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Individual Differencesin Spatial Ability: Developing
Technologies to Increase Strategy Awareness and Skills

Susanne P. Lgjoie

Department of Educational and Counselling Psychology
McGill University

Individual differencesin spatial ability wereexplored among educational psychology and engi-
neering students asthey related to performance on areal-world spatial task known asthe ortho-
graphic projection task. As expected, educators performed higher on verbal aptitude tests than
engineers, and engineers performed higher on spatial aptitude tests than psychologists. A de-
tailed cognitive task analysis revealed specific spatia strategies for solving the orthographic
projection tasks. These detail ed strategieswere used to design acomputerized |earning environ-
ment called the orthographic projection tutor (OPT). Pre- and posttests of orthographic projec-
tions were administered to a treatment group and 2 control groups. The results indicated that
spatial processes could beidentified and taught to certainindividuals. Aptitude processresearch
can lead to prescriptive forms of adaptive technology. The connection between theory and the
design of computer-based learning environments is discussed.

Thearticlesrepresented in thisissue are dedicated to Richard
E. Snow and represent both thetheoretical and practical influ-
ences he had on the field of educational psychology. From a
theoretical perspective, the work on aptitude led to countless
empirical studiesintheareaof aptitude processes. Theidenti-
fication of individual differencesin aptitudes led to practical
implications for both instruction and assessment. The re-
search presented in this article describes the intersection of
aptitude process research and instruction, using technology
asamedium for assisting learnersto develop their spatial ap-
titude. One aspect of Snow’s legacy has been how his re-
search on individual differences led to adaptive forms of in-
struction using technology, be they intelligent tutoring
systems, microworlds, or computer-based learning environ-
ments (for adetailed review, see Corno et al., 2002). Thisarti-
cledescribeshow theories of aptitude and learning connectin
the design of acomputer-based tutoring system called the or-
thographic projection tutor (OPT). OPT was designed to as-
sist individuals interpret two-dimensional drawings with re-
gard to the three-dimensional objects they represent.
Mechanical engineersand architectsuse orthographic projec-
tion drawingsin their building plans.

Requests for reprints should be sent to Susanne P. Lajoie, Depart-
ment of Educational and Counselling Psychology, 3700 McTavish St.,
McGill University, Montreal, Quebec, Canada H3A 1Y2. E-mail:
|aj oie@education.mcgill.ca

COGNITIVE APTITUDE RESEARCH

Individualsdiffer inavariety of cognitive aptitudesfor learn-
ing from instruction, and no one instructional treatment has
beenfound optimal for all kindsof students. Itisclear that stu-
dent aptitude and instructional treatment variables interact
(Cronbach & Snow, 1977; Snow, 1977). However, research
on aptitude-treatment interactions (ATIs) has not generated
consistent findings that suggest prescriptionsfor adaptivein-
struction. Ontheother hand, information processing analysis,
in conjunction with ATI research, can provide diagnostic as-
sessmentsof processing strengths and weaknesses of individ-
uals on particular tasks and, perhaps, guide instructional de-
sign for specific individuals (Snow, 1980, 1989).

There are two major issues considered in this research.
Thefirst study examinesthe relation between established ap-
titude measures and a spatial task found in engineering, the
orthographic projection task. A cognitive task analysis was
performed that examined individual differences in solving
thistask asabasisfor instructional design of acomputerized
tutor, OPT. The second study testswhether OPT canteachin-
dividuals strategies for solving this real-world spatial task.

SPATIAL ABILITY

Spatial abilitiesform apart of the visual thinking used in ev-
eryday life. Common activities, such as maneuvering a car
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along an unfamiliar road or rearranging furniture, require vi-
sual thinking as do the more complex tasks of tranglating
blueprintsinto buildings (M cKim, 1980). High spatial ability
is related to successful performance in rea-world occupa-
tions such as engineering and architecture (Cronbach, 1970;
Smith, 1964).

Research on spatial aptitude has determined the factors
that underlie spatial ability and the constituents of such fac-
tors (Cooper, 1975; Glushko & Cooper, 1978; Lohman,
1979; Pellegrino, Mumaw, & Shute, 1984; Shepard & Feng,
1972; Shepard & Metzler, 1971). Some researchers have
studied the relation between spatial aptitude, measured by
traditional test batteries, and spatial performance in the real
world (Hegarty & Kozhevnikov, 1999); however, there are
no recommendations regarding spatial ability, its use, or its
development in instruction.

STRATEGIES AND INFORMATION
PROCESSING RESEARCH

A process-analytic approach has been used to examine quan-
titative differencesin observed performance aswell asquali-
tative differences with regard to the strategies used by indi-
viduals on spatial processing tasks (Bethell-Fox, Lohman, &
Snow, 1984; Cooper, 1975; Kyllonen, Lohman, & Snow,
1984; Kyllonen, Lohman, & Woltz, 1985; Lohman &
Kyllonen, 1983; Pellegrino & Kail, 1981; Shepard & Feng,
1972; Shepard & Metzler, 1971; Sternberg & Weil, 1980).
Snow (1978) found that performance could be accounted for
by three types of strategy differences: the sequencein which
processing steps are executed, the steps taken to solve prob-
lems, or summation differences where the organization of
processing can vary within and between persons as well as
across items on a task.

Both aptitude and strategy variations have been described
with regard to spatia visualization ability (Kyllonen et al.,
1984; Kyllonen et al., 1985). Aptitude may limit strategy se-
lection or predict performance within strategy subgroups or
both. Conversely, strategy choice could be unrelated to apti-
tude, but the effectiveness of theimplemented strategy could
belimited by aptitude. Different individuals and skill groups
have been shown to use alternative strategiesfor solving spa-
tial problems. Some individuals compensated for deficitsin
visualization with verbal-analytic strategies and vice versa.
Strategies for solving spatial items can shift from visual to
verbal modesasaresult of minor variationsin tasks (Glushko
& Cooper, 1978; Hunt & MacL eod, 1979; Sternberg & Weil,
1980). Flexibility of strategy use, or strategy shifting, reflects
an individual’ s adaptation to changes in task difficulty. Ap-
parently, higher ability students can apply their knowledge of
the stimulus and task constraints to reduce their processing
burden by using their prior figural knowledge to reduce the
complexity of the spatial task. Study 1 explores such perfor-
mance differences on areal-world spatial task.

STUDY 1: A COGNITIVE TASK
ANALYSIS OF THE ORTHOGRAPHIC
PROJECTION TASK

A process-analytic approach is used to discover which skills
arenecessary to solveaparticular spatial task known asortho-
graphic projection. Orthographic projections are two-dimen-
sional representations of three-dimensional objects (see Fig-
ure 1). Usually an object can be described by a set of
orthographic projections that consist of the top, front, and
right side front on views. This spatial task is an engineering
design problem rather than atest created to measure aptitude.
Individualsareasked to recognize or construct athree-dimen-
sional object from a set of two-dimensional drawings.

Past research hasshown that thereareat | east two effective
strategies employed on spatial visualization tasks (Carpenter
& Just, 1986; Glushko & Cooper, 1978; Hunt & MacLeod,
1979; Kyllonen et al., 1984). One such strategy isaconstruc-
tive approach in which individuals mentally construct visual
representations of objectsthat requiretransformations neces-
sary for problem solution. An analytic strategy consists of
employing a sequential feature-by-feature method of com-
parison and transformation. Similar strategy differenceshave
been found underlying performance on orthographic projec-
tion items (Cooper, 1983; Pellegrino et al., 1984). However,
because a standardized test of orthographic projection items
doesnot exist, itisdifficult tocompareresearchinthisarea. It
is difficult to predict whether or not these same strategy dif-
ferenceswill occur for orthographic projection problemswith
different test formats and what types of aptitude strategy in-
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FIGURE1 Sampleorthographic projectionitem: Draw themissing
side orthographic view.
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teractionsmight apply to them. Thisstudy expandson the ex-
isting knowledge of how individual s solve these problems. A
cognitive task analysis was performed and verbal protocols
were obtained from individuals while they attempted these
problems. By asking expertsand novicesto solvetheseitems,
it was hoped that the nature of efficient strategies as well as
common misconceptionsthat individual s encounter with this
spatial task would emerge. Several research questions were
studied: Because orthographic projections appear to require
complex mental transformations, asdo tests of spatial visual-
ization, which spatial ability tasks are correlated with perfor-
mance on the orthographic projection task? Are there
alternative strategies for solving orthographic projections?
Do relatively expert and novice visual thinkersdiffer in their
strategies for solving orthographic projections?

Method

Participants. A tota of 17 skilled and 16 less skilled
participants were selected on the basis of their experience
with orthographic projection problems. M ost participantshad
graduate degrees and were in the high-ability range. Skilled
individuals had taken at least one coursein mechanical draw-
ing, were familiar with orthographic projection problems,
and were employed by companies where some knowledge of
mechanical drawing was required. In the skilled group there
were 14 engineers, 2 mechanical draftspersons, and 1 com-
puter scientist who specialized in computer graphics. Individ-
ualsin the less skilled group had no prior courses or experi-
ence with orthographic projections and were involved in
occupations that were not identified with spatial or visua
thinking. Of the novices, 14 were educational psychology
students, and 2 were from ahumanities department. Attempts
were made for a balanced sample; however, men tended to
outnumber thewomen inthe engineering sample (14 men and
3women), and thereversewastruein the education sample (6
men and 10 women). Participation was voluntary.

Test descriptions.  Thetest battery included measures
of verbal, fluid, and spatial ability. The verbal and spatial ap-
titude tests were the advanced vocabulary V-4 (ADV) test,
and the paper-folding (PF) and surface development (SD)
tests, respectively (Ekstrom, French, Harman, & Dermen,
1976). Theletter series (L S) test (Thurstone, 1938) was used
as ameasure of fluid ability. Because a standardized ortho-
graphic projection test did not exist, the author designed atest
based on items common in mechanical engineering text-
books, such as French & Vierck (1978; see Figure 1).

The investigator administered tests individually. Testing
took approximately 2 hr per individual. Parallel forms of the
orthographic projection test were administered. Part 1 was
used to collect latency and accuracy data, and Part 2 wasused
to collect verbal protocols during problem solving.
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Results

Characteristics of sample.  Aptitude profiles were
obtained from the performance scores. Group differences on
thetest battery were analyzed by performing t tests on each of
the performance scores. Experts performed significantly
higher than the novices on the spatial tasks and orthographic
projectiontest, whereas novices performed better than theex-
pertsontheverbal test (see Table 1). Both groups scored well
on the measure of fluid ability (LS).

Correlational analysis.  As expected, the spatial apti-
tude measures, surfacedevelopment task (r =.77, p<.05) and
paper folding task (r = .69, p < .05), had the highest correla-
tion with the orthographic projection task, and no correlation
was found between verbal aptitude and performance on the
orthographic projection task (r =—-17, p > .05).

Strategy differences. The expert sample had a 77%
accuracy rate ontheorthographic projectiontask, whereasthe
noviceshad ascoreof 47% correct. Anintensiveanalysiswas
conducted to study the strategic differences across groups on
the orthographic projection test. A description of the coding
schemeis presented inthe Appendix. Introspectionsreveal ed
that participantswith 100% accuracy, whether inthe expert or
novice category, used a constructive strategy. The construc-
tive strategy consisted of visualizing or drawing a three-di-
mensional model of the item in question before drawing the
missing view. The constructive strategy consisted of severa
components: (8) feature decomposition; (b) rotating, folding,
and orienting; (c) hypothesis generation; and (d) verifying or
checking hypotheses.

Feature decomposition refers to examining the ortho-
graphic viewsfeature by feature, hypothesizing about what a
featurelookslikein oneview and testing the hypothesisinthe
next view. For instance, one might hypothesize that afeature
represents a recessed plane and test that assumption in both
the top and front views. By performing this decomposition
systematically, it is possible for individuals to construct a
three-dimensional image or model of what the item repre-
sents. In addition to feature decomposition, some people de-
scribe rotating the top, front, and side views together by
mentally folding theminto amodel of theitem. Other individ-
uas draw athree-dimensional picture of the item. The con-
structive strategy alows them to put forth multiple
hypotheses regarding what the item represents. Thisflexibil-
ity allows them to discard a hypothesis and start over again,
resulting in a higher accuracy rate. A final element of this
strategy is the verification process. Efficient individuas
check and recheck their assumptions even when they have a
correct hypothesis. Some individuals confirm their hypothe-
ses by drawing a three-dimensional representation of their
image before drawing thethird view. Othersobtain athree-di-
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TABLE 1
Expert—Novice Differences on the Test Battery
Sample Size M D
Novices Experts Novices Experts Novices Experts t Value df
Paper folding 16 17 6.64 8.69 221 145 -3.18* 31
Surface development 16 17 18.38 26.41 7.53 4.52 —3.69* 24
Advanced vocabulary 16 17 14.91 12.14 245 3.63 2.56* 31
L etter series 16 17 11.13 12.18 2.25 1.98 -1.43 31
Orthographic projection test 16 17 11.50 18.76 431 4.36 —4.81* 31

*p < .05.

mensional image but verify their measurements of the
side-view lines by examining the lines in the top and front
views. Each stage of this strategy consists of forming an im-
ageor partsof animageand testingto seeif it solvesaparticu-
lar problem.

Expertsgenerally havelarger memory banksfor their par-
ticular domain. For this particular task, experts are able to
generate multiple hypotheses for features in each view, and
they are also able to systematically decompose afigure fea-
ture by feature. An expert might mention the position of the
features, such as the front, back, and height of an object.
These positioning cues may be aform of description, but they
may also serve to assist individuals to orient their images.
Checking mechanisms are also in place, as evidenced by
statements such as “ This line in the center disturbs me.” Ex-
pertsmay recognize problemswiththeir original assumptions
and reformulate their subsequent hypothesis.

Less skilled participants used a mixture of constructive
and analytic strategies. An analytic strategy inthiscaserefers
to matching linesin each view rather than visualizing an ob-
ject. Theanalytics depend on line extensionsto get their third
view as opposed to decomposing features and imaging the
three-dimensional object. Individuals who have difficulty
with these problems use a combination of the analytic and
constructive strategies but use them ineffectively. Partici-
pants will attempt to visualize an object but will not be sys-
tematic enough in visualizing each feature of the item. Even
though they try to hypothesis test, they have a more limited
repertoire of hypotheses regarding visual planes and what
they might represent. These participants often do not verify
their answers because they have not generated an answer.

An error analysis of the protocol data was conducted to
identify the common mistakes or misconceptionsindividuals
had with orthographic projection problems (see Lajoie,
1986). Thisanalysis served to develop a diagnostic model of
remediation used in OPT.

Conclusion

Both groups consisted of high-ability individualsasindicated
by their scoresontestsof fluid ability. Still, expert and novice
visual thinkers differed both in aptitude profiles and in their

performance on the orthographic projection test. The experts
performed higher than thenovicesonthe orthographic projec-
tiontest and ontestsof spatial ability, whereasthenovicesdid
better than the experts on the verbal aptitude measure. These
results suggest that the experts and novices had definite apti-
tude strengths. Spatial ability was highly correlated to profi-
ciency ontheorthographic projections, whereasverbal ability
tendedto benegatively correlatedtogood performanceonthis
task. Compensatory strategies may succeed in simpler spatial
tasks, such as paper folding (Kyllonen et al., 1984), but not in
difficult oneslike the orthographic projection task.

The fact that psychometric tests of spatial aptitude were
foundto correlate highly with the orthographic projectiontest
indicates that the orthographic projection test represents the
same constructs as that of other spatial tasks. Cooper (1983)
did not find astrong rel ation between spatial aptitude and per-
formance on the orthographic projections. However, there
weredifferencesinthe problemformat, aptitudetests, andthe
samples used in thetwo studiesthat could account for the dif-
ferent results.

Expertsin this research had a higher accuracy rate on the
orthographic projection items than the novices. However,
there were noviceswho had perfect scores on theseitems and
performed as efficiently asthe experts. Apparently, the most
efficient participants used the same strategy (constructive)
for solving these problems.

Individua differencesin solving thistask can beexplained
from an expertise perspective as well as a process perspec-
tive. Research on competence building suggests that experts
tend to have more hierarchically based representations of
knowledge (Chase & Chi, 1981). Empirical evidence sug-
gests that high-spatial-ability individuals have more highly
organized mental representations of objectsthan low spatials
(Lohman & Nichols, 1985). The protocols in Study 1 re-
vealed that expertshad agreater repertoire of schemafor two-
and three-dimensional objects. Expertswere ableto generate
awider variety of visual hypotheses when looking at the two
orthographic views. More experts than novices drew the
three-dimensional object in an attempt to find the missing
view. Novices tried to map the images to familiar items but
had difficulty with complex items.

Evidence suggests that there were sequence, route, and
summation differences (Snow, 1978) in the observed strate-
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gies. Individuals differed in the order in which they executed
certain processing steps. For instance, some people would
start with the top view, othersthe front view. Someindividu-
aswho used aconstructive strategy rotated or folded thetwo
views together before they synthesized these views into a
three-dimensional image, whereas others decomposed spe-
cific features and constructed images of these features before
they folded the entire image into the proper representation.
Other individuals did these steps in the exact opposite man-
ner. Evidence of route differences, or differencesin the steps
peopletook to solvethe problems, were apparent in that there
were constructive and analytic strategies and differences
within each strategy. Strategy shifting between the construc-
tive and analytic strategies was most prevalent in the novice
sample. These novices seemed to be trying the best of both
strategiesin an attempt to discover the answer. Aptitude may
limit strategy selection or predict performance or both in
strategy subgroups (Bethell-Fox et a., 1984; Kyllonen et al.,
1984; Kyllonen et al., 1985).

The cognitive task analysis provided detailed information
on how experts and novices solved problemsin this domain.
This information was used to develop a computerized tutor
with abuilt-in diagnostic capability for providing individual-
ized feedback on strategy usage and ways to remediate the
particular bugs or misconceptions identified in the cognitive
task analysis. OPT is described later in this article as acom-
puter tutor that scaffolds learners by teaching lower order
skillsfirst followed by more complex skills later.

STUDY 2:
CAN SPATIAL APTITUDE BE TAUGHT?

Study 2 was conducted to establish whether or not a com-
puter-based learning environment, OPT, could enhance per-
formance on areal-world spatial task.

OPT": The Tutor Design

Animportant aspect of tutor buildingisstructuring thecurric-
ulum layer of atutor in away that builds on alearner’s prior
knowledge (L esgold, 1986). Onetheory of skill acquisitionis
that knowledge is acquired in stages where knowing “what
something is’ or factual knowledge generally precedes
knowing “how to do something” or procedural knowledge
(Anderson, 1993). Establishing a learning hierarchy,
whereby prerequisite skills are tutored prior to higher order
knowledge, can ensurethat knowledgeisacquired systemati-
cally (Gagné, 1962). OPT wasdesigned with thisassumption,
using a“bite-size architecture” (Bonar, 1985), where the ex-

'See Lajoie, 1986, for afull description of the tutor. The tutor wasimple-
mented on the Xerox 1109 and written in LISP.
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pert system paradigm is used to establish the sequence of
“mind-sized” bites of knowledge to the novice learner. Each
bite represents a manageable chunk of knowledge. In OPT,
the learning hierarchy consists of six tutoring sessions or
bites, half that represent declarative and half that represent
procedural knowledge. Declarative knowledge refersto what
students need to know to help them solve orthographic pro-
jections. Sessions that facilitated line and shape comprehen-
sion aswell asrules of symmetry were presented. The proce-
dural knowledge bites are designed to teach individual s how
to apply their knowledge in problem-solving contexts. These
sessionsinvolved surface recognition or development, draw-
ing orthographic projections, and hypothesizing about what
the three-dimensional viewswould ook like based on sets of
orthographic views. A detailed description of the instruc-
tional issues that are relevant to the individual tutor bitesis
provided in the following sections.

Declarative knowledge: What is to be
learned? Based on the assumption that spatial aptitude
canbetrained, itislikely that individual shaveamental model
of spatial conceptsthat can berefined and modified (Lohman
& Nichols, 1985). For some individuals, building a spatia
lexicon is comparable to learning a foreign language. A vo-
cabulary has to be learned before a sentence can be under-
stood or stories generated. Likewise building amental model
of spatial representations, a figural vocabulary must be
learned before complex spatial reasoning can occur. For this
reason, OPT tutors individuals about how line, shape, and
symmetry are represented in two and three dimensions.

The line-comprehension section consists of several
sub-bites of information, those being vertical, horizontal, di-
agonal, and hidden lines. Examples of these individual line
segments and how they are represented in orthographic and
isometric projectionsare provided to thelearner. An example
of avertical line embedded in the top, front, and side ortho-
graphicviewswill be presented with acorresponding i somet-
ric view. Such exampl es extend the comprehension of what a
line looks like in one orientation versus another.

The line-comprehension demonstration presents an iso-
metric view with three orthographic views. Thelinein ques-
tionishighlightedin the orthographic view, and theisometric
rotates to the orthographic view in question (top, front, or
side) and highlightstheline that individuals should trandl ate.
Similar demonstrations occur in the shape-comprehension
and symmetry hites, only specific shapes are highlighted and
identified instead of lines. Figure 2 provides an example of
how the shape of a square on the front orthographic view
would translate in the isometric three-dimensional view and
in the side view.

Procedural knowledge: How to use the knowledge in
a problem-solving context. The procedural knowledge
section provides people with monitoring techniques as well
as analytic and constructive strategies for solving ortho-
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FIGURE 2 Tutoring shape translation in OPT.

graphic projection problems. While solving problemsin this
section, they can review thelessonsthey learned in the spatial
lexicon at any point to help them with their problem solving.
The procedural section tutors studentsin surface recognition,
drawing, and hypothesizing.

The surface recognition bite teaches individuals
metacognitive strategiesfor checking their own performance.
For each surfacein thetwo-dimensional representationsthere
is a corresponding one in the isometric view. Students are
asked to count or match surfacesfrom one view to another. If
their solutionisincorrect, theisometric view will rotateto the
view in question so that the student can see how many sur-
facesare present and which surfacesmatch their drawings. In
the error identification bite, individuals must identify and
correct errorsusing adrawing tool kit toremoveand add lines
to the orthographic view.

In the draw-bite section, individuals construct rather than
recognize acorrect answer. Their task isto draw one of three
orthographic projections of a given isometric view. A play-
back of the student’ sanswer isprovided, which demonstrates
what part of the answer is correct and where changes need to
occur. Remediationispresented based onthetypeof lineerror.

Inthefinal section of thistutor, hypothesizebite, individu-
alsmust construct an orthographic projection without the aid
of anisometric. Thereis a set of sub-bites leading up to this
goal, which range from recognition of correct drawings to
constructing the correct missing view.

Thetutor presentsdemonstrations of therotation or visual -
ization strategy more directly than the analytic strategy, but
both are implicit within the tutor. The constructive strategy
builds on what has been shown earlier in the draw bites. It
combines feature decomposition and rotation with a multi-
ple-hypothesis-generation philosophy where individuals are
encouraged to form multiple three-dimensional hypotheses
by generating imagesfor both of the orthographic projections
and then synthesizing these two views into one picture. The
analytic method istutored by helping students translate lines
from the orthographic viewsto an isometric image aswell as

mapping lines from the top and front orthographic views to
the side view.

The computer monitors the performance in each session,
generates a model of what the student knows, and subse-
quently generatesaproblem at theright level of difficulty for
that individual. Thereisadiagnostician and an expert for each
bite, which determineswhether astudent hasreached mastery
or not and what remediation, if any, isnecessary for that indi-
vidua. Hence, moving up the bite hierarchy parallels the
learning hierarchy from lower level factual knowledge to
higher order skills. Remediationis presented in the context of
the problem. Each session is designed to present specific
knowledge that is prerequisite to the subsequent bitesin the
hierarchy.

Participants

Thirty undergraduate students from University of Pittsburgh
wererecruited and paid to participate. Studentswere selected
if they had no experience in mechanical drawing and their
major wasin afield that did not emphasize spatial skills. Stu-
dentswererandomly assigned to one of threegroups, Control
Group 1, Control Group 2, or thetreatment group, with 10 per
group; there was not alarge enough pool of studentsto allow
for an equal number of men and women in each group. The
gender breakdown for the three groupswas asfollows: (a) in
Control Group 1, therewere 2 men and 8 women,; (b) in Con-
trol Group 2, there were 4 men and 6 women; and (c) in the
treatment group, there were 3 men and 7 women.

Experimental Groups

Individualsweretested prior to and after treatment on tests of
orthographic projections to measure change in performance.
Two control groupswere used to ensure that any learning ob-
served for thetreatment group was not due simply to practice,
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or practice with feedback regarding correctness of solutions.
Thus, Control Group 1 wasgiven apre- and posttest of ortho-
graphic projections, whereas Control Group 2 was given the
pretest with an answer sheet. Studentsin thelatter group were
told to check their answerswith the solutions provided on the
answer sheet. The tutor instruction was self-paced, and all
participants were tested individually. On average the session
times varied between 50 and 90 min.

Test Materials and Administration

The same aptitude measuresas Study 1 wereused with thead-
dition of the Raven Advanced Matrices test, a measure of
fluid ability. Two equivalent sets of items were established
for the pre- and postorthographic projection tests (see Lgjoie,
1986). Testing occurredin a3-week period. The orthographic
projection pretests as well as the aptitude measures were ad-
ministered to everyone in Week 1. The treatment group re-
ceived the tutor intervention in Week 2, whereas the control
groups did not receiveinstruction. In Week 3 all participants
received the orthographic projection posttest.

Results

Theresultssectionisdividedintothreeparts. Thefirst section
provides information on the participant’s aptitudes. Part 2
presents the group differences information for pre- and
posttests. The tutor data is described in terms of reaction
times and accuracy in Part 3.

Aptitude profiles.  Figure 3illustratesthe aptitude pro-
files for al three groups. On average, all groups performed
highest on tests of fluid intelligence, the letter series (80%)
and Ravens (68%), followed by tests of spatia ability, paper
folding (60%), and the orthographic pretest (55%). They
tested poorly on verbal ability, advanced vocabulary (53%).

A multivariate analysis of variance(MANOVA) was con-
ducted, which examined raw score group differences on the
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entiretest battery to check whether or not thereweregroup dif-
ferenceson the testsasawhole. Thiswas done by examining
themultivariateF test; onindividual teststheunivariate F was
examined. Therewere no significant group differencesonthe
test battery, F(14, 42) =.88p>.05, and hencearenot reported.
Therewasatrend for the treatment group to score lower than
theother groupson pretests, ingeneral, but not significantly.

In Table 2, descriptive data are provided on gender differ-
ences for the entire test battery. Percentages are presented in
this table for comparison purposes across measures;, how-
ever, the analysis was conducted on raw scores. Significant
gender differences were found for men scoring higher than
women on the advanced vocabulary and orthographic pre-
and posttests. However, the men tended to score higher than
women on the entire test battery.

Correlational analyses. A correlational analysis was
conducted to understand what aptitude measureswere associ-
ated with accuracy on the orthographic projection test. An
analysis of the total sample as well as the three separate
groups was performed to see whether the correlational struc-
turewasthe samefor all three groupsand to elaborate on how
they were the same or different. Therewas ahigh correlation
between the orthographic pre- and posttest for the total sam-
ple, Control Group 1, Control Group 2, and the treatment
group (because patternswere similar for each group, only the
total sample is reported in Table 3). In addition, the ortho-
graphic tests correlated higher with themselvesthan with any
other tests.

Thesample' sperformanceonthetest battery indicated that
al tests were significantly intercorrelated except for the ad-
vancedvocabulary test, whichwasonly correlated withtheor-
thographic pretest. However, when examining the three
groupsindependently, thisverbal test wasnot correlated with
performance on any other test. The orthographic projection
taskswereintercorrel ated withtestsof fluid and spatial ability.

Performance differences on the orthographic
projection tests. A repeated measures analysis of vari-
ance (ANOV A) tested whether or not performance on the or-
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FIGURE 3 Aptitude Profiles for 3 Experimental Groups.
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TABLE 2
Test Battery Breakdown by Gender
Men Women
Test % Accuracy D % Accuracy D F(d,f)
Advanced vocabulary 65 12,6 48 11.7 11.10 (1, 27)*
L etter series 84 131 79 15.9 0.63 (1, 27)
Ravens 72 17.0 67 136 0.90 (1, 28)
Paper folding 68 16.6 57 16.6 2.90(1, 28)
Orthographic projections (pre) 74 17.2 47 19.1 12.80 (1, 28)*
Orthographic projections (post) 70 155 54 13.7 7.40 (1, 28)*
*p<.05.
TABLE 3
Test Battery Intercorrelations for Total Sample

ADV LS RAV PRE POST SURFACE DEV
Paper folding (PF) .10 .35 .56 .54 41 .58
Advanced vocabulary (ADV) — .16 —-.05 31 24 .23
Letter series (LS) — — 57 .65 .64 .68
Raven progressive matrices (RAV) — — — .59 .65 71
Orthographic projection pre (PRE) — — — — .88 .76
Orthographic projection post (POST) — — — — — 71

Note. n=30; r=.35; p<.05. SURFACE DEV = surface development task

thographic projection task improved with practice, practice
with feedback, or with tutoring. A Group (treatment and Con-
trol Groups 1 and 2) x Gender (2) x Test (pre- and
postorthographictest) x Problem type (1-4) analysiswas per-
formed and the results are shown in Table 4. The test and
problem type variables were the repeated measures.

There were no significant between-group differences in
pre- and posttests F(2, 24) = .4, p > .05). However, there
was a significant main effect of gender, F(1, 24) = 10, p <
.05, and problem type, F(3, 72) = 47, p < .05. Interactions
were aso found. There was a significant interaction be-
tween test and gender, F(1, 24) = 7.5, p < .05, problem type
and gender, F(3, 72) = 5.8, p < .05, and test by problem
type, F(3, 72) = 7.7, p < .05.

The men performed better on both the pre- (M = 75) and
posttests(M =70) thanwomen (pretest M =45 and posttest M =
55) but more so on the pre- than on the posttest. The men de-
clined in performance from pre- to posttest, whereas the
women increased their scores. This effect may be due to the
treatment or simply aregression of these groups to the mean
performance score. The problem typeswere designed so that
Types 2, 3, and 4 are more difficult than Problem Type 1, in
that order. However, thetest by problem typeinteractionindi-
cates that in the pretests Problem Type 1 was more difficult
than Problem Type 2, whereas the reverse was true in the
posttest. Individuals tended to do better on Problem Types 1
and 3 in the posttests than in the pretests and did worsein the
other types. Therewasal soagender-by-problem-typeinterac-
tion. Mentendedtodobetter thanwomenonall problemtypes.
Apparently, men found Types 1 to 3 fairly simple, averaging

around 78% accuracy, whereasthey only scored 55% correct
on Problem Type 4. On the other hand, women indicated a
steadier decline in performance from Problem Type 1 to 4,
finding Type 1thesimplest and Type4themost complex. The
women performedin the expected direction becausethe prob-
lem types were designed to reflect a gradient of difficulty,
Type 1 being the simplest and Type 4 the most complex.

Although between-group differences were not found on
the pre- and posttests, awithin-group analysisof performance
over time on the pre- and posttests was revealing. The use of
t-test pairs on the three separate groups for pre- and posttests
revealed that the treatment groups had a tendency to score
higher on the posttest than the control groups (see Table 5).
This led to a scrutiny of the raw data in the form of scatter
plots for the separate groups on these tests. The scatter plots
showed that each group had outliers. By ignoring those indi-
viduals who scored extremely well on the orthographic pre-
tests (1 SD abovethe mean), the performance gainsdueto the
tutor interaction were more substantial. Individual aptitude
profileswere devel oped for each participant in the tutor sam-
ple. These dataindicate that 7 out of the 10 participants had a
gain in performance from the pre- to the postorthographic
test. Those who did not show performance gainswere of high
spatial ability. Perhaps specific tutoring on OPT interferes
with their already efficient spatial strategies.

Aptitude and Gender Differences

Although there were no significant differences between the
control groups and the treatment group on the orthographic
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posttest, there were significant performance gains for the
treatment group, and only thisgroup demonstrated significant
gainsfrom pre- to posttest. Thisresult issignificant consider-
ing that thisgroup tended to havelower pretest scoresthanthe
control participants and still resulted in higher, if not signifi-
cantly higher, posttest scores than the other two groups.

The lower aptitude individual s benefited more from train-
ing than did the higher aptitudeindividuals. Thereisevidence
in aptituderesearch to support thefact that low-ability partici-
pants gain more from training then do high-ability individu-
als. Examining the characteristics of the tutor sample
indicated that those individual swith high spatial aptitude de-
creased their performance on the posttest. Perhaps the tutor
interaction interfered with their already efficient processes.
Thisspeculation would support the contention that high-abil-
ity individuals may decrease their performance scores with
training due to an interference of training with already exist-
ing strategies (Cronbach & Snow, 1977; Salomon, 1974).

This study was not designed to examine gender differ-
ences. However, the results suggest that training on OPT im-
proves performance on the orthographic projection task for
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women morethan men. Onfirst observation, thisfinding sup-
ports the literature indicating that men do better on tests of
spatia aptitude than women (Maccoby & Jacklin, 1974). On
the other hand, aptitude differences were confounded with
these gender differences. The men in this study tended to do
better on al of the aptitude measures than did the women but
only significantly better on the orthographic tests and the ad-
vanced vocabulary test. The sample size in thisresearch was
too small to concludethat only womenwill benefit by training
on OPT. However, the results do suggest that those individu-
aswith low spatial aptitude will benefit from tutoring.

Nature of the Treatment:
Implications for Instruction

The cognitive task analysis of skilled and less skilled perfor-
mance on the orthographi c projectiontask led to adescription
of therich body of strategic knowledge that skilled perform-
ers use to solve these problems. The less skilled individuals
provided valuable information on the types and frequencies
of errors encountered. Thus, the cognitive task analysis

TABLE 4
Repeated Measures Analysis of Variance: Group (3) x Gender (2) x Test (2) x Problem Type (4)
Source df MS F
Group (Grp) 2 9.9 0.4
Gender (Gnd) 1 2718 10.0*
Grp x Gnd 2 53.0 20
Error 24 27.2
Test 1 05 0.2
Test x Grp 2 21 0.7
Test x Gnd 1 218 7.5*
Test x Grp x Gnd 2 13 0.4
Error 24 29
Problem type (PT) 3 194.5 47.0*
PT x Grp 6 18 0.5
PT x Gnd 3 24.0 5.8*
PT x Grp x Gnd 6 35 0.8
Error 72 4.1
Test x PT 3 19.9 7.7*
Test x PT x Grp 6 19 0.7
Test x PT x Gnd 3 38 15
Test x PT x Grp x Gnd 6 19 0.7
Error 72 2.6
*p<.05.
TABLE 5
Group Differences on Orthographic Pre- and Posttests
Control Group 1 Control Group 2 Treatment

Pretest Posttest Pretest Posttest Pretest Posttest
M 27.40 285 26.50 26.5 25.80 29.7
D 8.00 71 11.80 9.0 12.50 6.8
tvalue (df = 9) -0.73 -0.02 —2.10*

*p<.07.
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served as the basis for the diagnostic instruction in OPT. It
provided information for aguided modeling approach for the
tutor as well as links to the types of intelligent remediation
that would be necessary at different phases of the tutor. The
empirical work provided an understanding of the cognitive
skills necessary to solve these tasks, which consequently led
to the structuring of the tutor in away that would provide the
conceptua glue that would help students build on familiar
knowledge in the context of a problem.

By examining the monitoring and checking mechanisms
that the skilled individuals used in solving orthographic pro-
jectionitems, acurriculumwasdevel oped that taught individ-
ual sto usethese mechanisms. Students had the opportunity to
see why their answers were correct or incorrect.

OPT wasdevel oped to test the assumption that mental mod-
els of gpatial representation could be altered through instruc-
tion. The computer served asamedium for extending learning
and infact supportsthe notion that computers can serve ascog-
nitive toolsthat help students during thinking or problem solv-
ing (Jonassen & Reeves, 1996; Lajoie, 2000; Lajoie & Derry,
1993; Pea, 1985; Salomon, Perkins, & Globerson, 1991). The
aptitude processtheoriesadd to our understanding of how tech-
nology can assist learning, for whom, and how it can be de-
signed based on cognitive task analysis methods and aptitude
measures. There are still many avenues to explore before we
fully understand how to design adaptive forms of instruction
that are based on dynamic forms of assessment.
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APPENDIX: SCORING CRITERIA

Individuals were given the top and front orthographic views
of athree-dimensional object and were asked to construct the
third orthographic right-side view, without being provided
with athree-dimensional picture of said object. The two ma-
jor strategies were constructive and analytic or some combi-
nation of the two. To be categorized into one of the two main
strategies, aprotocol had to embody the general definition of
the strategy as well as contain at least 2 out of the 3 compo-
nent processes.

Strategy Definitions and Scoring Key
Constructive (CONST)

A constructive strategy consistsof forming athree-dimen-
sional model of the particular item in question by using the
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two orthographic viewsthat are provided. A great deal of this
strategy depends on the ability to synthesize the two ortho-
graphic views into one three-dimensiona representation.
This strategy consists of the following components:

Feature decomposition (FD). This consists of 100k-
ing at each of the orthographic views feature by feature. Indi-
viduals decompose the two-dimensional views into compo-
nent parts as away to formulate hypotheses as to what these
parts would look like in three dimensions. Once individuals
hypothesize about what a feature looks like in one view, they
test this hypothesisin the next view. If their hypothesis makes
sensein both the top and front views, they carry on to the next
feature represented in theitem and speculatewhat it lookslike.
If their hypothesesarenot consistent inthetwo views, they dis-
card them and generate new hypotheses. By performing this
feature decomposition systematically, itispossiblefor individ-
uals to construct a three-dimensional model of the item.

Rotation, folding, and orientation (RFO). Some
peopl e describe rotating the top, front, and side views together
by mentally folding them together as if they were on hinges.
For instance, thetop fallsbackward over thefront view and the
front and top then join the side view by bending the side view
back. Some individuals describe orienting themselves to the
side of the object so they can draw that view.

Verify and check (VER). Thisreferstocheckingtheir
answersin terms of the hypotheses generated and to the scal-
ing of their answers—in other words, are their measurements
correct? Some individuals draw a three-dimensional picture
to check their side orthographic view. Othersusethe other or-
thographic views to test their line placement.

Analytic (ANAL)

Consists of analyzing the orthographic views in terms of
linesinstead of three-dimensional shapes. This strategy does
not consist of imagining athree-dimensional object or visual-
izing the object. It consists of the following components:

Line matching (LM). Matching lines from the top to
the front view to see how they fit together.

Line extension (LE). Extending lines from the top to
thefront, fromthetoptotheside, and fromthefront totheside
to draw the side orthographic view.

Verification (V). Individuals check to seethat all lines
are accounted for.

Constructive/analytic (C/A). This strategy combines
the two strategies by switching back and forth between the
two in attempting to solve an item.



