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Imagined Spatial Transformation of One’s Body

Lawrence M. Parsons
Massachusetts Institute of Technology

This study examined two related phenomena: (a) the judgment of whether a human body part be-
longs to the left or right half of the body and (b) the imagined spatial transformation of one’s body.
In three experiments, observers made lefi-right judgments of a part of a body whose orientation
differed from their own by a rotation about one of 13 axes. To do so, they imagined themselves
passing to the orientation of the stimulus. Time for (a) left-right judgments and {(b) accompanying
imagined spatial transformations depended on the extent of the orientation difference (OD) between
the observer and stimulus. More important, time for phenomena (a) and (b} depended strongly, and
in the same way, on the direction of OD. Further results showed that the rate of imagined spatial
transformations can vary strongly for different axes and directions of rotation about an axis. These
and other results (e.g., Parsons, 1987a) suggest that temporal and kinematic properties of imagined
spatial transformations are more object-specific than could be previously assumed.

When similar objects are at the same orientation, people can
often readily discriminate differences in the composition and
spatial arrangement of the objects’ features. However, as the ob-
jects differ in orientation, the effort needed to discriminate be-
tween identical and just similar pairs increases. Searching for
and comparing corresponding features of objects at different
orientations can overburden spatial working memory (Parsons,
1986b). One very often finds it more efficient to imagine or to
produce physical rotation(s) of one object to an orientation like
that of the other (¢.g., Hinton & Parsons, 1987; Shepard &
Metzler, 1971). This latter fact has been exploited to study both
the internal representation of shape (Corballis, Zbrodoff,
Shetzer, & Butler, 1978; Hinton & Parsons, 1981) and imagined
spatial transformations (Bundeson, Larsen, & Farrell, 1981;
Just & Carpenter, 1985; Metzler & Shepard, 1974; Parsons,
1983a, 1983b, 19864, 1987a, 1987b, in press).
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Properties of Imagined Spatial Transformations

The time to imagine an object’s reorientation often increases
with angle of orientation difference (e.g., Cooper, 1975; Cooper
& Shepard, 1973; Metzler, 1973; Parsons, 1987a). This relation
between reaction time (RT) and orientation holds for orienta-
tion differences about either the line of sight or vertical axes.
Furthermore, the rate of imagined reorientation can vary by
more than an order of magnitude depending on the object’s
complexity or familiarity (e.g., Cooper, 1975; Kaushall & Par-
sons, 1981; Parsons, 1983b, 1987a; Shepard & Hurwich, 1984;
Shepard & Metzler, 1971). Overall, these and related results
(e.g., Cooper, 1976; Pinker, 1980) are taken to imply that imag-
ined spatial transformations produce an approximately contin-
uous series of intermediate internal representations of a shape
that correspond to its intermediate physical orientations. Such
results are also thought to imply that objects are probably inter-
nally represented in three dimensions, rather than in two di-
mensions of projected three-dimensional information {as in a
literally “pictorial™ representation).

Limits of Previous Imagined Spatial Transformation
Studies

These conclusions are based on research using letters, num-
bers, or abstract two- and three-dimensional shapes. Further-
more, two planes (or axes) of rotation were most efficient to
correct for the difference in orientation between the standard
and comparison objects. Most studies used orientation differ-
ences (ODs) in one or two planes (picture or depth), and trials
were often blocked by the plane of OD. Such experimental de-
signs fail to reflect an important aspect of human spatial trans-
formations. Perceptual, imaginal, or motor systems are capable
of interpolating, recognizing, representing, or effecting the
efficient displacement of an object from one orientation to any
other, with apparently little deliberation. An unsolved problem
is the nature of the procedures and economies that allow us to
select from among the indefinitely many paths an object can
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traverse. To investigate this problem, researches have begun to
study imagined spatial transformations of objects and are at-
tempting to develop conditions under which imagined paths
can be compared to those produced by models based on differ-
ent kinds of geometrical procedure (Just & Carpenter, 1985;
Parsons, 1983a, 1983b, 1986a, 1987a, 1987b, in press),

In the studies reported in this article, the number and variety
of orientation differences between the internally represented
standard and externally presented comparison objects are rela-
tively unconstrained by experimental design. This affords some
examinations of subjects’ abilities and preferences for selecting
planes or axes for imagined reorientations, These studies at-
tempt to provide evidence discriminating among classes of spa-
tial transformation procedures that differ with respect to the
efficiency of their reorientation paths.

The stimuli used in the present experiments are photographs
or line drawings of a natural or biological object (the human
body), part of which (an arm) may be spatially transformed
(outstretched) relative to the whole. In contrast with findings
from the initial studies that used human body parts as stimuli
{Cooper & Shepard, 1975), recent findings suggest that proper-
ties of the imagined spatial transformation of these stimuli may
differ from that of other objects, such as letters, numbers, and
abstract, unfamiliar, two- and three-dimensional shapes (Par-
sons, 1983b, 1987a, 1987b, in press; Sekiyama, 1982, 1983).
Information about such possibly different spatial transforma-
tions and the accompanying internal representations should be
useful in understanding some fundamental processes of spatial
cognition,

Geometrical Basis of an Object’s Reorientation

There are infinitely many paths for passing an object from
one orientation to another, and a path can be produced by more
than one spatial transformation procedure (cf. Parsons, 1986a).
To illustrate some of the properties of this geometrical problem
(see Figure 1), I will discuss three basic approaches (although
there are many possible procedures: see Appendix). Procedures
2 and 3 are examples of the class of procedures that produce
paths of overall relatively efficient length; Procedure 1 is an ex-
ample of the class of overall relatively inefficient procedures.

1. Rotations-by-dimensions: a “decomposition” procedure
producing a sequence of rotations about a different axis (e.g., a
principal axis of the object or environment) for each dimension
by which they differ in orientation.

2. Spin-precession: rotation about an instantaneously chang-
ing axis produced by simultaneous rotations about two orthog-
onal axes (e.g., a principal axis of the object and an axis fixed
in the environment, as in a spinning top or celestial body).

3. Shortest path: rotation about an axis (unique for each ori-
entation difference} to simultaneously correct for all differences
in orientation while absolutely minimizing the degrees of ro-
tation.

Different spatial transformations have different strengths and
weaknesses (cf, Parsons, 1986a), For example, the shortest path
for the orientation difference in Figure 1c is not obvious. This
is because the axis of rotation is not coincident with one of the
principal axes of the object (the body). For imagining the reori-
entation of one’s body, the paths for rotations-by-dimensions

and spin-precession procedures may in general be more obvi-
aus, although they will usually be longer by varying amounts.

Here, the focus is on a procedure’s (total) angle of rotation,
because this has a monotonic, curvilinear relation to reaction
time, our usual experimental measure. Each of these three pro-
cedures {or some variant) uses the same angle of rotation and
path when the orientation difference is due to rotation about a
principal axis of the object or environment. Most previous
work, which used this kind of orientation difference, could not
discriminate among different reorientation procedures. (The
exceptions are Just & Carpenter, 1985; Parsons, 1983b; and
Cooper & Shepard, 19735, although the last authors did not rec-
ognize this: see Parsons, 1987a.) In the series of experiments
reported here, an attempt is made to assess whether people
imagine spatial transformations such that the total extent of
rotation is relatively efficient (like shortest path and spin preces-
sion) or inefficient (like rotations by dimensions).

Experiments 1-3: Left-Right Judgments of an
Outstretched Arm of a Body in Observer’s
Frontoparallel Plane

With these issues in mind, [ began investigating left-right
judgments of parts of the body at many orientations. Pilot sub-
jects viewed the front or back of a human body in the picture
(or frontoparallel) plane with an arm outstretched, and pressed
a left-hand button if the body’s left arm was outstretched and a
right-hand button if its right arm was outstretched. The RT
and introspections suggested that these judgments were made
by using a method analogous to that used to make left-right
judgments of hands and feet (Cooper & Shepard, 1975; Parsons,
1987a). Apparently, people imagined reorientations of their
body from an upright orientation to the orientation of the stim-
ulus to compare the stimulus with their own body. (See related
work on the use of the body as an “analogy” for the shape of
abstract objects: Parsons, 1986¢; Sayeki, 1981; see also the work
on the internal representation of the body by Parsons & Shi-
mojo, in press.)

Experiments 1 and 2 formally demonstrate these findings on
left—right judgments by using 13 axes of rotation to create ori-
entation differences between the subject and stimulus. Experi-
ment 3 provides finer analytic information. It uses the paradigm
in Experiment | to observe discrimination functions for planes
of orientation difference that are more representative of the set
of possible orientations of a body.

Method

Subjects. A total of 10 right-handed University of California at San
Diego (UCSD) undergraduates who had not been in any related expeti-
ments participated for credit in a course in psychology.

Stimuli. Line drawings of the front and back of the body (Figure 1)
were presented at 12 picture plane orientations: upright, upside-down,
and 30°, 60°,90°, 120°, and 150° from upright in clockwise and counter-
clockwise directions. Stimuli subtended 2.5°-5" of visual angle when
displayed in a Gerbrands tachistoscope.

Design. Subjects performed eight blocks of 48 trials each. Every
block contained each stimulus at each orientation in a different random
order. The first two were practice blocks. Half of the subjects saw one
order of test blocks, and the other half saw the reverse order. Trials on
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which errors were made were repeated later in a block until performed
correctly.

Procedure. Subjects sat before a tachistoscope with their index fingers
on a two-key microswitch. They pressed the left button for a stimulus
with a left arm outstretched and the right button for a stimulus with
right arm outstretched. They were to respond as rapidly and accurately
as possible and were not to make head or hand movements. They were
given no instruction about how 1o make their judgmenits. A trial started
with the presentation of a black fixation point on a white background
for 2 5. A stimulus was then presented until a response was made. An
electronic timer recorded RT (within | ms) and accuracy of response.
At the conclusion of the experiment, subjects described in writing their
method of performing the task.

Results

Analyses use RT5s of correct responses only. Error rate was
less than 2% on average, and was correlated with RT (r = .82),
K1, 22) = 45.76, p < .0001, for the means in Figure 2 and
errors).

An analysis of variance (ANOVA) of RTs to both stimuli was
performed with 12 orientation differences (ODs), stimulus
type, and stimulus (or response) handedness. Reaction times
were longer to fronts than backs, F(1, 9) = 9.08, p < .03, for
greater ODs, F(11, 99} = 16.70, p < .001, and effect of OD on
RT was different for backs and fronts, F(11, 99) = 7.87, p <
.001. The RT-OD function for backs had a lower intercept and
steeper slope than that for fronts. Linear regressions of OD on
RT means for backs and for fronts were reliable, F(1, 5) = 14.47,
p < .05, and F(1, 5) = 9.80, p < .05. The intercepts of best fit
regression lines for these two stimuli were reliably different two-
tailed ¢ test, £5) = 4.65, p < .01. The difference between slopes
of best fit regression lines for backs and for fronts was only mar-
ginally reliable (p < .07). Linear regression of RT means on OD
with three different models of crientation difference (see the
predictions in Table A1 in the Appendix) showed the following
fits. Assuming that subjects used a rotations-by-dimensions
procedure, 38% of the variance was accounted for; 53% or 50%
of the variance was accounted for by assuming that subjects
used a shortest-path or spin-precession procedure, respectively.
(These values are reliable to .001; the fits assume that the rate
and initiation time of imagined spatial transformations are in-
dependent of the plane of orientation difference. See later dis-
cussions of this issue.)

Discussion

Model of the lefi-right judgment of body parts. When lefi-
right, top-bottom, and front-back aspects of the stimulus were

Figure 1. lllustration of three procedures for reorienting an object. ([a)
Rotations-by-dimensions path uses a sequence of two rotations: 180°
about the body’s major principal axis, then 150° about its front-back
axis. [b] Spin-precession path uses a simultaneous rotation about the
body’s long axis and about the environmentally fixed axis shown (per-
pendicular to this page). The effective axis changes instantaneously
throughout reorientation, whereas the body’s long axis stays in the plane
of this page; in this case, a total of 234" of rotation are required. [c]
Shortest path usesa 180° rotation about the axis shown. The body’s long
axis swings out of the plane of this page.)
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Figure 2. Mean RT as a function of the clockwise and counterclockwise picture plane orientation of the
back and front of the body. {Note that this figure is plotted at half the scale of Figures 4-16, with a 600 fo

1500 ms RT range rather than 400 to 2200 ms.)

aligned with those of the subjects, subjects reported that it was
obvious which arm was outstretched. Accordingly, when the
back of the body in the picture plane was at the 0° OD, subjects
produced their shortest RTs. When the stimulus was at other
orientations, subjects reported imagining a representation of
their own bodies at an upright orientation passing to the orien-
tation of the stimulus for comparison. This contrasts with dis-
crimination of correct from mirror-image letters and numbers
{Cooper & Shepard, 1973; Hinton & Parsons, 1981), when sub-
jects typically imagine spatial transformations of the stimulus
to a standard orientation {upright).’ 1t may be more efficient
in this case to imagine a spatial transformation of an internal
representation (of one’s body) to compare it with an external
stimulus than to imagine the rotation of the stimulus and to
maintain and compare two internal representations.

It is possible that to establish congruence of the stimulus and
an internal representation of their body, subyects imagined a
spatial transformation of their arms only, and not their whole
bodies. However, no subject reported using this strategy. Fur-
ther work is necessary to separate possible variation in imag-
ined spatial transformations of the body’s parts from variation
in imagined spatial transformations of the whole body. Para-
digms such as that in Part B of Experiment 2 should be useful
for this purpose.

Reaction times. Qverall mean RT for this judgment is com-
parable to that for other familiar stimuli, such as letters, num-
bers, and well-studied abstract two-dimensional shapes. By con-
trast, mean RT for left-right judgments of other parts of the
body (hands and feet), varies from 700 to 2000 ms, depending
on the direction of the orientation difference (Parsons, 1987a).
Furthermore, as with discrimination between identical and
mirror-image pairs of other types of stimuli, RT depended on
the OD between the standard and comparison objects (i.e., the
orientation difference between the stimulus and the subject).
However, because OD here was about one of many differemt

axes, the interpretation of observed RT-OD functions depends
on various assumptions and/or on independently observed in-
formation.

The curvilinear function for the back of the body is a more
extensive form of the discrimination RT-OD function observed
for misoriented letters, numbers, or abstract shapes near some
standard orientation {e.g., Cooper & Shepard, 1973; Kaushall
& Parsons, 1981). In such cases, comparison objects differed
from the standard in a single principal plane of the object. Very
similar functions are observed for lefi-right judgments of the
back of the hand and top of the foot presented at orientations
that apparently differ from the internally represented standard
in a single principal plane of the object {Parsons, 1983b, 1987a).
Reaction times for the back of the body are consistent with use
of rotations-by-dimensions, spin-precession, or shortest-path
procedures, because each would produce the same angle and
path between the orientation of the subject and stimulus (see
Table Al in Appendix).

Reaction times for the front of the body increase slightly with
increasing ODs. The use of spin-precession paths would predict
such a slightly sloped function, assuming the same rates and
initiation times for different planes of spatial transformation.
However, the slight slope is also consistent with use of the short-
est-path procedure, if, across the range of ODs, associated rates
gradually decrease and/or initiation times gradually increase.
Reaction times are probably not consistent with use of the ro-
tations-by-dimensions procedure. To be consistent with the ob-
served gradual slope, rates would have 1o increase considerably
and/or initiation times would have to decrease considerably,

! Ratchiff (1979) used a task that was simpler but related to the left-
right judgment task in the preseni experiment. He siudied the spatial
skills of adults with left, right, and bilateral brain lesions. In his analysis,
he assumed that subjects imagined rotating the stimulus to upright. The
evidence reported here suggests this is incorrect.
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across the range of ODs. Linear regressions of RT means on
OD, for both front and back of the body, show a worse fit for
the rotations-by-dimensions procedure (r*> = .38) than for the
other two procedures or models. The shortest-path and spin-
precession procedures fit equally well (an r? of about .50).

Experiment 2: Effect of Spatial Stimulus-Response
Compatibility and Ambiguous Perspective of
Stimuli on Left-Right Judgment

The findings in this control experiment confirm that RT pat-
terns in Experiment 1 do not result from either spatial stimu-
lus-response compatibility or the ambiguous perspective of
stimuli.

Parts A and B examine the effect of the spatial relation of
features of the stimulus and button press response. There is a
compatible spatial relation of features when the outstretched
left arm of an upright body (in picture plane), seen from the
back, points to the observer’s left. There is an incompatible spa-
tial relation when the left arm of an upside-down body seen
from the back points to the observer’s right. Reaction times
could be shorter when stimulus-response compatibility is pres-
ent. The stimulus could direct attention toward the side of the
body involved in making the button-press response. Differences
in this spatial compatibility of features of stimulus and response
may influence RT-OD functions in Experiment 1. This possibil-
ity is investigated in two ways. Part A uses a response mode less
directly related to left and right spatial coordinates than that of
Experiment L, but it is otherwise an exact replication. Subjects
in Part A respond vocally (saying “left™ or “right™) rather than
pressing a button with the left or right hand.

Part B examines the effect on performance in Experiment 1
when there 1s an opposite spatial relation between (a) direction
the stimulus arm is pointed and (b) side of a subject’s body. If
spatial stimulus-response compatibility influenced perfor-
mance in Experiment 1, then subjects should perform differ-
ently in a task that has reversed the spatial relations of those
features. Subjects in Part B make left-right judgments of stim-
uli identical to those used in Experiment 1 in all but one re-
spect: The stimulus arm is pointed contralaterally, across its
midline (Figure 3).

Part C investigates how performance in Experiment 1 is in-
fluenced by perspective information in stimuli, In Experiment
1, there was an ambiguous spatial relation between stimulus
and observer with respect to the frame of reference of the envi-
ronment. Subjects could have seen a stimulus as being viewed
from more than one perspective (e.g., looking down at, rather
than across at, a stimulus). This may have affected the results.
Subjects should be less likely to use such a strategy when the
relation between orientation of their body and orientation of
the stimulus (with respect to environment) is unambiguous. In
Part C, the stimulus body is embedded within an unchanging
scene whose frame of reference matches that of the environ-
ment (Figure 3).

Method

Subjects. A total of 18 UCSD undergraduates who had not been in
any similar experiments participated for credit in a psychology course.
Of'those, 6 randomly selected individuals were assigned to each part.

Stimufi, design, and procedure. Stimuli in Part A were those in Ex-
periment |. Those for Parts B and C are shown in Figure 3. Stimuli were
presented in 12 picture plane orientations. Design of each part exactly
replicated Experiment 1 in all but one respect: Subjects performed four
blocks of 48 trials each (the first two were practice). Subjects in Part A
were 10 say “left” if lefl arm of stimulus was raised and “right” if a right
arm was raised. All other aspects of procedure in Parts A, and all of
Parts B and C procedures were identical 1o those in Experiment 1.

Results and Discussion

There were no major differences between performance in the
control experiment and performance in Experiment 1. As in
Experiment 1, the error rate for each part was less than 3% and
was correlated with RT, r = .89, F(1, 12) = 47.94, p < .0001;
r= .83, F(1, 12) = 2744, p < .001; r = .88, £(1, 12) = 41.63,
p < .0001. Introspective reports in each part were identical to
those in Experiment 1. The ANOvVAs of RTs in each part showed
no effects of clockwise and counterclockwise stimulus orienta-
tions.

An aNova of RTs in each part to fronts and backs was con-
ducted with 12 ODs (0°-330°), stimulus type, and stimulus
handedness. Reaction times were very similar to those in Exper-
iment 1. In Part A, RTs were longer for greater ODs up to 180°,
K11, 55) = 11.43, p < .001, and the effect of OD on RT was
different for backs and fronts, F(11, 55) = 9.06, p < .001. In
Part B, RTs were longer (a) to fronts than to backs, {1, 5) =
8.37, p < .05; (b) for greater ODs, F(11, 55) = 5.22, p < .001;
and (c) the effect of OD on RT was different for fronts and backs,
F(11,55)=3.70, p < .001. In Part C, RTs were longer for greater
ODs, K11, 55) = 11.75, p < 001, and the effect of OD on RT
was different for backs and fronts, F(11, 55) = 8.25, p < .001.

The RT-OD function in each part for backs had a steeper

_,l'(#@

I

Figure 3. In the upper panel, two of four stimuli in Part B of Experiment
2: the back and front of the body with contralaterally outstretched right
arm at orientation difference (OD) of 0°; in the lower panel, two of four
stimuli in Part C of Experiment 2: the back and front of the body with
outstretched right arm at OD of 0° and shown embedded in an unchang-
ing scene.
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slope and lower intercept than fronts. There were no reliable
differences between the slopes and intercepts of linear regres-
sion equations of RTs observed in Parts B and C and those ob-
served in Experiment 1 and Part A (two-tailed ! test, p > .05).
The intercept of the linear regression equation for fronts is reli-
ably different from that in Experiment 1, #(1, 5) = 542, p < .05.

In each part, the linear regression of RT on OD for backs of
bodies was reliable, F(1, 5) = 22.80, p < .01; F(1, 5) = 18.58,
p < 0l; F(1, 5) = 28.85, p < .01; however, that for fronts of
bodies was reliable for RTs in Part C only, F(1, 5) = 10.58, p <
.05. The intercept of the regression equation for backs is reliably
shorter than that for fronts in each part, 1, 5) = 10.44, p <
001 4(1,5)=8.11,p < .001; (1, 5) = 9.24, p < .001. The slope
of the function for backs is reliably steeper than that for fronts
inPart C, 1, 5) = 6.27, p < .0L.

Experiment 3: Left-Right Judgments of Qutstretched
Arm of a Body at a Large, Representative
Set of Orientations

This experiment uses the paradigm of Experiment 1 more
analytically to observe discrimination functions for planes of
orientation differences created by rotations about a single axis.
The set of axes used is much more representative of the set of all
possible orientations (see Figures 4—16). The stimuli are color
photographs of a human-like doll (with one arm outstretched)
in 288 orientations resulting from rotations (in 30° intervals)
about 13 axes.

Method

Subjects. A total of 13 righthanded Massachusetts Institute of Tech-
nology (MIT) undergraduates who had not been in any related experi-
ments participated for §5 an hour.

Stimuli. Color photographic slides of a clothed human-like doll were
illuminated by a Mast slide projector (with attached tachistoscopic
shutter), The standard orientation of the doli {configured as in Figure
1) was upright, with its back to camera and its frontal plane parallel to
camera’s picture plane. Other orientations were created by passing each
of 13 axes through the center of mass of the doll at the standard orienta-
tion. The doll was rotated about each axis 180°, and 30°, 60°, 90°, 120°,
and 150° ciockwise and counterclockwise. A Cartesian frame of refer-
ence was applied to the doll at the standard orientation, so that the X
axis was aligned along the ipsilaterally outstretched left arm, the Y axis
extended toward the head, and the Z axis extended in the direction that
the nose and the camera pointed. The 13 axes are described by unit
vectors (Figures 4-16) from the origin {center of mass) of this frame of
reference. At each of the resulting 144 orientations, there was one stim-
ulus with left arm outstreiched and another with right arm out-
stretched. The doll (in dark clothes) was shown airborne against a white
background; the axis of rotation was not visible. The outstreiched arm
was bare, and its position was adjusted slightly when it would otherwise
be obscured (by the rest of the doll) in the camera’s view.

Design and procedure. The 288 stimuli were presented in a random
order unique for each block and subject. Each subject performed three
blocks (the first was a practice block) in two sessions. Trials on which
errors were made were repeated later in a block until performed cor-
rectly. The procedure is identical to that in Experiment 1 except that a
PDP 11703 microcomputer controlled the experiment.

Results

Error rate was less than 3% on the average and correlated with
RT, r=.78, F(1, 142) = 223.55, p < .0001. Analyses used RTs
of correct responses only.

Reaction time depended on how much the stimulus orienta-
tion differed from that of the subject. There was a slight slope
near the upright orientation with an increasing siope for ODs
greater than 50°, which may have been caused by subjects’ ex-
traexperimental familiarity with upright bodies. In addition, it
may partly have been a practice effect because many stimuli
showed the body near the upright orientation.

Reaction time also depended on the axis used to create the
orientation difference between the stimulus and subjects. An
ANOVA of RTs was conducted with 11 ODs, stimulus (or re-
sponse) handedness, and axis. Reaction time depended on axis,
F(12, 144) = 20.82, p < .0001, and orientation, {10, 120) =
99.39, p < ({01, The effect of OD on RT was different for
different axes, F{120, 1440) = 10.07, p < .0001. The effect of
axis on RT was different for stimulus (or response) handedness,
(12, 144) = 1.90, p < .05. The effect of OD on RT depended
on axis and stimulus (or response) handedness, F{(120, 1440) =
2.20,p < .0001.

Effects of stimulus (or response) handedness on RT appear to
be related to changes in properties of subjects’ imagined spatial
transformation in response to whether the left or right stimulus
arm is outstretched (see Experiment 4).

Linear regression of RT means on shortest-path OD for each
axis was reliable but accounted for only .41 of the variance, r =
646, F(1, 141) = 100.98, p < .0001. This is because RTs
strongly depended both on which plane the OD was in and on
the clockwise or counterclockwise direction in that plane.
Slopes of best fit linear regressions of RT on OD for individ-
ual planes of orientation varied by a factor of 2.5 (see Fig-
ures 4-16).

The RT-OD functions for various axes are different for clock-
wise and counterclockwise ODs, and they reflect a tendency for
RT to be longer for stimuli showing the top of body pointing
away from observer and (especially) below the horizontal plane
and away from the observer.

Because RT depended on the plane of OD and clockwise and
counterclockwise direction in the plane of OD, models based
only on OD are not very predictive. The rotations-by-dimen-
sions procedure is again less consistent with the evidence than
the spin-precession and shortest-path procedures. On the basis
of a linear regression of RT on OD, a rotations-by-dimensions
procedure would account for 26% of the variance, whereas the
spin-precession and shortest-path procedures would account
for 39% and 41% of the variance (all of which are reliable to
p<.001).

Discussion

Time for lefi-right judgments depends on direction of orienta-
tion difference. These results show that the direction, as well as
the extent of the OD between stimulus and observer, greatly
influences the time to make a left-right judgment of a part of a
misoriented body. Slopes for RT-OD functions for different
planes of orientation varied by a factor of 2.5. The slightest
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Figure 4. Left-right judgment and imagined spatial transformation for axis (0, 1, 0): Experiments 3 and 4.
{Separate RT-OD functions for left-right judgments of the outstretched arm of the body at orientations and
for imagined spatial transformations of one’s body for each axis. Also shown is the location of the axes used
in Experiments 3, 4, and 5, and the plane or cone in which the orientation of the upper bedy of the stimulus
lay. The origin of the coordirate system is at the center of mass [middle] of the stimulus body. Subjects’
line of sight on the stimuli was a/ways down the depicted negative Z axis toward the origin [Figure 1], For
the purpose of the clearly depicting the orientation of the stimulus about an axis of rotation, the X and Z
axes are in some cases shifted with respect to the plane of this page.)
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Figure 5. Left-right judgment and imagined spatial transformation for axis (0, 0, I )
Experiments 3 and 4. (Sec Figure 4 for explanation of format.)
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Figure 6. Left-right judgment and imagined spatial transformation for axis (1, 0, 0):
Experiments 3 and 4. {See Figure 4 for explanation of format.)

slope was observed for the vertical axis (which was aligned with
the body’s major principal axis). The steepest stope was found
for orientations in the picture plane {about the observer’s line
of sight). For example, RT for a 180° OD varies (for different
directions) from about 1 s{with no errors) to about 2 s (with an
error rate of .26). RT increased markedly for stimulus orienta-
tions where the head was (a) away from observer or “forward,”
{b) away from observer and below the horizontal plane, {¢) up-
side-down, and (d} upside-down, with the body nearly paraliel
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2200
2100 ;—
2000 1
1900 -
1800 ;—
1700 T
1600
1500
1400 -
1300
1200 F
1100 +
1000 -
900 r
800 +
700 -

to observer's frontal plane. However, the orientation of the head
cannot explain ail of the effect of stimulus orientation on RT.
For example, at the upside-down orientation, for which OD is
always 180°, mean RT depends on which way the stimulus body
faces. Thus, for upside-down stimuli facing toward observer, RT
is 1,000 ms; facing away from observer, it is 2,000 ms; toward
observer's left, it is 1650 ms; and toward observer’s right, it is
1,500 ms (these means are reliably different to p < .05 by New-
man-Keuls tests). Differences in RT for forward and backward
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Figure 7. Left-right judgment and imagined spatial transformation for axis (.58, ~.58, .58):
Experiments 3 and 4. (See Figure 4 for explanation of format.)
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Figure 8. Left-right judgment and imagined spatial transformation for axis (.71, —.71, 0):
Experiments 3 and 4. (See Figure 4 for explanation of format.)

stimulus orientations are not caused by variation in a subject’s
ability to detect the location of the outstretched arm. For in-
stance, the effect is strong for stimulus orientation in the depth
plane ({1, 0, 0] axis), where the outstretched arm is parallel to
the picture plane and never occluded by the rest of the stimulus,
Subjects did not move during trials, no RT patterns are not due
to actual movement to stimulus orientation.

Such large differences in slopes of discriminative RT-OD
functions for different planes of stimulus orientation, and for
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clockwise/counterclockwise directions in a plane of stimulus
orientation, are unlike almost all previous findings in this area.
For example, no difference was observed in slopes of discrimi-
nation functions for abstract three-dimensional shapes in pic-
ture and depth planes (Shepard & Metzler, 1971), and only a
15% difference was observed in slopes for RT-OD functions for
three planes of stimulus orientation {Metzler, 1973). However,
in left-right judgments of hands and feet (Parsons, 1987a), there
are comparably large (or larger) effects of direction of stimulus
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Figure 9. Left-right judgment and imagined spatial transformation for axis (.71, .71, 0):
Experiments 3 and 4. (See Figure 4 for explanation of format.)
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Figure 10. Lefi-right judgment and imagined spatial transformation for axis (.58, .58, .58):
Experiments 3 and 4. (See Figure 4 for explanation of format.)

orientation. In addition, in a study of the discrimination of ab-
stract three-dimensional objects, the slope of resulting discrimi-
nation functions varied by a factor of more than 2 across
different planes of OD (Parsons, in press).

Experiments 4 and 5: Imagined Spatial
Transformations of One’s Body

Experiments 4 and 5 collected evidence on the following hy-
pothesis about subjects’ left-right judgments in Experiments |,
2,and 3.

Reaction time (msec)

1. The effect of stimulus orientation on RT is due mostly to
its effect on properties of imagined spatial transformations
rather than on comparison of shape involved in the discrimi-
nation.

2. Subjects imagine a representation of their upright body
rotating into the orientation of stimuli.

3. The spatial origin of these imagined spatial transforma-
tions is the subject’s own upright orientation during Experi-
ments 1, 2, and 3.

These experiments use a paradigm in which each subject is
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Figure 11. Lefi-right judgment and imagined spatial transformation for axis (0, .71, .71):
Experiments 3 and 4. (See Figure 4 for explanation of format.)
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Figure 12, Left-right judgment and imagined spatial rransformation for axis (.58, .38, —.58):
Experiments 3 and 4. (See Figure 4 for explanation of format.)}

instructed to imagine his or her body and arm rotating from
their orientations during the task to the orientation of a stimu-
fus, and to say *“Now" when the imagined spatial transforma-
tion is complete. Trials are blocked so that stimulus handedness
is knowx in advance of each trial, and no left-right judgment
of a stimulus is required. In Experiment 4, this paradigm is used
with the stimuli from Experiment 3, and subjects are free to
imagine any path between their own orientations and that of the
stimulus. In Experiment 5, subjects are instructed to imagine
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themselves rotating between their own orientations and that of
the stimulus using experimenter-specified shortest paths. Thus,
unlike in Experiments 14, in Experiment 5, the extent of path
is restricted; this enables assessment of the rate of imagined spa-
tial transformations in different planes.

These two simulation paradigms are reminiscent of those in
which people imagine an object's rotation in a specific plane in
response 1o a cue providing preparatory information about an
upcoming trial (e.g., Cooper, 1975; Cooper & Shepard, 1975;
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Figure 13. Left-right judgment and imagined spatial transformation for axis (¢, .71, . 7%
Experiments 3 and 4. (See Figure 4 for explanation of format.)
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Figure 14. Left-right judgment and imagined spatial transformation for axis (—.58, .58, .58)
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Metzler, 1973}. The preparation-time/orientation function that
is observed has a linearly increasing slope very similar to that
for the RT-OD function for discriminating mirror-image ob-
jects (Cooper, 1975). In a study like Experiment 4, RT-OD func-
tions for lefi-right judgments of a hand or foot were strongly
correlated with the time to imagine spatial transformation of
one’s hand or foot from its orientation during the task to the
orientation of stimuli (Parsons, 1987a). However, differences in
RT patterns for various planes of orientation difference in Par-

RQeaction time (msec)

sons’ study were slightly less extreme for simulation than for the
discrimination paradigm. Also, the overall mean RT was longer
for the simulation than discrimination task.

Of interest in Experiment 4 is whether a subject imagining
his or her body {and arm) moving between pairs of orientation
differences like those in Experiment 3, produce comparable
RT-OD functions. If 30, this result is good evidence for the fore-
going three hypotheses, A strength of this paradigm is that the
relation between sets of RT-OD functions in Experiments 3 and
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Figure 15. Left~right judgment and imagined spatial transformation for axis (71,0, —.71).
Experiments 3 and 4. (See Figure 4 for explanation of format.)
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Figure 16. Left-right judgment and imagined spatial transformation for axis (.71, 0, .71):
Experiments 3 and 4. (See Figure 4 for explanation of format.)

4 could in principle reveal whether the origin of imagined spa-
tial transformation in Experiment 3 is different by as much as
30° in any direction from the origin subjects are instructed to
use (cf. Parsons, 1987a). However, in light of the variability of
RTs in this paradigm, Experiment 4 has the power to detect a
minimum disparity of 60° between the task orientation subjects
are instructed to use as a spatial origin here and the spatial ori-
gin of the subjects’ spatial transformation in Experiment 3.

Experiment 4: Imagined Spatial Transformation of
One’s Body via the Path of One’s Choice

Method

Subjects. A total of 13 right-handed MIT undergraduates who had
not been in any related experiments participated for $5 an hour.

Stimuli, design, and procedure. All aspects of stimuli, design, and
procedure are identical to Experiment 3 except the following. Trials
were grouped by the handedness of the stimuli: 36 trials with left-hand
stimuli were alternated with 36 trials with right-hand stimuli. Within
each group of 36 trials, the axis and angle of rotation were randomly
ordered with an approximately equal number of trials for each angle
and axis. After 20 randomly selected practice trials, a single replication
of all 288 trials was performed. (Subjects were not instructed as to when
they should imagine stretching out their arm.) They knew the stimulus
handedness before each trial. Their vocal responses triggered a voice-
activated relay.

Results

Subjects reported having no difficulty following instructions
and imagining their bodies and arms passing from their orienta-
tion during the task to the orientation of stimulus. Time to
imagine the spatial transformation depended on how much the
stimulus orientation differed from that of the subject. However,
it also depended on which axis was used to create the orienta-

tion difference between the stimulus and subject. An ANOVA of
RTs was conducted with 11 ODs, stimulus handedness, and
axis. RT depended on axis, F{12, 144) = 10.45, p < .0001, and
OD, F(10, 120) = 29.27, p < .0001. The effect of OD on RT
depended on axis, F(120, 1440) = 3.60, p < .0001; RT for
different axes depended on stimulus handedness, £(12, 144) =
1.89, p < .05; and the effect of OD on RT depended on both
axis and stimulus handedness, F{120, 1440} = 1.68, p < .0001.

Slopes of the best fit linear regressions of RT on OD for indi-
vidual planes of orientation varied by a factor of 5. For the most
part, this striking range in slopes reflects the tendency for imag-
ined spatial transformation times to be longer for orientations
near the upside-down orientation, independent of OD. As
shown in Figures 4-16, slopes and shapes of functions for
different planes of orientation are very similar to those in Ex-
periment 3. Furthermore, as in Experiment 3, RT-OD functions
for several axes are different for clockwise and counterclockwise
ODs, which reflects the tendency for longer RTs to orientations
where the head pointed forward (i.e., away from observer) and
forward or below horizontal plane.

Asin Experiments 1 and 3, the evidence is less consistent with
a rotations-by-dimensions procedure than with spin-precession
and shortest-path procedures. However, because of the strong
effect on RT of the direction of OD, none of these simple models
are very predictive. On the basis of linear regression of RT
means on OD, 40%, 52%, and 54% of the variance is accounted
for by assuming a rotations-by-dimensions, spin-precession, or
shortest-path procedure, respectively.

Comparison to RTs in Experiment 3. The ANOVa results
are like those for lefi-right judgments of the same stimuli in
Experiment 3. The two sets of RTs are correlated at .92, £(1,
142) = 732.98, p < .0001. The differences for RTs to Experi-
ments 3 and 4 are confined to the overall mean (intercept) of
RTs, which is about 500 ms longer here than in Experiment 3.
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A comparable difference in RT was found in corresponding dis-
crimination and simulation experiments by using left and right
hands and feet {Parsons, 1987a). At least some of this difference
is likely due to the fact that subjects in Experiment 3 had three
times as much practice at the task. When subjects are as prac-
ticed at a discrimination task as at the corresponding prepara-
tion or simulation task, overall means for the two tasks are ap-
proximately equal (e.g., Cooper, 1975).

These similar RT patterns in Experimenis 3 and 4 suggest
that the discrimination and simulation tasks require similar
processes for responding to the orientation differences of stim-
uli. The differences in RT across the two experiments appear to
be unrelated to the orientation difference between stimuli and
subjects. It is possible that the simulation task induces greater
time for some kind of information processing before and/or af-
ter an imagined spatial transformation. Further research is nec-
gssary to identify in detail the nature of the mental processes
used in these two tasks.

Discussion

Time for an imagined spatial transformation depends on its
direction. These results show that the time to imagine spatial
transformations of an object (i.e., a representation of one’s
body) can depend very strongly on the orientation to which, or
through which, it passes. Most previous work on imagination
of other objects found effects only of the extent of OD (e.g.,
Cooper, 1975; Cooper & Shepard, 1975; Metzler, 1973). These
findings are consistent with those of imagined spatial transfor-
mations of one’s hands and fect (Parsons, 1987a).

Model of performance. The high correlation between time
for imagined spatial transformations and for left-right judg-
ments (r = .92), coenfirms the performance model used to inter-
pret the results of Experiments 1, 2, and 3. Furthermore, RT-
OD functions observed here are less consistent with the use of
an inefficient procedure like rotations by dimensions than with
the use of efficient procedures like spin precession or shortest
path. Use of a rotations-by-dimensions procedure woukl re-
quire assuming that rates and initiation times vary (with direc-
tion of OD) by considerably greater amounts than for the other
two procedures. This is confirmed by the goodness of fit of lin-
ear regressions.

Overall, these results fit several different explanations. Stimu-
lus orientation may affect the time for an imagined spatial trans-
formation by influencing one or more of either its rate, path, or
initiation time.

1. Suppose (a) people use very efficient paths here (so there
is only a small amount of variation in extent of imagined path
for ODs in different directions). Also suppose (b) initiation
times of imagined spatial transformations are constant for all
ODs. If s0, then these results would suggest that rates of imag-
ined spatial transfermations can vary much more than results
of other studies have indicated.

2. Alternatively, suppose extent of the imagined path for an
OD varies in different directions, but rates or initiation times
are constant. The results then suggest that people use quite
different paths for the same extent of OD. This conclusion is
consistent with observations of imagined spatial transforma-

tions of one’s hands and feet, which suggest that paths of differ-
ent extent are imagined for different directions of OD.

3. If rates and extent of path do not vary for the same OD in
different directions, then results suggest that initiation time
(i.e., time to plan or find an efficient path) would vary greatly.

Other possibilities involve some combination of the preced-
ing possibilities. In addition, it is also possible that subjects use
a mixture of strategies for stimuli at different orientation
differences. This could entail variation in the extent, rate, and
initiation time of imagined spatial transformations. Paradigms
with more precise control and measures of performance, like
thatin Experiment 5, are required to sort out these various pos-
sibilities.

Time for imagined spatial transformation depends slightly on
which arm is outstretched. Effects involving stimulus or re-
sponse handedness were found in Experiment 3 where the left-
right judgment was indicated with a left- or right-hand button-
press response. Because such effects were also observed in Ex-
periment 4, where no lefi-right judgment (or response) was
made, these handedness effects must be related to stimulus
handedness rather than to response handedness. Handedness
effects are observed for some of the 90° or greater ODs, in clock-
wise and counterclockwise directions, for 9 of 13 axes. In some
cases, RT for the left-hand stimulus is longer than for the right-
hand stimulus, and in other cases the reverse is true. However,
there are no simple or uniform patterns for different planes of
orientaticn. The rate, the path, or the initiation time of imag-
ined spatial transformation of the body is influenced by which
arm is outstretched.

Experiment 3: Imagined Spatial Transformations of
One’s Body via Shortest Path

This experiment examines the rate of imagined spatial trans-
formations by using a simulation paradigm like that in Experi-
ment 4. Its purpose is to evaluate how rate is influenced by the
orientation to which subjects imagine themselves passing. Sub-
jects are instructed to imagine their body passing in shortest
paths from their orientation during the task to the stimulus ori-
entation. They are told, for example, that for the next 11 trials
the stimulus will show the left arm outstretched and that the
body will be upright but at any orientation about the vertical
axis.

The set of planes or axes used to create ODs in this experi-
ment was selected so that it was representative of the possible
orientations of the boedy, and the associated paths and orienta-
tions could be readily demonstrated, so as to facilitate subjects’
ability to accurately imagine the spatial transformations. De-
spite the fact that the set of orientations about the (—.58, .58,
.58) axis cannot be simply described (Figure 14), such orienta-
tions were used because there were considerable RT differences
for clockwise and counterclockwise ODs about this axis. In ad-
dition, this latter axis was used because the extent of path for
the rotations-by-dimensions procedure is greater than for the
spin-precession and shortest-path procedures (the extents of
which are fairly similar: ¢f. Table A-2 in Appendix).

Thus, if subjects follow instructions, they will be imagining
spatial transformations of the same extent for the correspond-
ing extent of orientation difference. Furthermore, there should



186 LAWRENCE M. PARSONS

be little variation in initiation times for imagined spatial trans-
formations in different directions: Initiation time should be lit-
tle influenced by differential uncertainty in, or familiarity with,
location of path. (However, in at least some cases, this assump-
tion may turn out to be unwarranted if subjects have difficulty
learning those paths that are difficult to describe.) If these as-
sumptions are correct and no other factors are involved, then
shape or slope of functions for different planes of orientation
directly reflect the rate of imagined spatial transformations.

If subjects produce RT patterns very similar to those in Ex-
periments 3 and 4, it would suggest that subjects in Experiments
3 and 4 imagined very efficient paths. There is little or no
difference in RT functions predicted by spin-precession and
shortest-path procedures here, so RTs cannot determine which
procedure was used in Experiments 3 and 4. In some cases, in-
tercept differences are predicted for the use of the rotations-by-
dimension procedure as compared with the use of spin-preces-
sion and shortest-path procedures (Table A-2). These differ-
ences may be verified by statistical test.

Method

Subjects. A total of 14 right-handed MIT undergraduates, who had
not been in any related experiments, participated for $5 an hour.

Stimuli and design. Stimuli were exactly like those in Experiment 4,
except that only those produced by (1, 0, 0), (0, 1,0), (0, 0, 1), (.71, 0,
T1),(.71,0,—.71),and (—.58, .58, .58} axes were used. The 132 practice
trials were designed exactly like those in Experiment 4. The 132 test
trials (in random, unique order for each subject) were organized so that
33 trials with the left arm of stimulus cutstretched were followed by 33
trials with the right arm outstretched. These 33 trials were composed
of three sets of 11 trials, each set with a different plane of OD. This was
followed by a comparable set of trials with the right arm outstretched.
Finally, two more sets of 33 trials were performed in the same manner.
Each possible kind of trial was performed only once.

Procedure. On the practice trials, the procedure was exactly like that
in Experiment 4. Before each test trial, subjects knew which arm was
outstretched and what plane (or axis) they were to use. They had to
determine in which direction to imagine a rotation afler they saw each
stimulus (e.g., clockwise or counterclockwise about the axis of rotation).
Before each set of | | trials, the experimenter demonstrated the stimulus
orientations with a human-like doll. Subjects were then asked to imag-
ine themselves (with appropriate arm outstretched) at a few orienta-
tions of their own choice (about that axis}. Then, they performed 11
trials. The procedure was otherwise identical to Experiment 4.

Results

Subjects reported having difficulty learning the paths for ori-
entations created by rotations about the (—.58, .58, .58) axis,
and, to a lesser extent, the (.7, 0, .7) and (.7, 0, —.7) axes. Other-
wise, they reported following instructions. Overall RT in-
creased with the difference between the orientation of the sub-
ject and of the stimulus. It also depended on the direction of the
OD. An ANOVA of RTs that used axis, 12 ODs, and stimulus
handedness showed that RT depended on axis, (5, 65) = 8.99,
p < .001, and OD, F(10, 130) = 6.49, p < .001.

Slopes of the best fit linear regressions of RT on OD for
different planes of orientation varied considerably (by a factor
of 2.5). Also, RT-OD functions were different for clockwise and

counterclockwise ODs about (1, 0, 0), (.71, 0, .71), and (—.58,
.58, .58) axes.

Comparison with RTs in Experiments 3 and 4. The correla-
tion of RT at ODs created by rotation about axes (1, 0, 0), (0,
I, 0, (0,0 1), (.71, 0, .71), and (.71, O, —.71) with those in
Experiment 3 are .90, .96, .95, .86, .88 (for each, p < .001, df =
9), respectively. With RTs in Experiment 4, these correlations
are .88,.71,.97,.93, .89 (p <.001, except r = .71 forwhich p <
.02). For ODs created by rotations abeut (—.58, .58, .58) axis,
this correlation for Experiment 3 is .73 and for Experiment 4 is
.77; without RT at 120° clockwise OD, these correlations are
.96 and .50 (p < .001).

The overall correlation of these RTs with (a) those in Experi-
ment 3 is .60, F(1, 64) = 35.13, p < .0001, and with (b) those
in Experiment 4 is .68, F(1, 64) = 54.56, p < .0001. This rela-
tively weak correlation occurs because the relation of intercepts
(or overall mean RTs) among the individual members of the set
of axes in Experiment 3 is different from those amocng their
counterparts in Experiments 3 and 4. Mean RT for (.71, 0, .71),
(.71,0, —.71), and (—.58, .58, .58) axes here are relatively longer
than in Experiment 3. Compared with Experiment 4, means for
(0,0, ) and (1, 0, 0) axes here are relatively shorter, and those
for (71,0, .71)and (.71, 0, —.71) axes are relatively longer.

Overall mean RT is comparable to that in Experiment 4 and
is about 500 ms longer than in Experiment 3.

Discussion

Rate of imagined spatial transformation varies in different
directions. On the assumption that no other factors influenced
the slope of the RT-OD functions, these results demonstrate that
the rate of imagined spatial transformations depends on the ori-
entations to or through which one's body is imagined 1o pass.
The rates of imagined transformations range from 300°-700°
per second. These rates fit as expected in the range of rates cb-
served for stimuli of varying complexity or familiarity, For ab-
stract, three-dimensional abjects {like those used by Shepard &
Metzler, 1971), the inferred rates vary from 50° to 100° per sec-
ond; for experimentally familiar random polygons, 400°-600°
per second (Cooper, 1975); for letters and numbers, 600° per
second (Cooper & Shepard, 1973; Hinton & Parsons, 1981);
and for one’s own hand and foot, apparently from 300° to 900°
per second (Parsons, 1987a).

The results reperted here do not indicate exactly why the rate
of imagined spatial transformations varies for different direc-
tions. Two possibilities are subjects’ familiarity with orienta-
tions of their body and how well practiced a spatial transforma-
tion to an orientation is. If upside-down orientations are less
familiar than upright orientations, then it is possible that, for
unfamiliar orientations, people imagine less efficient paths, take
longer to find a path, or produce slower imagined spatial trans-
formations. For example, the fast rate for the vertical axis
{which was aligned with the axis of elongation of the body) may
be accounted for by two hypotheses. First, rotation about the
vertical is probably the most common of all rotations in our
ecology, and familiarity may increase the rate of imagined rota-
tion. There is some evidence that the effect of practice on rate
of imagined rotations may be profound. Kaushall & Parsons
(1981) found that with practice the slope of the RT-OD function
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for discriminating identical and mirror-image pairs of differ-
ently oriented, abstract, three-dimensional objects gradually
declined to zero (thcugh most subjects reported imagining the
reorientation of the stimuli throughout the experiment.) Sec-
ond, rotation about the major principal axis of an object (i.e.,
the axis of elongation of the body) may be more rapid than rota-
tion about other axes (Metzler, 1973).

Another possibility is that imagined spatial transformation
of one’s body simulates, to some extent, dynamic properties of
actual motion of the body; if so, imagined spatial transforma-
tions to orientations near upside-down could be expected to be
jonger than to orientations near upright. An analogous account
is suggested by studies of imagined spatial transformations of
one’s hands and feet (Parsons, 1983b, 1987a). There may be
other factors invalved, but they remain to be discovered.

Effect of intermediate versus final orientation. There is some
evidence here that the rate of an imagined spatial transforma-
tion is influenced more by its final orientation than by its inter-
mediate orientations. Consider, for example, the functions for
orientations in the depth plane ({1, 0, 0] axis): RT peaks at the
120° clockwise OD), and declines to 180° OD. If subjects imag-
ine their bodies passing in shortest paths, then when they imag-
ine their bodies at 150° OD, they must have (briefly) imagined
themselves at 120° OD orientation, This assumes that imagined
spatial transformations represent approximately continuous
intermediate orientations of an object, as the findings of Cooper
(1976) and Metzler (1973) indicated. However, the time to
imagine one’s self at the 120° OD is longer than that at the 150°
OD, even though the latter is of greater extent and presumably
passes through the former orientation. (It is possible, although
unlikely, that subjects, contrary to instruction, did not imagine
ashortest path in such a case. [nstead, they could have imagined
rotation counterclockwise (backward), the long way about the
axis, passing through 180° OD to 150° OD,) A related but con-
verse effect may be seen in the RT-OD function for imagined
spatial transformations in the frontal plane ([0, 0, 1] axis, Fig-
ure 4). The rate of imagined spatial transformation is much less
for 30°~150° ODs than for the 180° OD. Therefore, rate could
be uniformly slow to 180° ODs (when it is the final orientation),
and uniformly fast to 150° ODs (when it is the final orientation).
This could be consistent with the interpretation discussed ear-
lier of different rates for orientations in clockwise and counter-
clockwise directions. Alternatively, the rate of imagined spatial
transformations to the 150° OD could (always) be relatively fast,
and the rate from the orientation at the 150° OD to that at the
180° OD could (always) be slow.

Geometrical basis of imagined spatial transformations. For
the most part, RT-OD functions produced by subjects given ex-
plicit training and instructions for shortest paths are very sim-
ilar to those for left-right judgments for the same stimuli (and
observer orientation). Furthermore, the functions in this last
experiment are similar to those for imagined spatial transfor-
mations (with the same observer and stimulus orientation) for
which subjects are free to imagine any path. This similarity of
functions in Experiments 3, 4, and 5 suggests that subjects spon-
taneously used very efficient (e.g., spin-precession or shortest)
paths for those orientations in Experiments 3 and 4. The resuits
are not consistent with the hypothesis that subjects in Experi-

ments 3 and 4 used an inefficient spatial transformation proce-
dure such as rotations by dimensions.

Subjects’ difficulties learning shortest paths. The two main
differences between RT-OD functions here and in Experiments
3 and 4 may have resulted from unwanted side effects of the
instruction set and because paths to some of the stimulus orien-
tations were difficult to memorize. First, the function in Experi-
ment 5 for the (—.58, .58, .58) axis is different from those in
Experiments 3 and 4 only in that RT at 120° clockwise OD is
relatively short (by about 550 ms). Unfortunately, this short RT
may be an effect of instructions familiarizing subjects with the
body at this orientation, The 120° OD is the only orientation
about this axis at which the body is in a principal plane of ob-
server’s visual environment. This orientation was used to illus-
trate the plane (or cone) of orientations relative to observer’s
orientation that are difficult to describe (Figure 14). There is
also a difference in relations in the overall RT for each axis:
Overall mean RT forthe{.7,0,.7)and (.7, 0, —.7} axes are longer
here than in Experiments 3 and 4. This may have resulted if
slower initiation times were caused by subjects’ difficulty in us-
ing a certain plane of orientation. Subjects also found orienta-
tions for the (—.58, .58, .58) axis difficult to memorize. If RT
for the 120" clockwise OD about (—.58, .58, .58) axis had been
comparable to that in Experiments 3 and 4 (as RTs for each of
the other orientations about this axis are), then its overall RT
would also be long relative to that in Experiments 3 and 4.

The fact that subjects had difficulty learning the shortest
paths for orientations about at least some axes is inconsistent
with the hypothesis that people spontaneously use shortest-path
spatial transformations, as was argued by Shepard (1982,
1984). This observation is consistent with an analysis of the
strengths and weaknesses of a shortest path procedure (Parsons,
1986a) and with my own unpublished studies of spatial rea-
soning.

General Discussion
Properties of Imagined Spatial Transformations

Imagined spatial transformations of different stimuli for a
constant orientation difference. There are two possible causes
of the pattern of discrimination and simulation RTs for different
directions of OD. First, the RT patterns may be due to general
properties of a subject’s representation and imagined spatial
transformation of shape. Second, the RT patterns may be due
to the properties of the imagined object or of spatial transfor-
mations specifically associated with those objects.

In a companion study (Parsons, in press) that used the same
planes of OD but abstract three-dimensional objects instead of
body parts, RT-OD functions for the different planes were not
correlated with those here. The relations among slopes and over-
all means for different planes of OD were quite different. If
imagined spatial transformations underlie discrimination func-
tions for object and body stimuli, the differences in functions
suggest that properties of imagined spatial transformations de-
pend on the object imagined. If this is so, the properties ob-
served here are not general properties of shape representation
and imagined spatial transformations. Comparing the resuits of
these two sets of studies is complicated by the fact that the two
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kinds of stimuli differ on more than a single dimension. The
body is more familiar, it has familiar spatial transformations
associated with it, and it has parts that may be spatially trans-
formed relative to the whole. However, the preceding conclu-
sion is reinforced by the comparison of the results here with
thase of studies of the left-right judgment and imagined spatial
transformation of hands and feet. In those studies (Parsons,
1983b, 1987a), when ODs were comparable to those here, RT-
OD functions observed were dissimilar in shape and slope.

Evidence for the geometrical basis of imagined sparial trans-
Jormations. The results in this article suggest that people spon-
tanecusly use quite efficient paths (e.g., spin-precession or
shortest) for those orientations in Experiments 3 and 4. Such
findings are consistent with those of other studies of imagined
spatial transformations (Parsons, 1983b, 1987a, 1987b). In gen-
cral, Parsons’ results suggest that subjects imagine efficient
(though not necessarily shortest) paths, though with some ex-
ceptions. In some cases, people appeared to use rotations by
dimensions and other inefficient paths (as was indicated by Just
& Carpenter, 1985); and in a few cases, people seemed to use
shortest paths. (Some of my unpublished findings indicate that
people do not ordinarily know or use shortest paths between
different orientations of an object if the spatial difference is not
in one of the object’s principal planes or in one of principal
planes of the abserver’s visual frame of reference.) This variety
of findings emphasizes that even though subjects appear to use
efficient paths for a subset of ODs here (those in Experiment 5),
they may use inefficient paths for other planes of OD. In gen-
eral, it is possible that people use a variety of spatial transforma-
tions, depending on the properties of the stimulus and orienta-
tion difference. The variety of different strategies and proce-
dures people use may also bhe influenced by properties of the
experimental design and task, such as blocking trials by various
factors. Further research is necessary to understand these details
of human spatial transformations.

There is some evidence that imagined spatial transformations
involving both translation (or size scaling) and reorientation are
performed so that translation and reorientation occur sequen-
tially but in small steps (Bundeson et al,, 1983). Such a transfor-
mation is thought to produce an effectively homogeneous trans-
formation in which the rate of translation and reorientation are
proportional to the total translation {size scaling) and total re-
orientation required to complete the spatial transformation.
This kind of model is consistent with the results and spatial
transformation procedures discussed here. It is possible to cou-
ple any of the three reorientation procedures discussed here
with a straight line translation *““operator,” because such reori-
entation and translation are orthogonal. A variant of any of the
resulting three spatial transformation procedures would fit the
Bundescn et al. results (cf, Parsons, 1986a).

Temporal and kinematic properties of imagined spatial
transformations are strongly affected by properties of the imag-
ined object. Overall, these findings (and, ¢.g., those in Parsons,
1983b, 1987a, 1987b, in press) suggest that imagining an ob-
ject’s spatial transformation is not always a process of applying
very general procedures, as could be assumed from earlier work
(e.g., Shepard, 1975). The temporal and kinematic properties
of imagined spatial transfarmations seem to be strongly influ-
enced by properties of the imagined object. People do not seem

to use spatial transformations that produce the same mini-
mum-angle path with a uniform rate (and initiation time) for
every object at every absolute orientation difference.

These interpretations raise the issue of how to compare the
well-known “strong™ model of imagined (mental) rotation,
which has two parameters (rate and intercept), with other
models (cf. Collyer, 1985). The more recent resulis are better fit
by a “weaker” model which has several more parameters. For
example, one parameter is the axis of rotation (i.e., time to plan
shortest-path rotations for principal axes of an object or of ob-
server’s visual frame of reference may be shorter than that for
other axes). Another factor is the interaction of axis and extent
of rotation (i.e., rates vary for different directions). A third fac-
tor is the configuration or shape of the object {i.e., in the present
case, whether the left or right arm is outstretched may influence
rate or path of reorientation). In Experiments 3 and 4, a model
adding all the ANova factors involving axis of orientation
difference, to the “strong™ model (that uses only orientation
difference), accounts for 1.5 to 2 times the proportion of the
total sums of squares accounted for by the “‘strong” model (the
“weak” model accounts for 54% and 23% in Experiment 3 and
4, the “strong’ model, 35% and 12%). Of course, models with
more parameters usually fit better than those with fewer param-
gters because the additional parameters often capitalize on the
error variance, The acceptance of these “weaker” models will
depend on the usefulness and generality of their additional pa-
rameters.

Imagined Spatial Transformations of One’s Body and
Perspective Taking

The model of performance supported by the results in this
article and in studies of left-right judgments of other body parts
{Cooper & Shepard, 1975; Parsons, 1983b, 1987a), suggests that
the most convenient internal representation of body-part hand-
edness for comparing with an external stimulus is that of one’s
own body. Furthermore, the most convenient spatial transfor-
mation to imagine is apparently that of imagining one’s body
part(s) at the orientation of the stimulus, rather than imagining
the spatial transformation of the stimulus. This may be the most
convenient spatial transformation to imagine if spatial transfor-
matton processes used in the planning (or execution) of one’s
actions are readily available for use in situations such as this
task. This suggestion is consistent with the fact that in studies
in which body-part stimuli were imagined, subjects report ac-
companying kinesthetic impressions or sensations (Cooper &
Shepard, 1975; Parsons, 1983b, Sekiyama, 1982). Such findings
may lead to development of a model of imagined spatial frans-
formations in which the underlying processes simulate or model
concrete properties of an abject’s actual motion (e.g., its dy-
namic, kinematic, or kinesthetic properties).

It is interesting that the schematic line drawing of a human
body, as was used in Experiments | and 2, can elicit spontane-
ous, rapid, and accurate imagined reorientations of one’s self
1o the orientation of a stimulus. This is in contrast to results in
several studies in which people are generally unable or unwill-
ing to imagine a spatial transformation of their perspective or
egocentric frame of reference (Cooper & Shepard, 1973; Hintz-
man, O'Dell, & Arndt, 1981; Huttenlocher & Pressen, 1973;
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Kortat & Norman, 1984; Presson, 1982). They imagine instead
the reorientation of external objects, Thus, for example, when
reading a vertically held map, people often prefer to imagine
or physically produce a spatial transformation of the map to a
standard orientation, where the upward direction of the map is
aligned with their forward direction in the environment {Le-
vine, Jankovic, & Palij, 1982; Shepard & Hurwich, 1984), They
dJo not imagine an egocentric frame {or their body) at different
orientations along the route. Results of the kind presented here
seemn to have some obvious implications for the design of mate-
rials used in activities requiring spatial cognition.

The imagined spatial transformations studied here may not
be identical to imagined spatial transformations of one’s ego-
centric frame, although both transformations may allow one te
know arbitrary directions at an arbitrary orientation. One ap-
proach to investigating this issue is to use a selective interfer-
ence paradigm to see il performing 4 task that requires use of
egocentric (and kinesthetic) information selectively disrupts
concurrent use of imagined spatial transformations like those
in this task,

A related possibility is that subjects in this task imagined the
spatial transformation of (a) a canonical representation of their
upright bodies rather than (b) their own bodies and accompany-
ing egocentric frame. Such a hypothesis could be examined by
assessing performance with the subject placed at different orien-
tations with respect to the environment and stimulus. Corballis
and his coworkers have investigated the effect of head tilt on
discrimination and imagined rotation of letters, numbers, and
dot patterns. Their results have been mixed {Corballis, Nagour-
ney, Shetzer, & Stefanatos, 1978): RT-OD functions shift in the
direction of head it for judging the svmmetry of dot patierns
{Corballis & Roldan, 1975; Corballis, Zbrodoff, & Roldan,
1976) but not for discriminating correct and reversed letters
and numbers (Corballis et al,, 1976}, Thus, different tasks may
be differently affected by the subject’s orientation with respect
to the environment and stimuli.

The consequences of perceiving another human body and
identifying one’s orientation with its orientation can in some
circumstances be distressing. Studies of space motion sickness
(Oman, Lichtenberg, Money, & McCoy, 1986) have observed
that, in zero gravity, perceiving a person whose top~bottom ori-
entation is opposite that to which one has adapted often rapidly
induces the unpleasant symptoms of space motion sickness.
Apparently, as the other person’s orientation is recognized,
there is a strong tendency to suddenly perceive oneself as being
upside-down. Then, as one adjusts his or her understanding of
the surroundings accordingly, there is a quick onset of the ill-
ness. Furthermore, the ability to imagine one’s self at different
orientations may be an important factor in the competent per-
formance of airplane pilots (R. N. Shepard, personal communi-
cation, March 1986).
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Appendix

Spatial Transformation Procedures

This Appendix describes in more detail the three spatial transforma-
tion procedures discussed here (for a more formal treatment, see Par-
sons, 1986a). Each procedure requires a description of the orientation
of a stimulus in direction cosines. Tables A-1 and A-2 show the degrees
of rotation required for each of the three procedures to rotate the ob-
server from his/her orientation to the orientation of the stimulus on
each trial. These values are used to compare RTs in Experiments 1, 3,
and 4 to these three spatial transformations.

Rotations by Dimensions

This procedure follows these steps. (a) Determine in which quadrant
of space the final orientation of the major principal axis of the body is
(e.g., forward, backward, leftward, and/or rightward). (b) Determine

Table A-1

the angle from the final orientation of body’s major principal axis to
YZ and XY planes of the environmentally fixed frame with its origin
at the body’s center of mass (as in Figures 4—16). (c) Rotate the body in
either YZ or XY plane (whichever is closer to the final orientation of
the body’s major principal axis). This rotation aligns the body’s major
principal axis with the projection of the vector representing its final
orientation onto the plane it is being rotated in (YZ or XY). (d) If neces-
sary, rotate the body about the vertical (i.e., Y) axis, so that the body’s
major principal axis is in its final orientations. Finally, (¢) if necessary,
spin the body about its major principal axis to put the minor and mean
principal axes of the body at their final orientations.

A well-known example of a rotations-by-dimensions procedure is
embodied in Euler angles, which are used to describe differences in
orientation {cf. Goldstein, 1950). When the orientation difference is en-

Degrees of Rotation Between Subjects’ Orientation During Task and Orientation
of Stimulus for the Three Transformation Procedures: Experiments I and 2

Picture plane orientation difference

Orientation in
picture plane 0 30 60 )] 120 150 180
Back 0 30 60 20 120 © 150 180
Front
Rotations by dimensions 180 210 240 270 300 330 360
Spin precession 180 182 150 201 216 234 254
Shortest path 180 180 180 180 180 180 180

Note. This table does not include the angle of rotation required for reorientation of the arm. (This angle is approximately constant for all stimuli in

these experiments.)
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Table A-2

Degrees of Rotation Between Subjects’ Orientation During
Task and Orientation of Stimulus for the Three
Transformation Procedures: Experimenis 3, 4, and 5

Orientation difference

Axis 30 60 50 120 150 180

Rotations by dimensions

(1,0,0) 30 60 90 120 150 180
(0, 1,0 30 60 90 120 150 180
0,0,1) 30 60 90 120 150 180
(.71,.71, 6} 43 86 131 256 266 270
0,.71,.71) 43 86 131 256 266 270
(.71,0,.71) 120 150 180 210 240 270
0,-.71,.71) 43 86 131 256 266 270
(.71,0,-.71) 120 150 180 210 240 270
(.71, -.71,0) 43 86 131 256 266 270
(.58, .58, .58) 114 138 161 180 234 250

(.58, .58, —.58) 114 138 161 180 234 290
(.58, —.58,.58) 114 138 161 180 234 250
(—.58,.58,.58) 114 138 161 180 234 290

Spin precession

(1,0,0) 30 60 90 120 150 180
{0, 1,0} 30 60 %0 120 150 180
(0,0, 1) 30 60 90 120 150 180
(71,.71,0) 30 61 93 127 163 201
{0,.71,.71) 30 61 93 127 163 201
(71,0,.71) 30 60 90 120 150 180
0, —-.71,.71) 30 61 93 127 163 201
(.71,0,-.71) 30 60 90 120 150 180
(71,-.71,0) 30 61 93 127 163 201
(.58, .58, .58) 30 61 93 127 163 211

(.58, .58, -.58) 30 61 93 127 163 21l
(.58, —.58,.58) 30 61 93 127 163 211
(—.58,.58,.58) 30 61 93 127 163 211

Shortest path
All axes 30 60 90 120 150 180

Note. This table does not include the angle of rotation required for reori-
entation of the arm. (This angle is approximately constant for all stimuli
in these experiments.)

tirely in a principal plane of the observer’s visual frame of reference,
the rotations-by-dimensions procedure just described produces a path
identical to that of the other procedures, assuming it uses principal axes
of the observer’s visual frame of reference. A more efficient version of
this procedure evaluates how much orientation difference is eliminated
by a rotation about each principal axis, and uses that rotation eliminat-
ing the most orientation difference overall. For some orientation differ-
ences, rotation about a principal axis will simultaneously eliminate ori-

entation differences on two of three dimensions. A less efficient version
of this procedure would randomly order the sequence of rotations about
each principal axis on which there is an orientation difference.

Spin Precession

The spin-precession procedure discussed here spins the body about
its major principal axis. It simultaneously rotates (precesses) it about
the axis (in a transverse plane) that is the cross product of the vectors
representing the initial and final orientations of the major principal
axis. For simplicity, assume homogeneous motion, so that spin and pre-
cession rotations occur at coordinated rates proportional to the amount
of rotation about each axis necessary to correct for the overall orienta-
tion difference. The precession angle is that between vectors represent-
ing initial and final orientations of the body’s major principal axis. The
spin angle is found by determining the amount of rotation necessary to
align the minor and mean principal axes of the body once it has rotated
through its precession angle.

The resulting spatial transformation is a rotation about an instanta-
neously changing axis. The total angle of rotation about this axis is equal
to the precession angle plus the square root of the quantity 1 plus the
square of the ratio of spin to precession angles (Parsons, 1986a). In prin-
ciple, the spin can be about any axis, not just principal axes.

Shortest Path

The shortest-path procedure finds the axis (unique for each OD),
about which the body can be rotated by an angle (180" or less) that
absolutely minimizes the degrees of rotation. The usual method for
solving this problem (e.g., Goldstein, 1950) is as follows. (a) Describe
one orientation in terms of the other, using direction cosines. {b) Con-
struct the (change-of-basis) matrix A by which the points described
with respect to the initial reference frame can be described in terms of
the final reference frame. (c) Set the major diagonal of this transforma-
tion matrix equal 10 1 plus twice the cosine of 6, and solve for 4, the
shortest path angle of rotation. (d) Find the eigenvector representing the
axis of rotation.

Rotating the subject’s body from its orientation in the task in Experi-
ments 1 and 2 to the orientation portrayed by the front of the body in
the picture plane (Figure 1) always requires 180° This is because the
change-of-basis matrix is

-1 0 0
M= 0 —sina cosa |,
0 cosa  Sina

where o 1s the angle of the body's major principal axis from upright,
Thus,

l+2cos8=—1~-sina+sina

And cos 8 = —1; or § = 180°, regardless of the value of a, the picture
plane orientation of stimulus.
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