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Temporal and Kinematic Properties of Motor Behavior Reflected
in Mentally Simulated Action

Lawrence M. Parsons

Related perceptual, motor, and cognitive performances were examined to reveal the accuracy of the
properties of action spontaneously represented when mentally simulating moving one's hand. The
kinematic configuration of the body represented and transformed in mental simulations was not
fixed or canonical but corresponded to one's current configuration. Mental simulation time
mimicked movement time for natural efficient movement from a posture midway between each of
the hand's joint limits into many other postures. Equal time was required for simulated and real
movements into more common, comfortable postures; shorter but proportional time was required
for simulated movement than real movement into less common postures that involved longer
trajectories, coordinated activity at more joints, motion near extremes of joint limits, and uncom-
fortable kinesthetic sensations. The findings suggest that sensorimotor structures support mental
simulations of actions.

Humans can envision an object, scene, or event and then
inspect the mental representation in a manner that mimics or
reflects real perceptual-motor performance (e.g., Craik,
1943; Craver-Lemley & Reeves, 1992; Finke & Shepard,
1986; Franklin & Tversky, 1990; Kosslyn, 1990; Pinker,
1985). In general, similarity between real perceptual-motor
behaviors and their mental simulations makes the simula-
tions useful for planning and prediction (e.g., Johnson-
Laird, 1983). In the studies reported here I examined related
perceptual, motor, and cognitive performances to reveal the
verisimilitude of properties spontaneously represented in
mental simulations of one's actions.

People can recognize or discriminate the shapes of objects
from different viewpoints in many but not all instances
(Cooper, 1989; Lowe, 1987; Palmer, 1989; Rock, 1973,
1986; Ullman, 1989). If the shapes are sufficiently similar,
people tend to reorient mentally or physically the objects
or themselves in an attempt to compare the shapes at the
same viewpoint (Hinton & Parsons, 1981, 1988; Shepard &
Cooper, 1982; Shepard & Metzler, 1971). Such shapes can
be used in various paradigms to study phenomena such as
object recognition; the representation of objects and scenes;
the role of spatial transformation in the representation of
shape; the geometrical bases of apparent motion and imag-
ined spatial transformation; representation of space and
action planning; and motor preparation.

When asked to judge whether a body part belongs to the
left or right side of the human body, subjects typically report
imagining their own corresponding body part at the orien-
tation of the visual stimulus for comparison (Cooper &
Shepard, 1975; Parsons, 1987a, 1987b; Parsons & Chou,
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1994; Parsons, Gabrieli, & Gazzaniga, 1993; Sekiyama,
1982). This introspection has three component assertions:
that people compare the stimulus to a mental representation
of their own bodies; that they imagine a spatial transforma-
tion of their bodies, not of the stimulus; and that they
compare the stimulus to a mental representation of the part
of their bodies that matches the handedness of the stimulus.
(See the Appendix.) In addition, subjects often report kin-
esthetic sensations during left-right judgments of a hand or
foot, especially for stimuli portraying the body part at ori-
entations that are awkward or uncomfortable to adopt phys-
ically (Cooper & Shepard, 1975; Parsons, 1987b; Sekiyama,
1982).

These assertions form part of a processing model of the
left-right judgment of a body part and of the mental simu-
lation of one's action and are supported by a variety of
evidence (for further detail, see Parsons, 1987a, 1987b;
Parsons, Gabrieli, & Gazzaniga, 1993). For example, there
is a strong correlation between (a) the time to simulate
mentally on instruction the motion of one's hands, feet, or
whole body with an outstretched arm into the orientation of
the stimulus without making a left-right judgment, and (b)
the time to make a left-right judgment of the stimulus (with
no other instructions). When subjects are instructed to per-
form a process embodying the introspections of subjects
making left-right judgments, they produce a pattern of
response times very similar to that of the latter subjects.

Furthermore, the time required to mentally simulate one's
motion into particular hand (or foot) postures (without a
left-right judgment) and the time required for left-right
judgments of corresponding stimuli are both highly corre-
lated with people's ratings of the awkwardness or difficulty
of movements into a stimulus orientation (Parsons, 1987b).
In addition, the time required to make a left-right judgment
of a hand (or foot) or to mentally simulate the motion of
one's hand (or foot) is often consistent with an analysis that
used joint constraints to model simulated trajectory length
in three-dimensional space (American Academy of Ortho-
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paedic Surgeons, 1965; Parsons, 1987b). In this analysis,
the assumption was made that the time required to simulate
mentally one's motion would be proportional to the length
of its trajectory. This assumption rests on studies of imag-
ined spatial transformations where the time required to
imagine an object's rotation or translation is often propor-
tional to the angle or distance, respectively (Bundeson,
Larsen, & Farrell, 1981; Parsons, 1987c, 1994b, 1994c;
Shepard & Cooper, 1982; Shepard & Metzler, 1971). This
analysis predicted reaction time (RT) by rough approxima-
tions of the biomechanically possible rotation angles at the
wrist and ankle for sets of nonawkward orientations for
three stimulus views of hands and two stimulus views of the
foot. A corresponding analysis was performed for awkward
orientations. Shorter RTs were observed for stimuli whose
orientation could be adopted with shorter trajectories of
such motion, and longer RTs were observed for stimuli
whose orientation required longer trajectories of such mo-
tion to adopt. Overall, these analyses and data were consis-
tent with the hypothesis that observers imagined their hand
moving into the orientation of the stimulus through a tra-
jectory like that for actual motion.

This conclusion suggests then that at least some biome-
chanical properties of limb movement—the joint constraints
of one's body—spontaneously influence the mental simu-
lations of one's action, and leads to the question of whether
other such properties are spontaneously reflected in mental
simulations of one's movement. In the five studies reported
here I investigated such possibilities while compensating for
limitations of the earlier work.

Three simplifying assumptions of Parsons's (1987b) anal-
ysis of the influence of joint constraints on the trajectories
subjects mentally simulated were as follows. (1) The angle
of rotation for the end of a limb alone (i.e., the wrist or
ankle), ignoring displacements at other joints in the limb
and body, could be used to predict time to mentally simulate
the movement of the hand or foot into an orientation com-
parable to that depicted in a stimulus. (2) The time to
mentally simulate the movement of a limb into the stimulus
orientation would be proportional to the size of that rotation
angle, as the time to represent mentally the rotation of
objects that are not body parts is often proportional to angle
(Shepard & Cooper, 1982). (3) The configuration of hand
and arm from which a subject mentally simulates the motion
originating was near the posture of their hand during the
task or near the posture shown in the upper left of Figure la
(i.e., the upright back of the hand in the picture plane).

These assumptions may be inaccurate. The dynamical
property of one's own movement may not be reflected in so
abstract a way in mental representations as the spatial trans-
formation of an object not ordinarily under one's motor
control. Assumptions (1) and (2) may be relatively safe
when applied to movements with one degree of freedom at
one joint (e.g., Gottlieb, Corcos, & Agrawal, 1989); how-
ever, the time course of real movement into many target
postures would likely reflect interactive effects of forces
and torques, arbitrary changes in angle at more than one
joint, changes in hand and limb position as well as orienta-
tion, and so on, to produce relations between RT and target

posture that would be different from that predicted under the
simplifying assumptions in my earlier analysis. In general, it
is unclear how the neural structures and computational
processes underlying the mental simulation of the action of
one's body compare to those underlying the mental repre-
sentation of the spatial transformations of other objects.
Many aspects of one's experiences with information about
one's body differ considerably from that for abstract ob-
jects, as will be discussed below. Finally, Assumption (3)
leaves unclear whether the origin from which subjects ini-
tiate mental simulations of their hand is a fixed canonical
orientation that happened to match the conditions in the
experiment or whether the origin is based on the current
configuration of an individual's body. In the current studies,
I evaluated how temporal properties of an action are re-
flected in its mental simulation and evaluate which specific
kinematic configuration of one's body is used in those
simulations.

In general, purposeful motor behavior is organized in a
way that reflects the spatial properties of objects and scenes
(for a variety of approaches, see Arbib, 1991; Biederman,
1981; Gallistel, 1980; Gibson, 1966; Hinton & Parsons,
1988; Jeannerod, 1988; Klatsky, McCloskey, Doherty, Pel-
legrino, & Smith, 1987; Paillard, 1991; Saltzman & Kelso,
1987; Schmidt, 1975; Sedgewick, 1986; Shepard & Hur-
witz, 1984). Furthermore, purposefully organized motor
behavior must reflect the coordination of those spatial prop-
erties with mental or neural representations of the spatial
properties of one's body. The plan for the trajectory of
action is typically formulated with respect to visually de-
rived reference frames or spaces (e.g., retinal, head-based,
body-based, or scene-based ones). The execution of one's
action is often assumed to be organized on spatial informa-
tion composed in joint or action space (e.g., Bisiach, Capi-
tani, & Porta, 1985; Goldberg & Bruce, 1990; Hollerbach,
1990; Jeannerod, 1988; Lacquaniti, 1989; Rosenbaum,
1991; Soechting, 1989), and is typically performed with
on-line feedback from visual and other sensory error sig-
nals. The plans for kinematic and dynamic aspects of an
action trajectory are also likely to be based on an internal
model of the moved body parts (An, Atkeson, & Holler-
bach, 1988; Clark & Horch, 1986; Kawato, Maeda, Uno, &
Suzuki, 1990). Neural representations of the spatial proper-
ties of one's body are based on a combination of informa-
tion from proprioceptive, kinesthetic, muscular, visual, ar-
ticular, postural, tactile, cutaneous, vestibular, equilibrium,
and auditory senses, as well as from our sense of physical
effort and from contact with objects and among our body
parts. A variety of hypotheses about the sources and nature
of such representations have been advanced; see, for exam-
ple, Ballard (1986), Denny-Brown and Chambers (1958),
Howard (1986), Kelso (1978), Lackner (1988), Marr and
Vaina (1982), Parsons (1990), Parsons and Shimojo (1987,
1994), and Saltzman (1979).

Experiments 1-5

These experiments compare the time required for both the
mental simulation of many hand and arm movements and
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the corresponding real movements. The conditions in these
studies sample systematically and widely the set of all
possible target hand postures often from an initial posture
where the hand is intermediate between extremes of each of
its joint-limited degrees of freedom (i.e., in its anatomical
"resting" posture). In the first two studies, I examined the
degree to which temporal properties of unconstrained move-
ment are reflected in corresponding mental simulations. In
Experiment 3,1 assessed the effect of two potential sources
of measurement error on the pattern of real movement times
in Experiments 1, 2, and 5.

In Experiments 4 and 5, I studied more closely how
kinematic properties of action are reflected in mental sim-
ulations. An important clue as to the nature of the represen-
tations involved in imagined spatial transformations of
one's body is whether the original orientation from which
one imagines one's body part move is its current instanta-
neous orientation or a fixed long-term canonical orientation.
If the origin of imagined spatial transformations of one's
hand is a fixed canonical orientation, then the body repre-
sentations involved are in a form like that variously hypoth-
esized for other objects (e.g., Cooper & Shepard, 1973;
Jolicoeur, 1985; Palmer, Rosch, & Chase, 1981; Perrett et
al., 1985; Tarr & Pinker, 1989; Ullman, 1989). However, if
the origin of imagined spatial transformations of one's hand
is its current orientation, then the representations are con-
tinuously updated and are based on nonvisual information
that is mapped to the visual information from the target
stimulus, because one's hand is not visible during the left-
right judgments or the mentally simulated actions.

In the task requiring real movement, subjects were in-
structed to move their hand and arm in a natural and
efficient way into the orientation depicted in the stimulus. A
comparable instruction was given in the task requiring only
the mental simulation of one's action. It was assumed that
these instructions would produce real movement that was
likely to be closest to that spontaneously mentally simulated
in the left-right judgment task (where no mental simulation
instruction was given), and that the speed, extent, and
smoothness of the movement in the real movement task and
in the mentally simulated task would be approximately the
same. In addition, by letting subjects spontaneously modu-
late the actions that they physically performed and mentally
simulated, these initial studies may reveal what properties of
real movements are reflected in mental simulations under
ecologically valid conditions. It will be informative in later
studies to systematically vary the instruction given to sub-
jects in order to manipulate the characteristics of movement
(Schmidt, 1988) and to record the manner in which the
temporal and kinematic properties of the real movement are
reflected in their mental simulations.

Experiment 1: Time for Left-Right Judgment of a
Disoriented Hand Mimics Time for Real Movement

Into Its Orientation

In this experiment, I measured the time for a subject to
move his or her hand from a task-specific posture into the

orientation of a stimulus (of known handedness) and com-
pared it to the time to make left-right judgments of those
stimuli by spontaneously imaging movements into those
stimulus orientations.

Method

Subjects. Twenty University of Texas at Austin undergraduates
who had not been in any related studies volunteered to participate.

Stimuli. Drawings of a left and right hand viewed from six
cardinal perspectives (Figures 1 and 2) were presented in 12
orientations: upright and upside down, and at 30°, 60°, 90°, 120°,
and 150° from upright in clockwise and counterclockwise direc-
tions. Left and right hands were mirror images of each other but
otherwise identical for each view. Photographic slides of a stim-
ulus subtended about 4° of visual angle when illuminated by a
slide projector (with attached tachistoscopic shutter).

Design. Each subject first performed three replications of the
unique 144 real movement trials blocked so that 72 left-hand
stimuli alternated with 72 right-hand stimuli. In these blocks,
stimulus view and orientation were equally represented and ran-
domly ordered for each subject. Each subject then performed three
replications with the 144 stimuli in the left-right judgment condi-
tion. In each replication, the stimuli were randomized with respect
to handedness, orientation, and view, in an order unique for each
subject. Trials on which subjects made errors were repeated later
in a block until performed correctly. In both tasks, the first repli-
cation was practice.

Procedure. At the start of a real movement trial, subjects'
hands were palm down on the edge of a table, with their right foot
on a microswitch on the floor. A trial began with the rear-projec-
tion of a stimulus on a vertical screen; in response, subjects moved

Figure 1. Stimuli portraying a right hand at the 0° picture plane
orientation. Clockwise from top left: back in picture plane, palm in
picture plane, side from thumb, palm from fingers, palm from
wrist, and side from little finger.
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Figure 2. Each right hand stimulus view at lateral orientations (the upper elliptical series), at
medial postures (the lower elliptical series), and the endpoint postures of 0° and 180° orientations,
which are neither medial nor lateral.

their hands from its initial resting position into the position in the
stimulus. Subjects were instructed to move their hands in a natural
and efficient manner into the orientation of the stimulus. During a
trial, subjects were free to view the target stimulus and their body
as they wished. Prior to a set of trials, each subject was told
whether stimuli were left or right hands. Subjects pressed the floor
switch just as their hand reached the position and orientation of the
stimulus. A stimulus was presented until a floor switch was
pressed. Subjects were instructed not to make any head move-
ments. An experimenter behind the subject provided feedback
regarding the accuracy of the initial and final posture of the
subject's hand on each trial; nearly all such correction occurred on
practice trials.

During the left-right judgment task, the physical arrangement of
subjects and apparatus was identical except that the subjects' left
foot was on the leftmost floor switch and their right foot was on the
rightmost floor switch. Subjects pressed the left switch for a left
stimulus and the right switch for a right one. They responded as
rapidly and accurately as they could but were not told how to make
a judgment.

A 386, 25-MHz computer controlled the slide projectors and
shutters and recorded response time (RT) and accuracy (of left-
right judgments).

Results

Lateral and medial postures of the hand. In general, the
length of the trajectory to move the hand from its current
orientation to an orientation in which it faces the body's
midsaggital plane (termed medial) is shorter than for orien-
tations in which the hand is facing away from the body's
midsaggital plane (termed lateral; Parsons, 1987b). (See
Figure 2.) These different trajectory lengths are conse-
quences of intrinsic joint constraints in the arm and hand. To
analyze this critical effect of medial-lateral orientation, 0°
and 180° trials are not included in analyses of variance
(ANOVAs) because the stimuli are at neither medial nor
lateral postures.

Real movement. An ANOVA of movement time using
stimulus view (Figure 1), picture plane orientation (30° to
150°), lateral-medial orientation (Figure 2), and hand (left
or right) indicated the following effects predicted from
Parsons's (1987b) analysis of joint constraints and reflected
in Figure 3. Movement time was longer for lateral orienta-
tions where joint limits force longer trajectories, F(l, 19) =
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68.14, p < .001, MSe = 387,649. Movement time was also
longer for left-hand targets than right-hand targets, F(l,
19) = 5.91, p < .05, MSe = 280,953. This is to be expected
because most of the subjects were probably right-handed,
given the characteristics of the population (the handedness
of subjects was not evaluated), and the time for movement
of the nondominant hand is often observed to be slower than
that for dominant hand. Furthermore, RT varied with ori-
entation and stimulus view such that it increased as the
target posture was more distant in the space of possible
trajectories from the initial position of a subject's hand and
arm, F(4. 76) = 55.13, p < .001, MSe = 129,211, and F(5,
95) = 52.78, p < .001, MSe = 253,288, respectively.

Several other interactions were caused by some combi-
nation of these effects of longer joint-constrained trajecto-
ries for lateral target postures, of dominant hand skill-speed
advantage, and the distance in the space of possible trajec-
tories between initial and target postures. The effect of
picture plane orientation varied1 for lateral and medial ori-
entations, F(4, 76) = 10.78, p < .001, MSe = 95,604; the
effect of orientation on movement time varied with stimulus
view, F(20, 380) = 12.72, p < .001, M5e = 111,484; the
difference between medial and lateral orientations depended
on stimulus view, F(5, 95) = 21.71, p < .001, MSe =
194,333; and the difference between medial and lateral
orientations was greater for the left hand than for the right
hand, F(l, 19) = 5.29, p < .05,MSe = 115,559. Lastly, the
effect of picture plane orientation and lateral-medial orien-
tation on movement time depended on stimulus view, F(20,
380) = 11.59, p < .001, MSe = 92,424; and the effect of
stimulus view and lateral-medial orientation on movement
time depended on hand, F(5, 95) = 2.35, p < .05, MSe =
63,670.

Left-right judgment. Left-right judgment times were
well correlated (r = .87) with those of subjects in Parsons's
(1987b) study who only made left-right judgments on these
stimuli, F(l, 70) = 212.90, p < .0001. Left-right judgment
times were unaffected by subjects first performing real
movement to stimuli. The error rates were less than 5%,
ranging between 4.8% and 1.6%, and were correlated with
RT, r = .73, B(F)(1,70) = 80.22, p < .0001. Trials on
which subjects made errors were repeated later; RT data for
correct trials only were included in other analyses.

An ANOVA of left-right judgment time using stimulus
view, picture plane orientation, lateral-medial orientation,
and hand indicated the following effects similar to those in
Parsons's (1987b) studies. The effects are also similar to
those for real movement times and likewise appear to reflect
the influence of the factors of longer joint-constrained tra-
jectories for lateral target postures, the distance in the space
of possible trajectories between the initial and the target
postures, and dominant hand skill-speed advantage.

Left-right judgment time was longer for lateral orienta-
tions where joint limits force longer trajectories and longer
for left-hand targets than for right-hand targets, F(l, 19) =
95.21, p < .001, MSe = 648,479, and F(l, 19) = 12.77,
p < .01, MSe = 563,500, respectively. Furthermore, RT
varied with orientation and stimulus view such that it in-
creased as the target posture was more distant in the space

of possible trajectories from the initial position of a sub-
ject's hand and arm, F(4, 76) = 18.11, p < .001, MSe =
325,454, and F(5,95) = 24.08, p < .001, MSe = 1,624,061.

The several other interactions were caused by some com-
bination of these effects of longer joint-constrained trajec-
tories for lateral target postures, of dominant hand skill-
speed advantage, and the distance in the space of possible
trajectories between initial and target postures. The effect of
picture plane orientation varied with lateral and medial
orientations, F(4,76) = 7.02, p < .001, M5e = 268,451; the
effect of orientation on movement time depended on stim-
ulus view, F(20, 380) = 12.85, p < .001, MSe = 285,037;
the difference between medial and lateral orientations de-
pended on stimulus view, F(5,95) = 8.48, p < .001, MSe =
986,921; and difference between time for different stimulus
views was greater for left hands than for right hands, F(5,
95) = 2.34, p < .05, M5e = 226,175. Lastly, the effect of
picture plane orientation and lateral-medial orientation on
movement time depended on stimulus view, F(20, 380) =
5.56, p < .001, M5e = 289,451.

Comparison of movement times and left-right judgment
times. Time to move one's hand to the orientation and
position in a stimulus (without making a left-right judg-
ment) was very similar to the time to make a left-right
judgment of the corresponding stimulus hand (see Figure 3).
Over all stimuli, the correlation between movement and
left-right judgment times was .90—F(l, 70) = 298.40, p <
.0001—improving to .95 (p < .0001) when the very vari-
able data for side from little finger were excluded. Overall
mean movement time for each stimulus view (collapsing
across orientation and hand) was strongly correlated (r =
.98, p < .001) with that for left-right judgments. The
correlation between time for movement (with no left-right
judgment) and time for left-right judgment varied for dif-
ferent hand postures: for four stimuli, it was between .97
and .89; for the palm from fingers and side from little finger
stimuli, it was .78 and .19.

Movement RTs and left-right judgment RTs were nearly
equivalent for the less awkward and more common hand
orientations (i.e., the faster half of each function in Figure
3). However, left-right judgment times frequently exceeded
the movement time for the more awkward and less common
orientations (i.e., the slower half of each function in Figure
3). "Awkward" orientations are those that, because of joint
constraints, require longer paths, activity at more joints, and
more uncomfortable motion (Parsons, 1987b). Time for
left-right judgments were longer than corresponding real
movements (or mentally simulated movements; see Exper-
iment 2), because in addition to the time required to men-
tally simulate the appropriate hand motion, time was re-
quired to make a left-right judgment.

Discussion

These data indicate that the time to move one's hand into
the orientation depicted in the stimuli used in Parsons's
(1987b) studies varies considerably. More important, the
movement time (without making a left-right judgment) is
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Figure 3. Reaction time-orientation functions for corresponding stimuli for left-right (L-R)
judgments and of real movements.

well correlated with the ratings by Parsons's (1987b) sub-
jects of the awkwardness of those movements, r = .87, F(l,
70) = 218.30, p < .001, and is highly correlated with the
time for the current subjects to make a left-right judgment
of the hand at corresponding orientations. As discussed
earlier, previous studies indicated that subjects make left-
right judgments by mentally simulating the movement of
their own hands into the orientation of the stimulus for

comparison. This process of mentally simulating one's
movement into the orientation of a stimulus—prior to the
conscious comparison of shape—probably caused left-right
judgment times to parallel the movement times. This hy-
pothesis was tested in Experiment 2, in which the time for
subjects to move one of their hands into the orientation of a
stimulus was compared to the time for them to mentally
simulate that action.
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Figure 3, continued.

Experiment 2: Time for Mentally Simulated
Movement Mimics Time for Real Movement

Method

Subjects. Twenty University of Texas at Austin undergraduates
who had not been in any related studies volunteered to participate.

Stimuli, design, and procedure. All aspects of the stimuli were
identical to Experiment 1. Each subject was tested individually.
Subjects performed three replications of the unique 144 real move-

ment trials and three replications of the 144 imagined movement
trials; the first replication in each condition was practice. All trials
were blocked so that a set of 72 left-hand stimuli alternated with a
set of 72 right ones. Within blocks, the view and orientation of
stimuli were equally represented and in a subject-unique random
order. Half of the subjects performed the real movement trials
before the imagined movement ones; the others did the reverse.

The procedure for real movement was identical to that in Ex-
periment 1. During imagined movement, all aspects of the sub-
ject's body and apparatus were identical to that in real movement.
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Figure 4. Reaction time-orientation functions of mentally simulated movement and of real
movement into corresponding target postures. L = left; R = right.

However, subjects did not actually move their bodies at all, but
rather vividly imagined moving their hands in a "natural and
efficient" way from their current posture into that of the stimuli.
Subjects pressed the floor switch as soon as they completed their
imagined action. They were instructed not to make any head
movements. During a session, an experimenter sat behind the
subject to provide feedback as to the accuracy of the initial and
final posture of the subject's hand on each trial (in real movement)

and to insure that no real movement occurred (during imagined
movement).

Results

Times for real movement. Movement times replicated
those in Experiment 1 where subjects performed the real
movement task first, r = .95, F(l, 70) = 700.67, p < .0001.
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Figure 4, continued.

An ANOVA of movement time indicated a set of effects
comparable with that discussed in Experiment 1 and caused
by some combination of these effects of longer joint-con-
strained trajectories for lateral target postures, dominant
hand skill-speed advantage, and the distance in the space of
possible trajectories between initial and target postures.
Movement time was longer for lateral orientations, F(l,
19) = 57.15, p < .001, M5e = 647,181, and varied with
orientation, F(4, 76) = 52.33, p < .001, MSe = 189,453,
and stimulus view, F(5, 95) = 35.94, p < .001, M5e =

815,396. The effect of picture plane orientation varied for
lateral and medial orientations, F(4, 76) = 6.84, p < .001,
M5e = 154,837; the effect of orientation on movement time
depended on stimulus view, F(20, 380) = 11.84, p < .001,
MSe = 160,812; and the difference between medial and
lateral orientations varied with stimulus view, F(5, 95) =
25.01, p < .001, M5e = 342,262. Finally, the effect of
picture plane orientation and lateral and medial orientation
on movement time depended on stimulus view, F(20,
380) = 12.30, p < .001, MSe = 129,023.
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Times for mentally simulated movement. An ANO VA of
times for mentally simulated movement showed effects
similar to those for real movement times and again reflected
the effects of longer joint-constrained trajectories for lateral
target postures, dominant hand skill-speed advantage, and
the distance in the space of possible trajectories between
initial and target postures. Time to imagine movements was
longer for lateral orientations than for medial orientations,
F(l, 19) = 25.16, p < .001, MSe = 355,965, and longer for
left hands than for right hands, F(l, 19) = 21.27, p < .001,
M5e = 94,023, and varied with orientation and stimulus
view, F(4, 76) = 8.29, p < .001, MSe = 152,750, and F(5,
95) = 12.03, p < .001, MSe = 1,292,936, respectively. The
effect of picture plane orientation on imagined movement
time depended on stimulus view, F(20, 380) = 4.48, p <
.001, M5e = 127,573; the difference between medial and
lateral orientations varied with stimulus view, F(5, 95) =
7.19, p < .001, M5e = 166,421. Variation in time with
stimulus views was greater for left hands than for right
hands, F(5, 95) = 2.34, p < .05; and there was a marginal
Picture Plane Orientation X Lateral-Medial Orientation in-
teraction, F(4, 76) = 2.37, p < .06, M5e = 106,139. Lastly,
the effect of picture plane orientation and lateral-medial
orientation on movement time depended on stimulus view,
F(20, 380) = 3.27, p < .001, M5e = 112,847.

Comparison of times for real and mentally simulated
movements. Time to move one's hand to the posture in a
stimulus (without making a left-right judgment) was very
similar to the time to imagine such a movement (Figure 4).
Over all stimuli, the correlation between movement time
and imagined movement time was .90, F(l, 70) = 284.45,
p < .0001, improving to .93 when the side from little finger
trials were excluded, p < .0001. There was a strong corre-
lation (.98, p < .001) between the overall mean real move-
ment time and imagined movement time for each stimulus
view (collapsing across orientation and hand). The correla-
tion between time for real movement and time of imagined
movement varied for different hand postures: for four stim-
uli, it was between .98 and .93; for the palm from fingers
and side from little finger stimuli, it was .81 and .20.

Real movement time and imagined movement time were
nearly equivalent for the less awkward, more common hand
orientations (i.e., the faster half of each function in Figure
4). In fact, for 0° and the medial orientations from 30° to
120° for four stimuli, excluding palm from fingers and side
from little finger, those times for real movement and sim-
ulated movement were not statistically different (p > .05).
However, movement time very often (considerably) ex-
ceeded the imagined movement time for the more awkward
and less common orientations (i.e., the slower half of each
function in Figure 4).

There were no effects of task order, p > .05; all other
analyses were collapsed across order.

Discussion

The findings in Experiment 2 indicated that the times for
mentally simulating movements of one's hand from a nat-

ural resting posture into very many other postures are spon-
taneously highly correlated with the time to actually make
such movements. For the less awkward and more familiar
target hand postures (often in medial hand space), the time
to imagine action and to perform action were usually equal.
For the more awkward and less common target hand posi-
tions, the time for real movement was longer than, but
generally proportional to, the time for imagined movement.
Furthermore, the correlation between simulated and real
movement time was weakest for the very most awkward and
uncommon target hand postures (i.e., side from little finger
and palm from fingers stimuli).

Further investigation will be necessary to clarify why the
correspondence between temporal properties of real action
and of mentally simulated action varied in this way for
awkward uncommon target postures and for nonawkward
common ones. One factor that may play a role in this
phenomenon is that movement into the more awkward
orientations requires changes at more than one joint and
involves interactions among such changes (Soechting &
Lacquaniti, 1981). The complexity of such structural change
may exceed the precision or capacity of the processes un-
derlying mental simulations; as a consequence, such move-
ment may be more crudely approximated, requiring propor-
tionally less time than for the real action. A second
possibility is that the mental simulation of movement into
the less familiar target postures is based on less detailed
information, and the default tendency is to produce rapid but
sketchy simulations.

The striking correspondences observed here between the
time for real movement and the time for mentally simulated
movements were not likely caused by instruction artifact or
demand characteristic. RT-orientation functions for men-
tally simulating motion without a left-right judgment are
very highly correlated with those of other subjects making
left-right judgments of these stimuli under instruction only
to "decide the handedness of each stimulus" (Parsons,
1987b; Parsons, Gabrieli, & Gazzaniga, 1993). These func-
tions are characteristic of the spontaneous mental simulation
of one's action. The times for real movements are very
similar across groups of subjects and are unaffected by
whether or not subjects first imagine those movements on
instruction.

Experiment 3: Alternative Measurements of
Real Movement Time

In this experiment, I assessed the effect of two potential
sources of error in the measurement in Experiments 1 and 2
of the time for moving one's hand into the target posture of
a stimulus. (1) Subjects may not be accurate in detecting and
signaling exactly when their hand achieved the target pos-
ture. (2) The time to perceive the target stimulus likely
varied, so that it was longer for unfamiliar and awkward
orientations and shorter for familiar and nonawkward ones,
and this variation was conflated with the time for actual
movement. In Experiment 2, where the purpose was to
compare the time to complete one's action and the time to
complete mental simulations of those actions, (1) and (2)
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appeared equally true of each performance, making for
appropriate comparisons. However, it would be useful in
general to clarify the influence on RT patterns of these two
potential effects. In Experiment 3, an experimenter who was
blind to the experimental hypothesis and to the stimulus on
each trial observed a subject's movement and pressed a
response button when the movement was completed. Fur-
thermore, in this experiment subjects viewed the stimulus
depicting the target posture for 750 ms before initiating their
action. During this instructed delay, the target was per-
ceived and preparation of the ensuing motor response likely
occurred. At the end of this delay, a tone was presented
signaling the subject to initiate an appropriate movement (as
in Experiments 1 and 2).

Because the time to perceive each target stimulus and the
time to prepare movement into that posture are both ex-
cluded from the measured movement times here, I expected
the movement times to be shorter than those in Experiment
1. Indeed, relative to the movement times in Experiment 1,
the movement times here should be especially shorter for
the unfamiliar and awkward target postures, such as those
depicted by palms from fingers and sides from little fingers
stimuli. However, if the patterns of movement times under
these conditions were very similar to those in Experiments
1 and 2, it would indicate that the times recorded in Exper-
iments 1, 2, and 5 accurately reflected variation in move-
ment time to different target postures.

Method

Subjects. Eleven University of Texas at Austin undergraduates
who had not been in any related studies volunteered to participate.

Stimuli, design, and procedure. With the following exceptions,
all aspects of the stimuli, design, and procedure were identical to
those in the real movement task in Experiment 1. An experimenter,
blind to the experimental hypothesis, sat facing the subject away
from the stimulus and pressed a floor switch after detecting the
conclusion of a subject's hand and arm movement. Another ex-
perimenter observed the subject's movement and provided feed-
back as to the accuracy of the initial and final posture of a subject's
hand. Furthermore, the stimulus was presented for 750 ms, during
which time the subject was instructed to prepare to move the hand
to the posture of the stimulus. At the end of this 750-ms period, a
tone was presented to signal the subject to begin the movement.

Results

An ANOVA of movement time using stimulus view,
picture plane orientation (30° to 150°), lateral-medial ori-
entation, and hand (left or right) indicated a set of effects
similar to that in Experiments 1 and 2 for real movement
times. Once again, the effects were caused by combinations
of the factors of longer joint-constrained trajectories for
lateral target postures, dominant hand skill-speed advan-
tage, and the distance in the space of possible trajectories
between initial and target postures (see Figure 5). Move-
ment time was longer for lateral orientations than for medial
orientations, F(l, 10) = 16.45, p < .01, M5e = 278,152,
and longer for left hands than for right hands, F(l, 10) =
18.64, p < .01, M5e = 53,221. Movement time varied with

orientation and stimulus view, F(4, 40) = 15.73, p < .001,
M5e = 80,255, and F(5, 50) = 13.82, p < .001, MSe =
139,714, respectively. The effect of orientation on move-
ment time depended on stimulus view, F(20, 200) = 3.59,
p < .001, MSe = 90,279; and the difference between medial
and lateral orientations varied with stimulus view, F(5,
50) = 11.12, p < .001, MSe = 121,532. Finally, the effect
of picture plane orientation and lateral and medial orienta-
tion on movement time depended on stimulus view, F(20,
200) = 4.01, p < .001, MSe = 77,411.

When an experimenter observed a subject's hand move-
ment and the time to perceive the target posture was fac-
tored out of RT, the time to move the hand to the posture in
a stimulus (without making a left-right judgment) was very
similar under the conditions in Experiment 1. The correla-
tion between these movement times and those in Experi-
ment 1 was .95, F(l, 70) = 647.64, p < .0001.

In addition, under these conditions subjects were about
300 ms faster over all stimuli than subjects whose RT
included the time to perceive the target posture and the time
to make their own assessment of the conclusion of their
movement into the target. Relative to the latter subjects, the
subjects here were about 450 ms faster for the palms from
fingers stimuli and 350 ms faster for the sides from little
fingers stimuli, but about 230 ms faster for the other stim-
ulus views. These differences across conditions for different
stimuli are consistent with the idea that the time to perceive
the target posture is longer for unfamiliar and awkward
postures.

Discussion

The results of Experiment 3 indicated that when an ex-
perimenter detected the completion of a subject's movement
into target hand postures, the pattern of recorded movement
times was very similar to that obtained when subjects them-
selves detected the completion of their movements. Further-
more, when the time to-perceive the target posture (which is
apparently slower for unfamiliar orientations than familiar
ones) was separated from the time for movement by having
an instructed delay prior to movement, the pattern of re-
corded movement times was very similar to that pattern of
RTs when processes of target perception and real movement
were not separated.

Experiments 4 and 5: The Represented Disposition
of One's Body in Its Imagined Movement

Subjects in Experiment 4 made a left-right judgment of a
hand (as in Parsons, 1987b, and Experiment 1) but under
conditions varying the orientation and body-relative posture
of their hands. As shown in Experiments 1, 2, and 3, there
were strong correlations among the times for real move-
ment, for imagined movement without a left-right judg-
ment, and for imagined movement during left-right judg-
ments. If imagined movements during left-right judgments
here originated at the different current actual hand positions,
then the time for the left-right judgments should parallel
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x^=^- — ' +^^

0 30 60 90 120 ISO 180

Orientation (degrees from upright)

0 30 60 90 120 ISO 180

Orientation (degrees from upright)

Control Measure of Movement Time:
Palms in Picture Plane

Control Measure of Movement Time:
Sides from Thumb

1 —

X —

— Lateral

— Medial

2600
2400

I 2200
I 2000

1800

1600

1400

1200

1000

800

0 30 60 90 120 150 180

Orientation (degrees from upright)

— ' — Lateral

Medial

0 30 60 90 120 150 ISO

Orientation (degrees from upright)

Control Measure of Movement Time:
Palms from Wrist

2600
2400

"a 2200

•J 2000
j§ 1800

o 1600

i 14°°
K 1200

1000

800
0 30 60 90 120 150 180

Orientation (deerees from uoriehrt

Control Measure of Movement Time:
Sides from Little Finger

2600

2400

2200

2000

1800

1600

1400

1200

1000

JUM

-̂̂ "+ -̂-~. _-4— ̂=>X

v-̂ '̂ TUx-̂ """*'

— ' — LaKral

Medial

0 30 60 90 120 150 180

Orientation (degrees from upright)

Figure 5. Reaction time (RT)- orientation functions for real movements when movement time is
measured by experimenter and when time to perceive target is factored out of RT.

corresponding real movement times. In Experiment 5, I
observed the times for real movement into stimulus targets
from current hand postures adopted by subjects in Experi-
ment 4.

Movement time into different target postures was proba-
bly determined by enduring joint constraints on trajectory
formation, and much less influenced by the posture from
which motion originated, because movements of different
extents tended to have the same duration (Viviani & Mc-
Collum, 1983). Thus, RT-orientation functions for moving

one's hand from different initial postures into postures in
stimuli would probably be parallel but differ by a roughly
constant time proportional to differences between trajectory
lengths from the initial positions. The time for movement
from the palms away posture should exceed the time for
movement from the palms down posture because in the
former the hand is at the extremes of its joint limit in one
degree of movement freedom, whereas in the latter the hand
is approximately equidistant from the extremes of its joint
limits.



PROPERTIES OF MENTALLY SIMULATED ACTION 721

Experiment 4: Left-Right Judgment of a Hand With
Observer's Body in Different Configurations

Method

Subjects. Twenty-four University of Texas at Austin under-
graduates who had not been in any related studies volunteered to
participate.

Stimuli, design, and procedure. Subjects saw the drawings of
left and right hands viewed from four of the perspectives in Figure
1: back in picture plane, palm in picture plane, side from little
finger, and palm from wrist. Stimuli were the same as those used
in Experiment 1.

Subjects performed a series of three replications of the unique 96
trials under each condition of real hand position. They also per-
formed 48 practice trials with their hands in the down condition.
Trials were randomly ordered for each subject. Trials on which
subjects made errors were repeated later in a block.

Subjects sat before a screen on which stimuli were rear-
projected, with each foot resting on a microswitch. They pressed
the leftmost switch with the left foot for a left-hand stimulus and
the rightmost switch with the right foot for a right-hand stimulus.
Subjects' hands were covered with a black felt cloth and secured
(with Velcro straps) in one of two positions: palms down, when the
palms were flat on the table in front of them (as in Experiments 1
and 2); and palms away, when the hands were back to back, palms
facing away from the midsagittal plane. All other aspects of the
left-right judgment task were the same as in Experiment 1.

Results

Left-right judgment time depended on the observer's
current hand position, as well as the orientation, view, and
handedness of a stimulus (Figure 6). RT-orientation func-
tions produced when subjects had their palms down repli-
cated those of subjects in Parsons (1987b) and in Experi-
ment 1. Generally parallel RT-orientation functions were
produced when subjects' hands were in the away condition,
but overall mean RT was 118 ms longer, F(l, 23) = 4.01,
p < .057, MSe = 3,990,946. In addition, an ANOVA of RT
showed two interactions involving current hand position:
RT varied with hand position and picture plane orientation
of the stimulus, F(8, 184) = 2.05, p < .05, MSe = 464,443;
and it varied with hand position, stimulus view, picture
plane orientation, hand, and lateral and medial orientation,
F<24, 552) = 1.66, p < .05, M5e = 330,477. The ANOVA
of RT also showed effects comparable to those for RTs in
the left-right judgment task in Parsons (1987b) and in
Experiment 1, reflecting once again combinations of the
factors of longer joint-constrained trajectories for lateral
target postures, of dominant hand skill-speed advantage,
and the distance in the space of possible trajectories be-
tween initial and target postures. Thus, RT was longer for
lateral than for medial orientations, and for left hands than
for right hands, F(l, 23) = 22.44, p < .001, MSe =
5,007,953, and F(l, 23) = 11.97, p < .01, MSe =
1,360,459, respectively. RT varied with orientation and
stimulus views, F(4, 92) = 17.19, p < .001, M5e =
712,445, and F(3, 69) = 20.43, p < .001, M5e = 2,681,249.
The effect of picture plane orientation varied for lateral and

medial orientations, F(4, 92) = 6.85, p < .001, M5e =
704,867; the effect of picture plane orientation depended on
stimulus view, F(12, 276) = 10.54, p < .001, MSe =
1,231,006; the difference between lateral and medial orien-
tations varied with stimulus view, F(3, 69) = 7.16, p <
.001, AfSe = 2,665,378. Also, the combined effect of picture
plane orientation and lateral-medial orientation on move-
ment time depended on stimulus view, F(12, 276) = 4.69,
p < .001, MSe = 601,510.

Subjects' error rates were less than 5% (range = 4.9% to
2.1%); error rates did not differ for the two conditions of
current hand posture.

The greatest effect of current real hand position was for
palms in picture plane stimuli: on average, RTs were 220 ms
longer in the away condition than in the down position. An
ANOVA on the RTs for this stimulus showed that this
difference is significant, F(l, 23) = 8.42, p < .008, MSe =
1,624,081. On the basis of preceding results, this extra RT
probably was caused by the additional trajectory length
required to mentally simulate moving one's hand from its
current posture into the stimulus posture. For example, to
turn physically the hand from the away condition posture to
the palm in picture plane at 0° required about 270°, 90°
more than to turn the hand from the down condition posture
into the stimulus orientation. Mentally simulating such a
90° turn appears to require about 200 ms, as suggested by
the RT function for the back of the hand in the down
condition (the RT for 90° is 200 ms longer than that for 0°).
These interpretations appeared to be confirmed in Experi-
ment 4.

Discussion

The findings in Experiment 4 showed that the current
origin of one's body influenced the time to make a left-right
judgment of a body part. As predicted, the time to make
left-right judgments of hands when one's arms and hand are
in the palms away posture was often parallel but greater
than the left-right judgment time when one's arms and
hands are in the palms down posture. Given the findings
discussed in the introduction, this is likely to occur because
the spatial origin from which one spontaneously imagines a
spatial transformation of one's body is its current orienta-
tion, not a fixed canonical one. In Experiment 5,1 evaluated
this hypothesis by observing the times for real movement
into the stimulus postures from current hand postures
adopted by subjects in Experiment 4.

Experiment 5: Time for Moving One's Hand
From Different Initial Postures Into Target

Postures in Stimuli

Method

Subjects. Fifteen University of Texas at Austin undergraduates
who had not been in any related study volunteered to participate.

Stimuli, design, and procedure. All aspects of the stimulus and
design were identical to those in Experiment 4, except that trials
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Figure 6. Reaction time-orientation functions of left-right (L-R) judgments when observers'
hands are in the palms away posture and the palms down posture.

were blocked so that a set of 48 left-hand stimuli alternated with a
set of 48 right-hand stimuli. Within these blocks, the view and
orientation of stimuli were equally represented and in a random
order unique for each subject and block. Half of the subjects
performed three replications with the movement starting from the
palms down posture first and then performed three replications
with the movement starting from the palms away posture; the other
subjects performed the conditions in reverse order. The procedure
was identical to the real movement conditions in Experiments 1
and 2, except that at the start of each trial a subject's hands rested
palms down (or palms away), as in Experiment 4.

Results

Real movement from different initial postures. The
movement time functions in Figure 6 for the palms down
position were very highly correlated (r = .97) with those of

subjects in Experiment 1 where the same stimuli, hand
position, and task were used, F(l, 46) = 625.56, p < .0001.

There was no difference in the time for left-hand and
right-hand movements from the palms down posture (1,349
ms and 1,351 ms), although there was one in movement
times in Experiments 1 and 2. There was also no RT
difference for left- and right-hand movement from the
palms away posture. This suggests that there was an ap-
proximately equal mix of left-handed and right-handed sub-
jects in this study.

An ANOVA of movement time showed a set of effects
comparable to those for movement time tasks in Experi-
ments 1 and 2, reflecting the combination of the factors of
longer joint-constrained trajectories for lateral target pos-
tures, the distance in the space of possible trajectories be-
tween initial and target postures, and, to a lesser extent, of
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Figure 6, continued.

dominant hand skill-speed advantage. Movement time was
longer for lateral than for medial orientations, F(l, 14) =
188.74, p < .001, MSe = 300,491, and varied with orien-
tations and stimulus view, F(4, 56) = 42.85, p < .001,
MSe = 118,765, and F(3, 42) = 37.70, p < .001, M5e ='
272,848, respectively. The effect of picture plane orienta-
tion was different for lateral and medial orientations, F(4,
56) = 15.75, p < .001, M5e = 79,445; the effect of
orientation on movement time varied with stimulus view,
F(12,168) = 27.44, p < .001, MSe = 84,601; the difference
between medial and lateral orientations depended on stim-
ulus view, F(3, 42) = 12.59, p < .001, MSe = 89,473; and
the effect of picture plane orientation on movement time
varied with hand, F(4, 56) = 5.18,p < .001, M5e = 51,534.
The combined effect of picture plane orientation and
lateral-medial orientation on movement time depended on
stimulus view, F(12, 168) = 14.54, p < .001, M5e =

83,032; the effect of picture plane orientation and stimulus
view varied with hand, F(12, 168) = 2.24, p < .05, MSC =
57,713; and Stimulus View X Picture Plane Orientation X
Lateral-Medial Orientation X Hand interaction, F(12,
168) = 1.98, p < .05, M5e = 54,313.

In addition, this ANOVA revealed effects involving the
initial posture of the hand: Movement time was longer
for palms away posture than for palms down posture, F(l,
14) = 6.29, p < .05, MSe = 1,390,991, and the effect of
picture plane orientation and the stimulus view depended on
initial hand posture, F(12, 168) = 1.83, p < .05, MSe =
52,200. There was an interaction among initial hand pos-
ture, stimulus view, picture plane orientation, and lateral-
medial orientation, F(12, 168) = 2.39, p < .01 MS =
50,731.

Comparison of movement times in Experiment 5 and
left-right judgment times in Experiment 4. Time to move
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Figure 7. Reaction time-orientation functions for real movement from the palms away posture
and the palms down posture into target postures.

one's hand from the palms down and palms away postures
into a stimulus orientation (without making a left-right
judgment) was similar to the time to make a left-right
judgment of that stimulus when one's hand was in the palms
down and palms away positions and imagined movement
occurred. Exactly as with left-right judgment times, there
were roughly parallel movement RT-orientation functions
from the palms away and palms down postures (Figure 7),
with the palms away conditions 120 ms longer overall, F(l,
14) = 6.16, p < .05, M5e = 1,685,926. There was a strong
correlation (r = .80) between movement time (with no
left-right judgment) and left-right judgment time for the
palms down and palms away conditions over all stimuli,
F(l, 94) = 169.94, p < .0001, improving to r = .86 if, as
in Experiments 1 and 2, the variable data for side from little
finger were excluded, F(\, 70) = 195.94, p < .0001. There
was also a strong correlation (r = .86) between the overall

mean RT to each stimulus for movement and left-right
judgment tasks, F(l, 6) = 17.24, p < .01. Collapsing across
orientation and hand, the correlation between time for
movement and left-right judgment was between .89 and .87
for three stimuli and .22 for side from little finger stimuli.

Discussion

The interlocking results of Experiments 4 and 5 indicate
that the spatial origin from which one spontaneously imag-
ines a spatial transformation of one's body is its current
orientation, not a fixed canonical one, and that the repre-
sentation of the arm and hand used in the mental simulations
is based on nonvisual information that is mapped onto the
visual target stimulus. These findings confirm for another
set of motions that time for mentally simulating actions
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Figure 7, continued.

mimics the time for actually performing corresponding
actions.

General Discussion
People are capable of mentally simulating events repre-

senting a wide variety of properties, including moving their
body, observing a three-dimensional scene, and spatially
transforming or assembling an object (e.g., Decety, Jean-
nerod, & Prablanc, 1989; Decety & Michel, 1989; Finke,
Ward, & Smith, 1992; Centner & Stevens, 1983; Johnson-
Laird, 1983; Kosslyn, 1990; Parsons, 1987a; Shepard &
Cooper, 1982; Tversky & Kahneman, 1982). This form of
mental representation makes readily accessible information
that is otherwise difficult to gain. It provides a way to
represent and transform spatial properties of objects and
scenes, supporting inferences about possible events and
changes in spatial relations among objects in a scene (e.g.,

de Kleer & Brown, 1976; Gilden & Profitt, 1989; Kosslyn,
1990; Landau & Jackendoff, 1993; Parsons, 1994b; Pinker,
1985; Shepard, 1984). The usefulness and validity of those
inferences turns on effective, accurate representation of
essential, pervasive properties of the events simulated. The
findings reported here reveal that temporal and kinematic
properties of many of one's actions are accurately repre-
sented in their mental simulations: the kinematic configu-
ration of the body that is represented and transformed cor-
responds to the actual current kinematic configuration of
one's body; the mentally simulated kinematic sensorimotor
information is mapped onto perceived visual target infor-
mation as in actual motion; and the time to mentally simu-
late one's action is very often proportional or roughly equal
to the time for actual motion.

Temporal correspondence between real and mentally sim-
ulated action is demonstrated here for natural efficient
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movement from an initial posture where the hand is midway
between extremes of each of its joint-limited degrees of
freedom into a set of target hand postures that systemati-
cally and extensively samples all possible target hand pos-
tures. Thus, this correspondence appears to be general,
although not uniform. The time for simulated and real
movements is roughly equal for target postures that are
toward the midline, more common, and more comfortable.
However, longer, though proportional, time is required for
real movement into less common postures that require
longer trajectories, coordinated activity at more joints, mo-
tion near extremes of joint-limits, and more uncomfortable
kinesthetic sensations. In addition, the correspondence be-
tween simulated and real movement time is weakest for the
very most awkward and uncommon target hand postures.

Further study is required to determine exactly why the
real and mentally simulated times converge and diverge
with these movement variables. The more awkward orien-
tations require changes at more than one joint and interac-
tions among such changes, and perhaps the complexity of
such structural change surpasses the capacity or precision of
the mental simulation processes. If so, then those mental
simulations may be more poorly approximated and require
proportionally less time than does the corresponding action.
It may also be that the mental simulation process is based on
less detailed biomechanical information for less familiar
target postures, and the default tendency is to produce
sketchy, rapid simulations.

Because the kinematic configuration of the body that is
represented and transformed in mental simulations of action
matches the actual current kinematic configuration of one's
body, the representation underlying performance is likely
what has been termed "body schema" (Benton, 1985;
Frederiks, 1969; Head, 1920; Ogden, 1985; Paillard, 1991;
Shontz, 1969). One's body is likely the most complicated
and intricate object of which one has detailed mental rep-
resentations, with many parts and possible configurations,
and based on many different kinds of information. The body
schema is hypothesized to serve critical integrative func-
tions in organizing and maintaining spatial orientation for
perception and action. These and related results show that
chronometric paradigms may be used to reveal the proper-
ties of these rich mental representations and to yield knowl-
edge useful in neuropsychological settings.

These results generally support a model (Parsons, 1987b)
that one mentally simulates one's body movements by rep-
resenting biomechanically accurate trajectories in a three-
dimensional space with temporal dynamics comparable to
real movement. This is a plausible working hypothesis for a
variety of reasons. Motor behavior is likely planned at the
object (or end-effector) level rather than at the joint level
(Bernstein, 1967; Hollerbach, 1982), so various structures
and processes that are involved in preparing an action may
be involved in formulating a plan for its mental simulation.
Furthermore, processes involved in executing an action
(e.g., "motor programs," Arbib, 1991; Brooks, 1979; Keele,
1968; Schmidt, 1975) may be involved in mentally simu-
lating it. In addition, there are various reports showing the
effects of mentally simulated practice or performance on

later motor performance (e.g., Feltz & Landers, 1983;
Finke, 1979; Johnson, 1982; Richardson, 1967; Yue &
Cole, 1992).

One plausible model of these phenomena is that mental
simulation makes use of a forward kinematic map of the
arm to make small changes in joint angles (i.e., producing
hand position changes by changing joint angles within their
limits), then a reasonably efficient movement is developed
on the basis of error of that simulation to the target hand
posture computed in a body-centered visual frame of refer-
ence. Mental simulation time is proportional to the length of
the trajectory simulated, probably because time to represent
a trajectory is the sum of the times to represent the body
parts at regular intermediate positions in the path, and the
number of intermediate positions in a path to be represented
is proportional to trajectory length (Cooper, 1976; Parsons,
1994b, 1994c). The time required for the mental simulation
of an action may be influenced by factors other than extent
of motion—for example, factors such as the degree of force,
effort, precision, or control apparently involved in that
action. The kind of paradigms used here may lead to better
understanding of the central and cognitive aspects of motor
representation, planning, and preparation.

These findings are consistent in a general if yet vague
way with the idea that basic sensorimotor structures partic-
ipate in the mental simulation of action. Higher cognitive
centers may simulate events by producing patterns of acti-
vation in (a) the visual or sensorimotor processing areas in
the brain that mediate the perception of the shape, orienta-
tion, and location of objects and of one's body, and (b) the
areas that mediate motor behavior. Findings from neuropsy-
chological patients, functional brain mapping in healthy
normals, physiological recordings of implicit autonomic
responses, and single cell recordings of populations of neu-
rons in primates are consistent with the hypothesis that
underlying mentally simulated action and real action are
common structures or functional properties.

In a study of the commissurotomized patient V.P. (Par-
sons, Gabrieli, & Gazzaniga, 1993), when one or the other
cerebral hemisphere was briefly shown its contralateral
hand, she accurately judged its handedness, producing RT-
orientation functions highly correlated with those of normal
subjects (e.g., in Experiment 1 here). When one or the other
hemisphere was shown its ipsilateral hand, it was not judged
accurately but was misjudged or misperceived as a con-
tralateral hand. Thus, neither hemisphere could access an
appropriate representation of the ipsilateral hand, suggest-
ing that cerebrally lateralized, somatic representations of the
body interact with higher cognitive and perceptual pro-
cesses to allow left-right judgment of a hand and to produce
mental simulation of motion. Regional cerebral blood flow
studies indicate that imagining a well-learned motor se-
quence selectively activates structures in the supplementary
motor area and the cerebellum that are likely involved in
planning and programming real action (Roland & Friberg,
1985; Roland, Larsen, Lassen, & Skinhoj, 1980; Roland,
Skinhoj, Lassen, & Larsen, 1980; Decety, Sjoholm, Ryding,
Stenberg, & Ingvar, 1990). Mental simulation of specific
actions is associated with changes in the involuntary, im-
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plicit processes of cardiac and respiratory activity compa-
rable to that observed in corresponding real actions (Decety,
Jeannerod, Germain, & Pastene, 1991; Requin, Brener, &
Ring, 1991; Wang & Morgan, 1992). Finally, Georgopoulos
and his colleagues (Georgopoulos, Taira, & Lukashin,
1993; Georgopoulos, Lurito, Petrides, Schwartz, & Massey,
1989; Pellizzer & Georgopoulos, 1993) have shown that in
the planning of planar arm movements, the "average acti-
vation" of a population of primate motor cortex cells (each
representing a slightly different direction of movement)
represents a movement vector and its rotation over time to
a task-specific direction. The most relevant points here are
that these findings reveal (a) a neural mechanism in the
sensorimotor areas that is involved in the preparation of
movement and that produces a continuous rotation of a
movement planning vector, (b) that the time for this rotation
is approximately linearly proportional to the directed angle
of movement, and (c) that the rate of this rotation is com-
parable to the approximately linear rate for imagining the
rotation of a simple two-dimensional object.

In conclusion, a combination of psychophysical, neuro-
psychological, and brain mapping studies may lead to the
development of explicit models of the internally simulated
spatial transformations found in sensorimotor phenomenon
(Parsons et al., in press; Stein, in press), and ultimately such
efforts may contribute detailed models of the mental simu-
lation of events that do not involve one's body. In addition,
full understanding of these phenomena may require consid-
ering both those aspects of synaptogenesis pertaining to
how the functional and structural properties of neurons are
affected by their peripheral targets (Purves, 1988) and the
evolution of neural systems for self-representation and
mimesis (e.g., Donald, 1991).
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Appendix

Preattentive Processing Guides the Exact Match Confirmation Used in Handedness Judgment

Although the phenomenon seems puzzling or paradoxical, Par-
sons's 1987b results strongly suggest that in the early preattentive
stages of information processing accurate information about stim-
ulus handedness is present (though not available for conscious
processing), and that later mental simulation and shape-matching
operations provide confirmation for conscious decision-making.
Evidence indicates that subjects use exact match confirmation in
making a left-right judgment of a body part (Parsons, 1987a,
1987b). Consistent use of such a disconfirmation strategy is clearly
contradicted by response times because, for example, checking a
dominant hand against the stimulus and inferring from a mismatch
that it is the other hand would produce RT-orientations for trials
with the nondominant hand that reflected joint constraints of the
dominant hand, a prediction firmly refuted by data in several
experiments from many subjects. Furthermore, when subjects are
asked how often they had imagined the wrong hand at the orien-
tation of the stimulus, they reported doing so rarely—13.25% of
the trials. They reported very often imagining their left hand for
left-hand stimuli and their right hand for right-hand stimuli—
86.00% of the trials.

Finally, Parsons's (1994a) findings confirm this hypothesis.
Subjects in this study were briefly presented a single hand and
were required to make a judgment (or "best guess") within a
deadline period indicated by tones. Five deadlines varied randomly
across trials, often interrupting subjects' performance prior to the
time at which they could begin to mentally simulated their hand
moving into the orientation of the stimulus. For the very shortest
deadline (125 ms) subjects' accuracy was at chance. However, by

.50 of each subject's fastest RT mean under "free-viewing" con-
ditions (i.e., like that in Experiment 1 here), their left-right judg-
ment was .75 accurate on average across stimuli; by .68 of each
subject's fastest "free-viewing" RT mean, their judgment was .85
accurate on average and above chance on all stimuli.

Performance in the left-right judgment task appears to involve
these operations, some of which may occur concurrently: (a)
analysis of the orientation and handedness of the stimulus; (b)
analysis of the orientation of the internally represented correspond-
ing hand; (c) planning a path for the internally represented hand to
move (within its joint constraints) to the orientation of the stimu-
lus; (d) mental simulation of planned action; and (e) exact-match
confirmation of shape of imagined and perceived hands.

The early implicit knowledge about stimulus handedness may
be the result of analysis utilizing associations among object or
hand shape and action patterns (see various suggestive findings by
Di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti, 1992;
Jeannerod, 1984; Klatsky, McCloskey, Doherty, Pellegrino, &
Smith, 1987; Pellegrino, Klatzky, & McCloskey, 1989; Rizzolatti
et al., 1988; Rosenbaum et al., 1990; Taira, Mine, Georgopoulos,
Murata, & Sakata, 1990). This phenomenon appears reminiscent of
reports of implicit knowledge derived from sensorimotor process-
ing (e.g., Goodale, Milner, Jakobson, & Carey, 1991; Weiskrantz,
1986).
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