figures. The task is to determine which of the five
alternative choices is the correct figure that can be constructed frorq the
particular set of pieces. Our analysis of the form board task began with a
rational task analysis of the types of problems presented on this test and the
dimensions that seem to underly task difficulty and errors. Items on form
board tests vary in the number of individual stimulus elements that must be
processed, their similarity, and the number of mismatching pieces for incor-
rect solutions. '

From the standpoint of the cognitive processes necessary to solve an 1ten},
we hypothesized that the elementary processes included encoding, compari-
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test. This was a function of the unsystematic nature of the problems them-

selves. To circumvent this, we developed a variant of this task thatemulated
the problems and processing required by the psychometric test items. The
item type that was created for our studies is shown in Fig. 2. Individual
stimulus pairs were constructed consisting of a complete figure and an array
ofindividual pieces. The stimuli were both selected from psychometric tests

and constructed so they would permit the evaluation of several models of
performance.

Figure 2 also shows a process model for
type. We assume that there is an initial
followed by a search for a potentially corresponding piece. Given the iden-
tification of a possible match there is rotation to bring the two stimuli into
congruence so that a comparison process can be executed. Ifthe two pieces
correspond and all pieces have been examined then a positive response is
executed. If all pieces have not been examined then the entire process
recycles for examination of another stimulus element. There are three
required processes and two optional processes that depend on the nature of
the stimulus type. The example problem is one presumably requiring all
five processes. The search process is required because the pieces are ran-
domly arranged and have been displaced relative to each other given their
position in the completed figure. The rotation process is required because
each piece has also been rotated in the picture plane in addition to being
spatially displaced. Both rotation and displacement characterize items on
psychometric tests. The appropriate general latency equation for such
items is also shown in Fig. 2. By varying the number of stimulus elements

performance on an item of this
encoding of one of the pieces
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