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Abstract
This study sought evidence for the independence of two classes of mental spatial
transformation: object-based spatial transformations and egocentric perspective
transformations.  Two tasks were designed to selectively elicit these two
transformations using the same materials, participants, and task parameters: one
required same-different judgments about pairs of pictures, while the other required left-
right judgments about single pictures.  For pictures of human bodies, the two tasks
showed strikingly different patterns of response time as a function of stimulus
orientation.  Moreover, across individuals, the two tasks had different relationships to
psychometric tests of spatial ability.  The chronometric and individual difference data
converge with neuropsychological and neuroimaging data in suggesting that different
mental spatial transformations are performed by dissociable neural systems.
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Introduction
The ability to imagine and reason

about changes of objects and their
spatial layout is important both for
everyday cognition (turning a
combination lock, retracing one’s steps
at the grocery store) and for reasoning
in technical domains (air traffic control,
architecture).  Mental spatial
transformations can vary in their
geometry, in the stimuli that give rise to
them, and in their neural
implementation.  To retrieve what is on
the other side of the grocery aisle, for
example, one might imagine the aisle
rotating or ourselves moving around the
aisle.  Two classes of mental
transformation seem particularly
important to human cognition: object-
based spatial transformations and
egocentric perspective transformations.
Object-based transformations are
imagined rotations or translations of
objects relative to the reference frame of
the environment.  Egocentric
perspective transformations are
imagined rotations or translations of
one’s point-of-view relative to that
reference frame.  Movements of external
objects often have important
consequences that require actions in
response.  Those actions in turn give rise
to changes of one’s egocentric
perspective.  The ability to predict the
consequences of object motion and
perspective change is thus important for
everyday reasoning, and probably
confers adaptive fitness.

Both object-based
transformations and egocentric
perspective transformations involve
updating of the relationship between
the environmental reference frame, the
intrinsic reference frames of objects in
the environment, and the observer’s
egocentric reference frame.  However,
different relationships are updated in
the two transformations.  In the case of
object-based transformations, the

relationships between the
environmental and egocentric
coordinate frames remains fixed, while
each of their relationships with an
object’s intrinsic coordinate frame are
updated.  In the case of egocentric
perspective transformations, the
relationships between the
environmental coordinate frame and
those of the objects in the environment
remain fixed, while each of their
relationships with the observer’s
egocentric coordinate frame are
updated.

One reasonable hypothesis is that
these two classes of transformation
require different computations, and so
are implemented by two dissociable
neural systems.  However, the data on
which they operate and the behavioral
responses to which they provide input
can often be quite similar, even
identical.  For example, imagine one
sees a car with a missing headlight
approaching head-on, and is asked
whether the working headlight would
be visible if the car were to pass the
viewer from right to left.  This problem
could be solved by imagining the car
rotating about an axis through its roof
and floor (an object-based
transformation) or by imagining one’s
self rotating about that same axis (an
egocentric perspective transformation).
Given these shared processing
constraints it is possible that the two
transformations are actually
implemented by the same underlying
functional system.

The data available to date seem
consistent with the view that egocentric
perspective transformations and object-
based transformations are implemented
by different processing systems.  The
neuropsychological literature provides
evidence that these two classes of
mental spatial transformation can be
independently impaired (see Zacks,
Rypma, Gabrieli, Tversky, & Glover,
1999 for a review).  Lesions to right



Mental Spatial Transformations Zacks, et al.

3

posterior cortex give rise to selective
impairments in the ability to mentally
rotate external figures (Ratcliff, 1979),
whereas lesions to left posterior cortex
give rise to selective impairments at
simple navigation tasks that seem to
require the participants to imagine
themselves turning, as in following a
marked route on a map (Semmes,
Weinstein, Ghent, & Teuber, 1963).
Recently, we have collected functional
brain imaging data that suggest that in
the normal brain, performing egocentric
perspective transformations gives rise to
a different pattern of activation than
performing object-based
transformations with the same stimuli
and responses (Zacks, Hazeltine,
Tversky, & Gabrieli, 1999; Zacks, Rypma
et al., 1999).

These neurophysiological data
are consistent with behavioral
experiments in which participants are
explicitly asked to imagine themselves
rotating (viewer rotations) or an array of
objects rotating (array rotations).
Spatial judgments following such
transformations differ systematically,
suggesting that though the problems are
formally equivalent, they are performed
using computationally different
procedures (e.g., Huttenlocher &
Presson, 1973; Presson, 1982; Wraga,
Creem, & Proffitt, 2000).  Similar
dissociations have been found for
paradigms in which participants
imagine a character rotating in a scene,
and are induced to take either the
character’s perspective, or an external
“god’s eye” perspective on the whole
scene (Bryant & Tversky, 1999).

If these two classes of spatial
transformation are indeed performed by
dissociable neural processing systems,
other consequences follow.  First, some
problems will be
more easily solved using one
transformation than the other.
Therefore it should be possible to
construct situations in which one can

selectively evoke one class of
transformation or the other, and
produce systematic effects on the
chronometric properties of task
performance.  Second, some people may
be more efficient at one transformation
than the other, as the two processing
systems should have freedom to vary
independently.
Chronometric profiles of object-based spatial
transformations and egocentric perspective
transformations

Regarding the first consequence,
there is indirect evidence that the two
classes of transformation have different
chronometric profiles.  One half of the
picture comes from the extensive
literature on mental rotation (e.g.,
Shepard & Cooper, 1982).  In the
paradigm developed by Shepard and
his colleagues, observers judge whether
a pair of asymmetric objects is identical
or are mirror images (Shepard &
Metzler, 1971).  From trial to trial, the
orientation disparity between the two
objects is varied randomly.  The typical
finding is that response time is a
monotonic function of the orientation
disparity between the two objects,
resulting in a strong correlation between
orientation and response time.  This
finding holds whether objects are
rotated in the picture plane, in depth, or
through oblique planes (Parsons, 1987b).
From this result it has been concluded
that observers solve the problem by
mentally rotating one of the objects as a
whole into alignment with the other,
and comparing the two images (but see
Just & Carpenter, 1985; Pylyshyn, 1979).
Mental rotation is a prototypical
example of an object-based
transformation, and this paradigm
establishes a chronometric profile for its
performance.  Similar patterns have
been observed for judgments of whether
a character is normal or mirror-reversed
(e.g., Cooper & Shepard, 1973), for
which direction an object would be
facing if upright, and for naming novel
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pictures of familiar objects (Jolicoeur,
1985, 1988).

The other half of the picture
comes from a study of left-right
judgments.  Consider a situation in
which observers make handedness
judgments about a single asymmetric
object (e.g., a human body with one arm
outstretched) appearing at varying
orientations.  One might imagine that
such judgments would be performed by
mentally rotating the object to a
canonical orientation (e.g., upright) and
then comparing it to a stored template.
If this were the case for left-right
judgments, one would expect to see a
chronometric profile similar to that for
the Shepard paradigm: response time
monotonically increasing as a function
of disparity between the orientation of
the object and its canonical orientation,
independent of the plane through which
the object is rotated.  However, Parsons
(1987a) conducted such a study, with
pictures of human bodies as the stimuli,
and observed a different pattern.
Chronometric profiles differed for
different planes of rotation.  In
particular, for rotations in the picture
plane, which give rise to robust
correlations between orientation and
response time in the Shepard paradigm,
there was essentially no relationship in
Parsons’ study.  Critically, when
participants were explicitly asked to
imagine themselves in the position of
the depicted figure and then press a
button, the time to do so correlated with
the time required to make a left-right
judgment about the same figure.  Based
on these results, Parsons argued that the
observers performed the left-right
judgments by imagining themselves in
the position of the figures (an egocentric
perspective transformation).

Putting these two results
together, one can speculate that for
picture plane rotations object-based
transformations lead to a reliable
monotonic relationship between

orientation and response time, whereas
imagined perspective transformations
do not.  However, several concerns
preclude such a conclusion.  Mental
rotation studies are typically conducted
with stimuli such as abstract figures
(Just & Carpenter, 1985; Pylyshyn, 1979;
Shepard & Metzler, 1971), while
Parsons’s (1987a) study used pictures of
human bodies, and other studies of left-
right judgments have used body parts
(Cooper & Shepard, 1975; Parsons, 1994;
Parsons et al., 1995; Sekiyama, 1982).
The different experiments also differ in
the participants involved and in
incidental features of the designs.  To
settle the issue, a direct comparison of
the two paradigms using the same
materials, task parameters, and
participants is required.  If object-based
transformations and egocentric
perspective transformations are
performed by dissociable systems and
the two chronometric patterns described
here reflect differences between those
two systems, those two patterns should
be observed in such a direct
comparison.
Individual differences in mental spatial
transformations

The second consequence of the
dissociability of the two classes of
spatial transformation is that they
should be free to vary independently
across individuals.  In particular, there
should be individuals who perform
tasks requiring object-based
transformations quickly and efficiently
but perform tasks requiring egocentric
perspective transformations slowly and
inefficiently, and there should be
individuals who show the opposite
pattern.  Of course, demonstrating that
this is the case requires more than
simply showing that two performance
measures fail to correlate perfectly
across individuals.  A more rigorous
criterion is discriminant validity:
Multiple putative measures of object-
based transformations should correlate
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better amongst themselves than with
putative measures of egocentric
perspective transformations, and vice
versa.
Two tests of the independence  object-based
transformations and egocentric perspective
transformations

The experiment reported here
was designed to test these two
consequences of the proposed
dissociation.  We hypothesized that
judging whether two pictures of bodies
were identical or mirror-images would
give rise to an object-based
transformation, whereas judging arm of
a single body was outstretched would
give rise to an egocentric perspective
transformation.  We predicted, first, that
this would lead to two different
chronometric patterns for the two tasks.
Second, we predicted that, across
individuals, overall performance on
these two tasks would be systematically
related to paper-and-pencil tests
thought to rely differentially on one
spatial transformation or the other.

Method
Participants

Forty-eight Stanford
undergraduates (26 female) participated
in exchange for course credit or $12.
Psychometric tests of spatial ability

Three tests were administered.
The Mental Rotations Test (Vandenberg
& Kuse, 1978) requires participants to
identify rotated versions of three-
dimensional objects composed of cubes.
We hypothesized this would assay
object-based transformation ability,
because test-takers overwhelmingly
report that they solve the problems by
mentally rotating the cube figures.  The
other two tests were selected to tap into
participants’ ability to perform
egocentric perspective transformations.
The Map-reading Test requires
participants to follow a route on a map
and indicate whether each of 36 marked
turns is a right or left turn (Money &

Alexander, 1966).  Importantly, they
cannot move the map while performing
the task.  Thus, each turn requires a
mental updating of the participant’s
imagined egocentric perspective.
Various clinical populations are
impaired at performing this task, but
neurologically normal adults typically
score very well.  To increase the
sensitivity of the test for normal adults
we sped the task, forcing participants to
complete it in 20 sec.  The Perspective-
taking Test (Hegarty & Kozhevnikov,
1999) presents participants with a
picture of an array of objects.  With the
array in view, they are asked to imagine
themselves standing at one object,
facing a second, and indicate the angle
to a third object.  Each item consists of a
circle with a line drawn from the center
to the top of the circle.  The center is
marked with the object they are to
imagine themselves standing at, the top
is marked with the name of the object
they are to imagine themselves facing,
and the participant is asked to indicate
the angle to the third object by drawing
another line from the center of the circle.
Participants were given four minutes to
complete the 10 items on the test.  This
test explicitly asks participants to
imagine an egocentric perspective
transformation.
Chronometric spatial reasoning tasks

Participants performed two
computer-administered tasks, run on a
Macintosh computer with the PsyScope
experimental package (Cohen,
MacWhinney, Flatt, & Provost, 1993).
Both tasks involved spatial judgments
about line drawings of male bodies with
one arm extended (see Figure 1).  The
same-different task was similar to the
widely-used paradigm developed by
Shepard and his colleagues (Shepard &
Metzler, 1971).  Participants saw pairs of
line drawings of human bodies that
differed in orientation and judged
whether they were identical or mirror
images.  The pictures were arranged one
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above the other, and the upper picture
(the “standard”) always appeared at an
upright orientation.  The lower picture
(the “test”) appeared at a picture plane
orientation that varied randomly in 30-
degree increments from –180 degrees to
180 degrees.  In the left-right task, only
one (“test”) picture was presented and
participants judged whether it had a left
or right arm extended.  Its orientation
was varied randomly in 30-degree
increments from –180 degrees to 180
degrees (clockwise).

Before beginning a block of trials,
participants were instructed to position
their index fingers over two buttons on
a button box.  In the same-different task
they were told to press the left button
for “same” and the right button for
“different.”  The buttons were marked
accordingly.  In the left-right task
participants were told to press the left
button for “left” and the right button for
“right.”

For both tasks, each trial began
with a text cue presented at the center of
the screen instructing the participant to
“hit any button to go on.”  When a
button was pressed, a cross appeared at
the center of the screen for 1500 ms,
followed by a stimulus.  The stimulus
remained on the screen until a button

was pressed, ending the trial.  The
response time and button pressed were
recorded.  No feedback was given.

In both tasks, two poses of the
body were used.  In one pose, the
outstretched arm was extended laterally
away from the body.  In the other pose,
the outstretched arm was crossed over
the chest (Figure 1).  This was done
because pilot testing had indicated that
varying the visual appearance of the
stimuli discouraged rote-learning
strategies for performing the task.  In
the same-different task, the same pose
was always used for both pictures.

In neither case was any
instruction provided regarding how the
problem should be solved.  Participants
were asked to respond as quickly as
possible while remaining accurate.  All
trials were analyzed; i.e., no practice
trials were given.
Procedure

After providing informed
consent, participants were given written
instructions for performing the same-
different and left-right tasks, and any
questions were answered.  They then
performed 96 trials of each task.  For the
same-different task, this allowed
presentation of all possible
combinations of orientation (12), match

Figure 1.  Examples of pictures used in the chronometric tasks.  The first
(leftmost) depicts an upright (0 degree) figure with his left arm extended straight
from the body.  The second depicts a figure rotated -150 degrees, with his right
arm extended straight from the body.  The third depicts a figure rotated 60
degrees, with his left arm crossed across the body.  The fourth depicts a figure
rotated -30 degrees, with his right arm crossed across the body.
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(2), handedness of upper picture (2) and
pose (2).  For the left-right task, this
allowed two presentations of each
possible combination of orientation (12),
handedness of the picture (2), and pose
(2).  (Due to a bug in the experimental
software, there was a slight departure
from randomization in the trial order,
such that in the last trials for each task
one handedness occurred
disproportionately often.  None of the
participants noticed this, and there were
no indications that response times or
error rates in these trials differed from
the preceding trials.)  Task order was
counterbalanced across participants.

After each participant performed
the chronometric tasks, the three spatial
ability tests were administered: first the
Mental Rotations Test (Vandenberg &
Kuse, 1978), then the modified Map-
reading Test (Money & Alexander,
1966), then the Perspective-taking Test
(Hegarty & Kozhevnikov, 1999).

Participants were run
individually or in pairs.  The
psychometric tests were administered
individually.

Results
Spatial ability test scores

Summary statistics for the three
spatial ability tests are given in Table 1.
In the Mental Rotations Test,
participants identified rotated versions
of sample figures; each correct
identification is scored as a positive
point, and each false alarm as a negative
point.  Possible scores range from -40 to

40, and were normally distributed over
the positive values.  A participant’s on
the Map-Reading test is the total
number of correctly-identified turns
shown on the map.   Scores covered
most of the possible range (0-32), and
were normally distributed.  Scores on
the Perspective-taking test are the
average unsigned  angular deviation
from the correct answer, subtracted
from 180 degrees.  (Subtracting from 180
degrees produces scores that are higher
for better performance, as for the other
tests.)  Thus, scores can range from 0 to
180; in this sample, scores were quite
high and negatively skewed, indicating
a restriction of the range of the test.

There were moderate correlations
amongst the three tests (see Table 2 ).
Chronometric tasks

Accuracy was high overall, 96%,
and similar  between the same-different
task (95%) and the left-right task (97%).
Accuracy was stable across trials of each
task, increasing an average of 1.4% from
the first 24 trials of each task to the last
24.  For all analyses of response time,
only correct trials were used.

Table 1.  Summary statistics for the three spatial ability tests.

Test Minimum Maximum Median Mean Standard
deviation

Mental
Rotations

0 38 17.0 18.48 8.76

Map-reading 3 32 16.5 17.8 6.90
Perspective-
taking

119 173 164 159.1 13.0

Table 2.  Correlations amongst the spatial ability
tests.  All were reliably greater than zero, min.
t(46) = 2.8, p < .007.

Mental
Rotations

Map-
reading

Map-reading 0.39
Perspective-taking 0.42 0.38
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The primary variable of interest
for the chronometric tasks considered
by themselves is the relationship
between orientation and response time.
The pattern observed for the two tasks is
quite clear (see Figure 2).  For the same-
different task, response time increased
monotonically with orientation.  For the
left-right task, there was no relationship
between orientation and response time.
This difference was tested by calculating
mean response times for each
participant for each combination of
response time and orientation and
entering these into a 2 (task) by 12
(orientation) repeated measures analysis
of variance (ANOVA).  There was a
reliable task-by-orientation interaction,
F(11,517) = 16.6 p < .001.  The main
effects of task and orientation were also
reliable, F(1,94) = 19.8, p < .001 and
F(11,517) = 17.1, p < .001, respectively.

The particular relationship
between orientation and response time
in each task was quantified by
calculating, for each participant in each
task, the correlation between the
absolute value of the orientation of the
test picture and response time.  For the
same-different task, these correlations
were positive and robust, mean r = .321,
t(47) = 13.4, p < .001.  For the left-right

task, there was no correlation, mean r =
-.030, t(47) = -1.07, p = .29.  The
difference between the two was
statistically reliable, t(47) = 8.86, p < .001
(All reported t-tests are two-tailed.)

Alternatively, one can consider
the slope of the regression line
predicting response time from
orientation.  Reliably positive slopes
indicate a relationship between
orientation and response time.   The
results are equivalent.  For the same-
different task, the mean slope was 4.53
ms/degree, t(47) = 10.8, p < .001.  For
the left-right task, the mean slope was
virtually zero: -0.339 ms/degree, t(47) =
-0.80, p = .42.  The difference between
the two slopes was reliable, t(47) = 7.32,
p < .001.  The mean of the intercept for
the regression line was 1438 ms for the
same-different task and 1329 ms for the
left-right task; this difference was not
statistically reliable, t(47) = 0.85, p = .40.
Relationship between chronometric tasks
and spatial tests

We calculated the correlation
between each of the chronometric tasks
and the three spatial tests.  These
correlations are given in Table 3.  In
general, test performance was correlated
with speed in the chronometric tasks.
This was statistically reliable for all the
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correlations except that between score
on the Mental Rotations Test and the
left-right task, t(46) = -1.53, p = .14.  For
the other five correlations, the smallest
t(46) was –2.26, p < .029.

Following the method described
by Meng, Rosenthal, and Rubin (1992),
we tested the hypothesis that overall
response time on the same-different task
would be better predicted by the Mental
Rotations Test than the Map-reading
Test or the Perspective-taking test.
Inspection of Table 3 shows the
correlation coefficients were as
predicted, and a planned contrast found
this pattern to be statistically reliable (p
= .025).  We also tested the hypothesis
that overall response time on the left-
right task would be better predicted by
the Map-reading Test and the
Perspective-taking test than the Mental

Rotations test.  Again, inspection of
Table 3 shows the correlation coefficients
were as predicted; however, in this case
the appropriate planned contrast was
not statistically reliable (p = .15).
Sex differences

Table 4 gives mean scores on the
spatial ability tests and mean response
time and error rate in the chronometric
tasks, broken down by sex.  There were
reliable sex differences for the Mental
Rotations Test (d = .81) and the Map-
reading Test (d = .67), both favoring
males.  There were no reliable sex
differences for the Perspective-taking
Test or either of the chronometric tasks.

While there was no sex difference
in overall response time for either
chronometric task, there was a trend
toward a difference in the mental
rotation slope for the same-different

Table 3.  Correlations between spatial ability tests and chronometric tasks.  (Higher
test scores and lower chronometric task speeds indicate better performance, so the
observed negative correlations indicate that faster participants had higher test scores.)

Spatial ability test score

Mental
Rotations

Map-
reading

Perspective
-taking

Chronometric task
speed

Same-Different -0.60 -0.32 -0.35

Left-right -0.22 -0.46 -0.36

Table 4.  Performance on tests of spatial ability and chronometric tasks by sex.
(Standard errors in parentheses.)

Female mean Male mean
Spatial ability test
score

Mental Rotations* 15.2 (1.43) 22.3 (1.91)

Map-reading* 15.7 (1.31) 20.3 (1.37)
Perspective-
taking

157 (2.78) 162 (2.38)

Chronometric task
speed

Same-different 1836 ms (113 ms) 1850 ms (173 ms)

Left-Right 1387 ms (104 ms) 1189 ms (93.0 ms)
Chronometric task
error rate

Same-different 4.41% (0.71%) 4.99% (1.22%)

Left-right 4.25% (0.97%) 2.1% (0.59%)
* The two sexes differed, p < .05.
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task.  Males rotated faster than females
(mean 3.68 ms/degree for males, mean
5.26 ms/degree for females) and this
difference approached statistical
reliability, t(46) = 4.6, p = .06.  However,
there was clearly no difference in overall
response time (t(46) = -.07, p = .95),
indicating that the function relating
orientation to response time had a lower
(faster) intercept for females in addition
to a steeper (slower) slope.

Discussion
         The present research sought
evidence for two different classes of
spatial mental transformation by
collecting data using the same materials,
task parameters, and individuals.  The
same stimuli, sketches of bodies with
one arm outstretched, were used in both
tasks.  We expected that same-different
comparisons of pairs of stimuli at
different orientations would elicit an
object-based transformation (mental
rotation), and that this would lead to
steep increases in comparison time with
disparities in orientation.  This
prediction was based both on prior
research and on the theoretical claim
that object-based transformations reflect
the metric properties of rotation through
space.  We expected that left-right
judgments of the outstretched arm
would elicit an egocentric perspective
transformation of the body.  Prior
research led us to predict this would
result in flat functions of reaction time
over degree of disparity from upright,
for picture plane rotations.  We also
expected individual differences in
reaction times to correlate with ability in
these two transformations.

As predicted, there was a strong
relationship between orientation and
response time in the same-different task,
but not in the left-right task.  Also as
predicted, there was a systematic
relationship between performance on
the chronometric tasks and the tests of
spatial ability.  Speed on the same-

different task was predicted better by
performance on the Mental Rotations
Test than by performance on the Map-
reading Test or the Perspective-taking
test.  Conversely, speed on the left-right
task was predicted (non-significantly)
better by performance  on the Map-
reading Test and the Perspective-taking
test than performance on the Mental
Rotations Test.
Two distinct spatial transformation
subsystems?

We believe these data provide
further support for the dissociation
suggested by neurophysiological data
(Zacks, Hazeltine et al., 1999; Zacks,
Rypma et al., 1999) between object-
based spatial transformations and
egocentric perspective transformations
Recall that the particular patterns of
response time observed here are not
simply haphazardly different.  They
differ in ways that were predicted from
the hypothesized transformations.  In
the case of object-based transformations,
a monotonic increase was predicted by
the claim that object-based
transformations are isomorphic to the
physical movement of an object, and
this prediction has been borne out in
many experiments (Kosslyn, 1994;
Shepard & Cooper, 1982).  In the case of
egocentric perspective transformations,
the prediction of a flat relationship
between orientation and response time
derived from observed response time
patterns when people were asked to
imagine egocentric perspective
transformations (Parsons, 1987a).  The
chronometric pattern is also consistent
with that observed in intentional
imagined array and viewer rotations in
the ground plane.  When participants
are asked to imagine an array of objects
rotating and then make a spatial
judgment, larger rotations typically take
longer.  However, when participants are
instead asked to imagine themselves
rotating these effects are attenuated
(Presson, 1980; Wraga et al., 2000).
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Why do egocentric perspective
transformations appear to lead to an
attenuated relationship between
orientation and response time under
these conditions?  This pattern clearly
has boundary conditions; for some
oblique planes of rotation Parsons
(1987a) observed strong dependence of
response time on orientation in both
imagined self-movement and left-right
judgments.  We hypothesize that
egocentric perspective transformations,
like object-based transformations, are
continuous image transformations that
reflect the metric properties of the
physical world.  However, unlike object-
based transformations they may reflect
constraints arising from the kinematics
of the body in addition to those of
Euclidean geometry.  Such constraints
are related to those imposed by the
motor planning system, but in this case
must operate at a more abstract level of
representation, because most of the
body positions tested in this experiment
are not physically attainable under
normal circumstances.  Asking
participants directly to imagine changes
in their perspective provides one
indirect means to assess these
constraints; however, developing
independent measures of the geometry
of perspective transformations is an
important open problem.

Correlations between the two
tasks and tests of psychometric ability
also differed as predicted based on the
spatial transformation abilities
hypothesized to be tapped by each of
the tests.  It was expected that
performance on the same-different task
would be predicted best by score on the
Mental Rotations Test, because both are
hypothesized to depend particularly on
object-based transformations.
Conversely, it was predicted that
performance on the left-right task
would be best predicted by the other
two tests, because all three are

hypothesized to depend particularly on
egocentric perspective transformations.

Thus, but chronometric task
performance and the relations between
those tasks and spatial ability tests
support the proposed dissociation.
However, these data by themselves
cannot rule out the possibility that
participants are doing something
different in the two tasks, but not the
two spatial transformations we suppose.
For example, differences could arise as a
result of the fact that the same-different
task requires comparing two pictures,
whereas the left-right task does not.
Differences could also arise from the
different semantics assigned to the
response buttons.  This is an issue that
can be addressed empirically by
manipulating other task features such as
the stimuli used and the instructions
provided.  Predictions regarding such
manipulations can be derived from the
hypothesis of two different spatial
reasoning subsystems proposed here.

One pattern in the spatial ability
tests merits comment.  If, as we have
argued, the Mental Rotations Test taps
object-based spatial transformation
ability, whereas the Map-reading Test
and the Perspective-taking Test tap
egocentric perspective transformation
ability, one would expect that
performance on the latter two would
correlate better with each other than
with the first.  This was not the case;
rather, all three pair-wise correlations
were about .4.  Also, while the Map-
reading Test showed the predicted
relationship with the chronometric
tasks, the Perspective-taking test did
not.  These null results could reflect
other features of the tests, independent
of the spatial transformation being
performed, that also systematically
influence performance across
individuals.  Alternatively, they could
reflect that the items on the version of
the Perspective-taking test used here
were too easy and thus not predictive,
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which is consistent with the distribution
of scores obtained (see Table 1) and other
results (M. Hegarty, personal
communication, Jan. 3, 2000).
Sex differences in spatial reasoning

This experiment was not
designed to examine sex differences per
se, but the data do permit some tentative
comments.  It is interesting to note that
two of the three psychometric tests
(Mental Rotations and Map-reading)
showed reliable sex differences of
moderate size, but neither of the
chronometric tasks showed sex
differences in accuracy or response time.
Given that tasks modeled more closely
on real-world spatial problem-solving
show complex patterns of sex
differences (Dabbs, Chang, Strong, &
Milun, 1998; Eals & Silverman, 1994;
Silverman & Eals, 1992), more
comprehensive comparison of paper-
and-pencil measures to more
ecologically valid indexes of spatial
ability may shed further light on sex
differences in spatial ability (Montello,
Lovelace, Golledge, & Self, 1999).
Influences of tasks, stimuli, and instructions

What determines the conditions
under which a particular spatial
transformation system will be engaged?
The task, the stimulus materials, and the
instructions are all likely to be
influential.  In the present study,
response time was independent of
orientation in the left-right task.
However, strong orientation effects
have been observed in similar tasks
involving letters, that an object-based
transformation (mental rotation) is
being performed (Cooper & Shepard,
1973; Koriat & Norman, 1984, 1988).  In
these experiments, participants judged
whether single rotated letters were
normal or mirror-reversed, and
response time increased monotonically
and substantially with orientation
disparity from upright.  It may be that
performing an egocentric perspective
transformation is more difficult with

these stimuli, because unlike bodies
they do not provide a natural reference
frame for the observer to imagine taking
as their perspective.  Further evidence
that these tasks involve object-based
transformations comes from
manipulations of prior information
about the orientation of the trial-to-trial
orientation disparity (Koriat & Norman,
1984; 1988), though there seem to be
circumstances under which participants
perform something other than rotation
of an image in this paradigm
(Robertson, Palmer, & Gomez, 1987).1i

Thus, for left-right judgments
about bodies, participants appear to
perform an egocentric perspective
transformation, whereas for similar
judgments about letters participants
appear to perform an object-based
transformation.  Given the similarity of
left-right judgments and normal-
reversed judgments, changes in task
seem unlikely to account for the
difference; differences in the stimuli are
more likely responsible.  We
hypothesize that spatial reasoning
systems are tuned to specific inputs as
well as specific tasks.  Readers have
extensive experience physically rotating
printed matter, while their experience
physically rotating other people is likely
to be limited.  This differential
experience may lead to a bias toward
performing object-based
transformations with letters, and
egocentric transformations with bodies.
Multiple spatial transformation subsystems
                                                

i. There has been some debate in the
literature as to whether participants in mental
rotation experiments are rotating a picture-like
image of the stimulus or an abstract reference
frame (Koriat & Norman, 1984, 1988; Robertson
et al., 1987).  Frame rotation, like image rotation,
could be performed as an egocentric
transformation (imagining one’s egocentric
reference frame superimposed on the stimulus)
or an object-based transformation (imagining a
rotation of the intrinsic reference frame of the
stimulus).
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The two classes of spatial
transformation examined here are by no
means the only spatial transformations
we can imagine.  For example, some
spatial problems can be solved by
imagining body movements (Cooper &
Shepard, 1975; Parsons, 1994; Sekiyama,
1982), and these imagined
transformations appear to make use of
some of the same neural circuitry that is
used to plan real body movements
(Bonda, Petrides, Frey, & Evans, 1995;
Parsons et al., 1995).  In fact, recent
evidence suggests that imagined
movements may play an important role
in tasks similar to the same-different
task used here (Wexler, Kosslyn, &
Berthoz, 1998; Wohlschläger &
Wohlschläger, 1998), suggesting that
object-based transformations are
sometimes assisted by imagined
movements.

These two subserve crucial and
common cognitive functions.  Object-
based transformations allow us to
anticipate how objects will look if they
change position or orientation, critical
for grasping, catching, avoiding,
manipulating objects.  Egocentric
perspective transformations allow us to
anticipate how an environment will look
from different points of view, critical for
interacting with and navigating in
environments as well as in describing
them to others.  The task remains to
establish a unified computational and
biological framework that can
accommodate these transformations,
and others.
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