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Despite considerable research on the learning of simple
motor acts (e.g., finger tapping), we know relatively little
about the changes that occur in higher order representa-
tions of complex motor skills as expertise develops (An-
nett, 1995; Colley, 1989; Holding, 1989; Jeannerod, 1994;
MacKay, 1989; Rosenbaum, Inhoff, & Gordon, 1984;
Schmidt, 1988). In the present study, the relation between
the performance and the cognitive representations of com-
plex motor skills was investigated. Motor imagery re-
search has emphasized the similarity between the mental
imagery of an action and its physical execution (Decety,
1996; Decety, Jeannerod, & Preblanc, 1989; Decety &
Michel, 1989; Jeannerod, 1995, 1997). The present study
focuses on how they might differ. Here, motor imagery
was compared with the physical performance of spring-
board diving. The issue was whether the temporal relation
between imagery and motor skill performance could re-
veal expertise-related differences in the content and struc-
ture of motor representations. Motor representations, or
motor programs, have been defined as a set of movement
components that are structured before a movement se-
quence begins (Keele, 1968). In addition, in this study, the

factors that influence motor imagery separately from
motor representation were examined.

Several studies have suggested that physical and visu-
alized motor skill performance share cognitive processes
(Jeannerod, 1994; Requin, 1991). In hierarchical theories
of motor control (MacKay, 1982, 1989; Shaffer, 1980,
1982) and theories of mental practice (Feltz & Landers,
1983; Feltz, Landers, & Becker, 1988), it is speculated that
the two types of performance share the higher, cognitive
levels of the hierarchy but differ in terms of the level at
which performance output occurs. In experiments assess-
ing practice and transfer effects for speech production,
MacKay (1981) demonstrated that there are similarities
between mental and physical practice and that mental ex-
ecution times reflect internal processing. Internal speech
execution times were faster than corresponding physical
execution times, suggesting that internal action did not in-
volve the activation of the movement’s motor components.

The mental practice literature also supports a close re-
lation between imagery and action (Feltz & Landers,
1983; Feltz et al., 1988). Mental practice is the cognitive
rehearsal of a motor skill that purportedly decreases errors
in physical performance. Nonetheless, an athlete’s exper-
tise appears to influence the benefit that he or she receives
from mental practice (Driskell, Copper, & Moran, 1994;
Richardson, 1967). Two current explanations for the pos-
itive influences of mental practice have been proposed.
First, mental practice facilitates complex skills for which
there is symbolic control of movements. It permits the re-
hearsal of a skill and an opportunity to code parts of the
skill into meaningful cognitive units (Driskell et al., 1994).
Minas (1978) suggested that mental practice reinforces
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atively slowed by greater amounts of nonautomatized knowledge, as compared with the automatized
knowledge of experts or the sparse knowledge of novices.
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the sequencing of movement components. Second, imag-
ined activity produces impulses along the neural pathways
associated with the action, thereby producing gains in
performance (Hale, 1982; Kohl & Roenker, 1983).

Neurological data provide converging evidence that
imagined and executed actions share some neural sub-
strates. Neuroimaging studies of motor imagery indicate
metabolic activity in brain areas associated with both
motor preparation and performance (Decety, 1996; Decety
& Ingvar, 1990; Decety, Kawashima, Gulyas, & Roland,
1992; Roland, Larsen, Lassen, & Skinhoj, 1980). Studies
of neurologically impaired patients also have demon-
strated a concurrent involvement of cortical areas in-
volved in motor imagery and performance. For hemi-
plegic patients, motor imagery and movement times for
the paralyzed limb were mentally slower than those for
the normal limb (Decety & Boisson, 1990). Similarly, vi-
sualization times reflected the impaired or slowed phys-
ical performance of patients with brain damage or neuro-
degenerative diseases (Dominey, Decety, Broussolle,
Chazot, & Jeannerod, 1995; Sirigu et al., 1996).

Likewise, autonomic responses during motor imagery
parallel those of physical movement (Decety, 1996).
Motor imagery and physical execution appear to activate
similar muscles and motor programs (Kohl & Roenker,
1983). Studies using EMG recordings show that imagined
activity produces low-level motor effects that correspond
to patterns of action (Hale, 1982; Harris & Robinson,
1986; Jacobson, 1932; McGuigan, 1970; Ulich, 1967).
Furthermore, the similarity between the timing of motor
imagery and that of physical performance implies the ac-
tivation of similar cognitive structures (e.g., Decety &
Michel, 1989; Landauer, 1962). When participants were
asked to move their hand into the orientation of a hand
stimulus or to mentally simulate that action, mental sim-
ulation times mimicked movement times (Parsons, 1994).

Despite these similarities, the relation between physical
and visualized movements is not necessarily simple. For
example, task difficulty has a greater influence on visual-
ized times than on physical times (Decety, 1991; Decety
& Jeannerod, 1996; Decety et al., 1989). In addition, mus-
cular responses during mental imagery differ as a func-
tion of expertise. During skill imagery, advanced per-
formers produced increased EMG activity in skill-specific
muscles, as compared with beginning performers (Har-
ris & Robinson, 1986). These findings suggest that the
temporal relation between visualized and physical per-
formances may not be one to one and that task difficulty
and expertise level may influence it.

In the present study, the cognitive organization of a
complex motor skill was investigated by comparing visu-
alized and physical performance times. Springboard div-
ing was selected as a model real-world motor skill be-
cause diving from a board requires both a concrete
cognitive representation of one’s orientation in space and
a cognitive set of sequentially organized movements.
Each diver’s visualized dive could be compared against
his or her physical dive. Comparisons of these corre-

sponding times may provide evidence for representational
differences that depend on diver expertise and motor skill
complexity. Furthermore, performance times can be sam-
pled periodically throughout the dive. Unlike a single
overall dive time measure, waypoint measures allow an
assessment of the time course of mental processing.

Research on the relation between visualized and phys-
ical performance times has suggested that visualized
performance activates the same motor programs as the
physical performance (Jeannerod, 1994; Requin, 1991).
If this is true, the present results should show that visu-
alized performance times follow physical performance
times at the same rate. However, visualized performance
may be faster because it is not connected to motor output
(MacKay, 1982).

Expertise is thought to modify the cognitive representa-
tions of complex motor skills. Thus, it may affect perfor-
mance times in several ways. If expertise has a fine-tuning
effect, in that the same motor program is constructed the
same way every time, greater expertise may decrease the
discrepancy between visualized and physical performance
times and reduce the variability of performance (Jannson,
1983).

Alternatively, expertise may produce timing differ-
ences consistent with changes in schematic skill knowl-
edge. People demonstrate nonlinear changes in their un-
derstanding and performance of both cognitive and motor
skills as they improve (Anderson, 1983; Rosenbaum,
1991). These changes in schematic skill knowledge may
be reflected in a nonmonotonic discrepancy between vi-
sualized and physical performance times across expert,
intermediate, and novice expertise levels. For example, ex-
pert divers have practiced and refined their dives to the
point of automaticity. As a result, they should produce
visualized times that are closely related to physical per-
formance times. In contrast, intermediate divers have ex-
tensive knowledge about how to perform dives, but their
performance is not fully automatic. Thus, the time to put
the components of the dive together for visualized perfor-
mance may produce relatively longer visualized than
physical performance times. The slowing of the mental
process may be less evident for physical performances
to the extent that the physical properties of the diving
board, the body, and gravity constrain the duration of the
dive. Last, novice divers have less schematic knowledge
about how to perform the dives. With fewer cognitive op-
tions to coordinate for dive performance, their visualiza-
tion times may be relatively faster.

The rotational complexity of the skill may influence
the visualized/physical temporal relation (Decety, 1991;
Decety & Jeannerod, 1996). The dives selected for this
study represented three levels of rotational complexity
and task difficulty: no body rotation, rotation around one
body axis, and simultaneous rotation around two body
axes. Rotational complexity provides a reasonable opera-
tional definition of task difficulty. Even though the visu-
alized body and the physical body may be subject to sim-
ilar biomechanical constraints (Parsons, 1994), additional
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transformations of visualized dives may require more time
than their physical counterparts (Just & Carpenter, 1985).
If visualized performance occurs in a limited-capacity pro-
cessing system (i.e., working memory) for which addi-
tional visualized spatial rotations require extra time to ex-
ecute, visualized performance time should increase with
rotational complexity.

Generalized, nonspecific spatial ability may also be re-
lated to the ability to visualize motor skills. Individual
differences in visual imagery and on spatial ability tests
appear to be related to the capacity of spatial working
memory (Just & Carpenter, 1985; Kosslyn, Brunn, Cave,
& Wallach, 1984; Kosslyn & Schwartz, 1977). People
who have high scores on spatial ability tests may have
greater spatial working memory capacities, allowing them
to visualize more complex image transformations. In this
task, effects of expertise may simply reflect this spatial
ability: The ability to visualize body transformations ac-
curately and easily may decrease the difference between
visualized and physical performance times. To assess this
hypothesis, participants were grouped on the basis of their
combined scores on two standardized, spatial ability tests
that required the mental reorientation of nonbody objects.

To investigate whether a cued memory representation
influences visualized performance times, the effects of
viewing a videotaped dive prior to visualization were ex-
amined. Dive previewing provided temporal and skill-
specific visual information that could prime the dive’s
representation. Such cues could decrease the disparity be-
tween visualized and physical times, especially for less
skilled divers. The priming of an individual’s own body
representation and motor skill components could enhance
the effect by activating specific action representations.

METHOD

Participants
Twenty-six springboard divers (9 male, 17 female; 13–22 years

old) volunteered from the University of Michigan, Eastern Michigan
University, Lords of the Boards, and Brighton diving teams. In-
formed consent was obtained, and the divers’ rights as participants
were protected. Diving experience ranged from 2 to 18 years. Despite
efforts to select divers who could complete the full experiment, 4
divers were excluded from analyses because they could not perform
the most difficult dive. Divers were ranked according to expertise
as defined by two coaches familiar with the divers and by judges’
scores received during competition. The two coaches had 100% reli-
ability in their rankings. Given the existing skill levels of the partic-
ular divers tested, the number of divers making up each group was not
uniform. The expert group consisted of 7 divers (3 male, 4 female),
the intermediate group had 8 divers (3 male, 5 female), and the novice
group had 7 divers (3 male, 4 female). All of the divers in the expert
group competed in the U.S. Olympic Trials, and more than half later
competed in the Olympics. The divers in the intermediate group com-
peted in collegiate-level, but not in national-level, competitions. The
divers in the novice group competed at regional-level competitions.

Apparatus
Physical dives were performed on 3-m indoor diving boards. They

were recorded on videotape from a 90º angle via a video camera located
on the pool deck. The dives were captured from initiation to water

entry. Physical performance times were recorded on the video camera’s
timer to the nearest 0.01 sec and were recalibrated to real time.

Visualized performance data were collected using a custom-
made timer. A pair of response boxes was connected to a central
timing unit that recorded time with millisecond accuracy.

Stimuli
Three dives were selected using two criteria: (1) All the divers

could perform the same dives, and (2) each dive represented a dif-
ferent rotational complexity (see the Appendix). Dive numbers are
from the AAU Diving Handbook (1985). The front dive (Dive 101:
forward dive, straight position) traces out a simple arc to a headfirst
water entry. The front somersault (Dive 10: forward dive, two-and-
one-half somersault, pike position) adds rotation about the body’s
lateral (side-to-side) axis, body bent at the hips. The back twister
(Dive 5,231: back dive, one-and-one-half somersault, one-and-one-
half twists, free position) requires rotations of the unbent body
about both the lateral axis and the longitudinal (head-to-toe) axis
and begins with the diver facing backward, heels extending past the
end of the springboard. Videotapes of these dives were acquired in
the first session and were used as stimuli in the second session.

The Guilford –Zimmerman Aptitude Survey Test (Part VI: Spatial
Visualization; Guilford & Zimmerman, 1947) and the Thurstone
Flags Test (Thurstone & Jeffreys, 1956) were used to assess gener-
alized spatial ability and mental manipulation skills. In the Spatial
Visualization test, the participants rotated clocks mentally to match
targets. In the Flags Test, the participants rotated flags mentally to
match targets. These tests were selected because they required the
mental manipulation of nonbody objects and had normalized scor-
ing procedures.

Procedure
The divers were tested during their regular practice sessions at

their pools and in rooms separate from the pool area. They were told
that the purpose of the study was to better understand how mental
dive visualization was related to dive performance.

First, the divers executed nine dives on the diving board, with the
three required dives performed three times each. The divers were
given cards with the dives listed in the specified order of execution,
which was rotated over divers. Each dive was performed once be-
fore repeating the order. The divers lined up at the diving board and
performed their dives sequentially. The dives were recorded on
videotape. This part took approximately 20 min.

After completing the physical dive portion of the study, the divers
timed their visualizations of each dive. The time between physical
performance and visualization was approximately 20 min. The
divers were told to imagine themselves diving as if they were actu-
ally executing the dive or to mentally simulate their physical dive as
closely as possible. In addition to timing visualizations of complete
dives, the divers were asked to time various subcomponents of the
dives, or waypoints . Each waypoint started at the beginning of the
dive at 0 sec. Successive waypoints included an increasingly greater
part of the complete dive. W1 started at the initiation of the first dive
movement and ended at the beginning of the hurdle. W2 included the
hurdle and ended when the diver departed the springboard for good.
W3 ended at the completion of the aerial maneuver when the diver
commenced recovery. W4 ended at water entry. For example, the
timelines of the forward dive and the forward somersault dive were
the following: Start [approach] W1 [hurdle] W2 [aerobatics] W3 [re-
covery] W4 [water entry]. The back twister began at the end of the
board and had only three waypoints: Start [hurdle] W2 [aerobatics]
W3 [recovery] W4 [water entry]. All the divers reported that they
routinely visualized themselves performing dives and that they were
highly familiar with the specified waypoints.

Before beginning visualization trials, the divers were questioned
in order to ensure that they understood the instructions. With the dis-
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play unit hidden, the divers held one timer box in each hand while
visualizing a dive. They pressed the start button with their right
thumbs and the stop button with their left thumbs. For each trial, the
divers were told which dive to visualize and at which waypoint to
stop the timer. A single waypoint time was measured per visualiza-
tion trial. Upon initiation of the first visualized body movement,
the divers pressed the timer’s start button. When their mental rep-
resentations arrived at the specified waypoint, they pressed the stop
button. Regardless of the waypoint at which they stopped the timer,
the divers were instructed to always visualize the complete dive
from start to finish. Thus, for all the waypoints measured, the divers
stopped the timer, but never the visualization. Complete dives were
visualized to make the cognitive execution of the dives as uniform
as possible across trials, sessions, and divers. Although the button-
press may have disrupted normal cognitive processing, it was con-
stant across all conditions.

The divers visualized the dives in the same order as they had
physically performed them. The only difference was that after they
visualized the entire dive, they then visualized successive waypoints
within the dive. After completing each of the three dives once, the
sequence was repeated until the divers visualized each waypoint for
each dive three times. The visualization portion of the study took
approximately 20 min for each diver. The entire first session took
approximately 1 h for each diver to complete.

In a second session, the divers participated  in a videotape-
previewing task and completed two pencil-and-paper spatial ability
tests. This session was conducted in the same rooms as the first ses-
sion. For the previewing task, the divers f irst visualized nine dives
in the order in which they had physically performed them. The
divers visualized each dive from start to water entry, following the
same procedure as that used in Session 1. Keeping the same order,
they then viewed individual dives from the videotape of themselves
performing the dives in the first session (preview self ). The corner
of the screen on which the timer was displayed was covered. Last,
they viewed the videotape of another diver of the same gender per-
forming the same dives (preview other). For both conditions, the
divers viewed a videotape of a single dive and immediately there-
after timed a visualization of that dive. The dives were viewed and
visualized three times each.

Finally, spatial ability tests were administered according to the
test instructions. The tests required the divers to compare two non-
body objects (i.e., clocks and flags) and to determine whether an
item matched a target. The second session took approximately
45 min to complete.

RESULTS AND DISCUSSION

Physical performance waypoint times were extracted
from the videotaped physical performances, using the
frame-by-frame advancement feature on a videotape
recorder. Mean physical and visualized performance
times were computed for each waypoint for each partic-
ipant. Dive segment times were then computed from the
waypoint measures. Dive segments were time intervals
defined by successive waypoints within a dive, with each
segment representing a unique part of the dive. Unlike
waypoints, no part of any segment was shared by other
segments. The approach segment included the time from
the start to stepping on the end of the board (i.e., the end
of W1). The hurdle segment included the time starting
with the bouncing on the end of the board to the final
liftoff (i.e., the end of W2 minus the approach segment).
The aerobatics segment included the required aerial ma-
neuvers (i.e., the end of W3 minus the hurdle segment).

Last, the recovery segment included the preparation for
water entry to water entry (i.e., W4 minus the aerobatics
segment). In sum, each segment excluded the time of the
previous segment.

To illustrate the differences between types of perfor-
mance, mean waypoint data for physical performance time
was plotted against visualized performance time for each
dive and participant. These effects are illustrated in Figure 1.
A regression line was fit to this data, and the slope was
calculated. A group 3 dive analysis of variance (ANOVA)
was conducted using slope data. Significant effects were
found for group [F(2,19) = 5.40, MSe = 0.19, p < .02]
and dive [F(2,38) = 13.15, MSe = 0.02, p < .0001]. There
was no group 3 dive interaction [F(4,38) < 1, n.s.].1

Although there was a systematic relation between per-
formance types, physical times were not identical to visu-
alized times. Differences between visualized and physi-
cal performance times increased with each additional
body-axis rotation. In addition, expertise level had an
overall effect on the dive time relation that was indepen-
dent of the particular dive. Expert divers visualized their
dives closest to their performance times. Intermediate
divers visualized their dives slower than their perfor-
mance times. Novice divers visualized their dives faster
than performance times.

To examine differences between the two types of per-
formance times at various points within the dive, a differ-
ence measure was calculated using dive segments. Mean
physical performance time was subtracted from mean vi-
sualized performance time. Positive differences indicated
that visualization times were faster than physical times. A
linear regression analysis with dummy variables was con-
ducted so that interpretations could be generalized across
the dives; it permitted unbalanced designs and had a test
for the effects of nonindependent data.2 In addition, the
analysis tested the precise questions of interest: Was there
an effect of dive when group was held constant? Was
there an effect of group when dive was held constant?
Was there an interaction between group and dive?

For the analyses below, a regression with dummy vari-
ables of group and dive was conducted using the segment
difference scores. An F test for group, with dive held con-
stant, revealed a significant effect [F(6,233) = 4.67, p <
.0002]. Difference scores for the intermediate group were
largest, as well as negative. In contrast, expert and novice
groups had positive differences. These results are more
consistent with expertise differences in motor skill rep-
resentations than with a fine-tuning explanation for which
expertise produces a systematic reduction in the perfor-
mance time relation.

Next, differences for individual segments within the
dives were examined. Two segments were of particular in-
terest: the approach and the aerobatics segments. The ap-
proach segment may reflect the assembly of the motor
components to be executed. The aerobatics segment may
reflect differences in the selection of components. Analy-
ses of the different components revealed a group effect
for the approach segment [F(6,233) = 2.71, p < .02], but
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not for the aerobatics component [F(6,233) = 1.43, n.s.].
These analyses confirm the value of the individual seg-
ment analyses and support the idea that much of the cog-
nitive activity and organization of dive execution occurs
early in preparation stages.

By using segment difference scores to investigate ef-
fects of rotational complexity, a significant effect was
found for dive, with group held constant [F(6,233) = 3.14,
p < .006]. Visualization times were slower relative to
physical performance times as the rotational complexity

Figure 1. Mean visualized waypoint times (in seconds) plotted against corre-
sponding physical waypoint times (in seconds) as a function of group (exper-
tise level: expert, intermediate, and novice) and dive (rotational complexity:
front dive, front somersault, and back twister). The 45º line indicates equal per-
formance times. The vertical error bars indicate the standard error for each vi-
sualized performance time waypoint. As a point of comparison, the horizontal
error bar indicates the standard error for each physical performance time way-
point.
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of the dive increased. This result is particularly striking
for the most complex dive, the back twister, which re-
quires simultaneous rotation around both vertical and hor-
izontal axes. This pattern occurred for all expertise lev-
els, with no group 3 dive interaction [F(4,233) < 1, n.s.].
The dive and group effects appear to arise from different
mechanisms. The dive effect may be related to mental
simulation processes, rather than to expertise differences
in mental representations.

Within-subjects performance variability was computed
for each participant and condition by squaring the differ-
ence between the trial time for the waypoint and the over-
all waypoint mean for each dive (Table 1). Physical per-
formance variability was analyzed using a regression with
dummy variables of group and dive. No significant F tests
were found for the effect of group with dive held constant
[F(6,188) = 1.20, n.s.], for the effect of dive with group
held constant [F(6,188) = 1.61, n.s.], or for the group 3
dive interaction [F(4,188) = 1.20, n.s.]. Similar analyses
for visualized performance variability did not produce
significant F tests for the effects of group when dive was
held constant [F(6,188) < 1.0, n.s.] or dive when group
was held constant [F(6,188) < 1, n.s.] or for the group 3
dive interaction [F(4,188) < 1, n.s.]. Within a single div-
ing session, expert divers were not more consistent in the
timing of their dives, and difficult dives were not more
variable in their execution times. The predicted differences
in variability across skill levels may be detected only
across performance sessions, rather than across dives
within a particular session.

A nonmotor factor that may drive the physical–visualized
performance time relation is the ability to mentally ma-
nipulate objects. Scores from the two spatial ability tests
were summed to provide a more reliable measure. On the
basis of this measure, the participants were grouped into
high, intermediate, and low spatial ability groups.3 A
spatial ability group 3 dive ANOVA was conducted
using slope data. A significant effect was found for dive
[F(2,38) = 16.87, MSe = 0.019, p < .0001), but not for
group [F(2,19) < 1, MSe = 0.27, n.s.), nor was there a sig-
nificant group 3 dive interaction [F(4,38) = 2.46, MSe =
0.019, n.s.]. In addition, regression analyses were con-
ducted with dummy variables of spatial ability and dive
for segment-difference measures. No significant effects
were found for spatial ability when dive was held constant
[F(6,233) < 1, n.s.]. An effect of dive with spatial ability

held constant was found [F(6,233) = 3.06, p < .007].
More time may be required to execute additional mental
transformations.

To determine whether the high spatial ability group was
able to visualize mental transformations faster than were
the other two groups, a regression was conducted with
the dummy variables of spatial ability and dive for visu-
alized segment times. No significant effect was found for
spatial ability with dive held constant [F(6,233) < 1, n.s.],
nor was there a significant interaction [F(4,233) < 1,
n.s.]. The ability to mentally manipulate objects did not
influence the relation between physical and visualized
performance times or even visualization times alone.

To investigate whether visualized performance times
could be cued by prior viewing of a videotaped dive, an
expertise group 3 dive 3 condition (no preview, viewing
oneself, viewing another) ANOVA was performed on
mean data for visualized dives from the second testing
session (Table 2). A main effect of group replicated the
nonmonotonic expertise effect [F(2,19) = 4.28, MSe =
10.66, p < .03]: The intermediate group produced longer
visualization times than did the expert and novice groups.
A main effect of dive reflected the faster visualization
(and faster physical execution) of the back twister dive
[F(2,38) = 85.26, MSe = 0.35, p < .0001]. A main effect
for condition indicated a general speeding effect of video
viewing [F(2,38) = 4.15, MSe = 1.93, p < .03]. Videotape
cuing may remind participants of the speed and simul-
taneity of the rotations. However, no significant differ-
ences were found between viewing oneself or viewing
another performing the dive. The group 3 dive interaction
indicated that novices produced similar visualization
times for all three dives but that the expert and interme-
diate groups produced faster visualization times for the
back twister than for the other two dives [F(4,38) = 3.61,
MSe = 0.35, p < .02]. There was no significant group 3
condition interaction [F(4,38) < 1, n.s.], dive 3 condition
interaction [F(4,76) = 1.89, MSe = 0.09, n.s.], or three-
way interaction [F(8,76) < 1, n.s.]. Previewing did not
have differential priming effects for the expertise groups.

GENERAL DISCUSSION

For the past decade, researchers have presented evi-
dence to support the hypothesis that motor imagery mir-
rors motor performance. They have argued that the same

Table 1
Within-Subjects Variability for Physical and Visualized Performance Times

(in Seconds) for Waypoint Data

Dive

Group Performance Type Front Front Somersault Back Twister

Expert physical 0.031 0.030 0.004
visualized 0.114 0.118 0.099

Intermediate physical 0.032 0.016 0.013
visualized 0.178 0.083 0.179

Novice physical 0.018 0.026 0.032
visualized 0.107 0.123 0.077
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mental representations are tapped during the perception,
imaging, memory, and performance of an action (e.g., De-
cety, 1996). The present study has demonstrated that this
classic conclusion may be overly simplistic. It examined
springboard diving, a complex motor skill, to compare the
temporal aspects of physically complex motor skill per-
formance relative to motor skill imagery. Skill complex-
ity and diver expertise were manipulated.

The results showed that physical and visualized perfor-
mance times were not identical: Their relation was a func-
tion of rotational complexity and diver expertise, but not
their interaction. Overall, visualization time increased rel-
ative to physical time with increased skill complexity. A
nonmonotonic relation was found for expertise level: Un-
like experts or novices, the visualization time for inter-
mediates was significantly slower than physical perfor-
mance time. Thus, the temporal aspects of motor imagery
were not simply a direct, or even a uniformly shifted, ver-
sion of the temporal aspects of motor production. These
results demonstrated that there are important mental pro-
cessing differences between action performance and ac-
tion visualization. Furthermore, action representation and
imagery cannot be understood without taking into account
the processing constraints imposed by the visual and
working memory systems.

Overall, the results support prior work. Visualized per-
formance times followed physical performance times at
similar rates, and the speed of visualized performance
was generally faster than that of physical performance,
because it was not connected to motor output (MacKay,
1982). Distinctions between imagery and action are con-
sistent with neuroimaging studies that have found over-
lapping but different neurophysiological substrates: The
premotor cortex is active during motor imaging, whereas
the premotor cortex plus the primary and later motor cor-
tices are active during action performance (Jeannerod &
Frak, 1999).

Extending previous findings, the present study demon-
strated that chronometric differences between imagery
and action are influenced by expertise. The hypothesis of
a fine-tuning mechanism in which the temporal discrep-
ancy between visualized and physical performances de-
creased with expertise was not supported. Instead, the re-

sults were more consistent with changes in schematic skill
knowledge. One explanation for a nonmonotonic perfor-
mance time relation is that expertise influences the cogni-
tive organization of skill (Anderson, 1983; Karmiloff-
Smith, 1990, 1992). For example, intermediate divers have
considerable knowledge about how to perform their dives,
but their performance is not fully automatic. Thus, the
time to assemble dive components for visualized perfor-
mance may be relatively longer than that of expert divers,
for whom component assembly is automatized. Novice
divers produce relatively faster visualization times than do
intermediate divers because they have less schematic
knowledge about the dives to assemble for dive perfor-
mance. Supporting this idea, intermediate-level athletes
benefit the most from mental practice (Minas, 1978).
Something different appears to be going on for perform-
ers at this level, whether mental practice reinforces the se-
quence or the appropriate selection of movement compo-
nents. The relative slowing or speeding of the visualized
performance of divers at different expertise levels is not
found for physical performances, because the physical
properties of the diving board, the body, and gravity con-
strain the duration of physical performance.

Although complete dive durations address overall ex-
pertise differences, they do not reveal when in the process
the time differences among groups emerge. In these data,
the approach segment for both physical and visualized
performance produced the greatest expertise-level timing
differences. Experts spent proportionately more physical
time on the approach segment, and intermediates spent
proportionately more visualization time on it. The fact
that the changes occurred early in processing time implies
that movement preparation may be critical for skilled ex-
ecution of a complex action. Skill-level differences may
be related to the assembly of the complex motor repre-
sentation. Performers may use this time for the selection
and sequencing of movement components. For performers
and instructors, the implication is that performers should
not rush the initial preparatory components of a complex
motor skill. In sum, the cognitive processes and represen-
tations used to perform complex motor skills appear to
change with skill development, and initial preparation
segments of skill execution may reflect this process.

Table 2
Mean Visualization Performance Times (in Seconds) for Complete Dives

by Group (Expertise Level) and Video Preview Condition

Visualization Condition

Preview
Group Dive No Preview Preview Self Other

Expert front 3.77 3.58 3.56
front somersault 4.09 3.82 3.66
back twister 2.51 2.23 2.47

Intermediate front 5.22 4.58 4.87
front somersault 5.63 4.69 5.21
back twister 3.73 3.25 3.57

Novice front 3.82 2.53 2.89
front somersault 3.96 2.68 2.80
back twister 2.96 2.06 2.17
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Skill or rotation complexity also influences the tempo-
ral correspondences between physical and visualized per-
formances. Generally, visualized time increased relative
to physical time as rotational complexity increased. For
example, the back twister requires the simultaneous rota-
tion of the body in three dimensions. Although its actual
timing is performed much faster than the other dives, it is
visualized at a slower-than-real-time rate. Visualization
data, as well as spontaneous diver reports, suggest that
divers either rotated objects sequentially around each axis
or decreased the rate of mental rotation for complex rota-
tions. Because this finding held for all levels of expertise,
visualized performance may not be based purely in phys-
ical experience.

Thus, properties of the imagery system also appear to
influence the temporal relation between imagery and ac-
tion. Visualized performance may occur in a limited-
capacity processing system that affects the speed and
number of image transformations that can occur simul-
taneously (Kosslyn & Schwartz, 1977). Additional or
more difficult transformations of objects in general take
more time to complete (Just & Carpenter, 1985; Kosslyn
& Koenig, 1992). In terms of the present results, the com-
plex rotations required by the back twister appeared to
exceed the divers’ ability to imagine them simultane-
ously. The medium in which motor imagery occurs ap-
pears to influence temporal relations independently of
motor representation processes. Its limitations seem to
influence the rate of visualized performance (Kosslyn
et al., 1984). Thus, the present study was able to separate
central representational effects from the medium in which
they occurred.

In contrast to expertise and complexity, generalized
spatial ability, or the ability to manipulate nonbody ob-
jects through complex mental rotations, did not influence
the imagery–action relation. Although mental transfor-
mations are required for imagining dives, there was no
difference between divers with high and low spatial abil-
ities for dive visualization rates or performance time rela-
tions. Nonetheless, whether experienced divers are better
at mentally rotating the body in space is an open question.
Several studies have provided evidence that the human
body is represented and processed differently from other
objects (e.g., Ogden, 1985; Parsons, 1987a, 1987b, 1994;
Reed & Farah, 1995; Shiffrar & Freyd, 1993). Spatial abil-
ity tests that require the manipulation of body parts (e.g.,
the hand, foot, and body tests used by Parsons, 1987a,
1987b) might produce different results.

In addition, neither expertise nor skill complexity af-
fected performance consistency, a hallmark of skilled per-
formers. Two factors may have influenced the findings.
First, the effects of expertise may have been reduced by the
selection of dives and divers. Dives were selected that all
the participant divers could perform. Second, expertise-
related consistency may be observed reliably only across
sessions, rather than within sessions, as measured here.

Finally, the priming of the dive representation by view-
ing dive videotapes generally speeded visualization times,

but not as a function of expertise or type of priming. No
difference was found between using primes of one’s own
or another’s physical performance. Cuing effects did not
depend on the external activation of the performer’s own
body representation. This result is consistent with neuro-
logical research indicating a neural equivalence for actions
performed by self and others (e.g., Rizzolatti, Fadiga,
Gallese, & Fogassi, 1996). In the monkey premotor cor-
tex, mirror neurons fire when the monkey performs an ac-
tion and when he observes a similar action performed by
someone else. Thus, correspondences exist between ob-
servation of an action at both neural and behavioral levels,
whether the action is performed by the self or another.

Some caution must be taken with respect to the gener-
alizability of the present findings. The sample sizes and
the number of observations per participant were relatively
small. The nonmonotonicity of the expert and novice
groups, relative to the intermediate group, may have been
an aberration. However, some data provide support for the
present conclusions. First, the visualization times of the
second testing session replicated the visualization times
of the first testing session, in that the intermediate group’s
times were longer than those of the expert and novice
groups. Second, a different set of intermediate and novice
divers was tested at a later time. Again, the intermediate
group’s visualization times were slower than those of the
novice group. Expert divers were not available to deter-
mine whether similarities between expert and novice
divers were maintained.

This study points to issues that current theories of
motor skill acquisition should address. These theories ac-
count for performance and representational changes that
occur during simple motor skill acquisition (Ivry, 1994;
Schmidt, 1975, 1988). Error feedback and strengthening
of movement components acquired through extensive
practice produce linear refinements in the representation
and corresponding improvements in performance. How-
ever, these theories do not account for perturbations in the
continuity of representational change, especially after
considerable skill has been acquired. The skill acquisition
process does not always produce linear changes in physi-
cal performance. Nonsystematic deviations are frequently
observed at either the initial or the final tails of the skill
acquisition functions and are attributed to changes in
stages of learning and strategies (e.g., Newell & Rosen-
bloom, 1981; Welford, 1987). Also, skilled athletes often
describe instabilities in performance right before they
achieve an improved level of performance.

This study is a starting point for further research. Like
many naturalistic studies, it has limits because only snap-
shots of skill acquisition for a complex task learned over
years of training were examined. It was not possible to
equate skill levels within groups or years of experience.
Also, replication would be difficult, because relatively
few people have the skill to be considered experts. To
advance our knowledge of higher order representations,
complex motor skills should be studied within subjects
in a longitudinal study. Researchers could then determine
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differences in the characteristics of representations and
corresponding performance as the skill develops. This
type of study would also begin to address the intriguing
questions of whether the cognitive organizations of true
experts really are different from those of other perform-
ers who do not reach the same level of performance and
why some athletes never reach world-class status.
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NOTES

1. Separate group 3 performance type 3 waypoint ANOVAs were
conducted for each dive, using mean waypoint data. Each analysis re-
vealed a significant three-way interaction [front dive, F(6,57) = 3.23,
MSe = 0.075, p < .009; front somersault, F(6,57) = 2.55, MSe = 0.01, p <
.03; back twister, F(4,38) = 3.11, MSe = 0.04, p < .03].

2. Data were analyzed using linear regressions with dummy variables
and no constant. A dummy variable was created for group, Dummygroup,
where dummy1 = 1 iff group = 1, otherwise dummy1 = 0. Dummy vari-
ables were also created in which group and dive had specific values: 
Dummygroup,dive , where dummy11 = 1 iff group= 1, dummy = 1, and 0 other-
wise. This analysis permitted performances to be compared across dives
with an unbalanced design, as well as a test of heteroscedasticity to account
for unequal variances in the cells. This was important because the mea-
sures are nonindependent and because variable error could be a function
of dive difficulty, group, and other variables. Despite these precautions,
only the results from standard analyses are reported, because they pro-
duced results similar to the analyses with controls for heteroscedasticity.

3. Spatial ability groups were determined by ranking scores from
highest to lowest. The top eight scores were assigned to the high spatial
ability group (2 experts, 3 intermediates, 3 novices). The next seven
scores were the intermediate spatial ability group (3 experts, 2 inter-
mediates, 2 novices). The remaining seven scores were the low spatial
ability group (2 experts, 3 intermediates, 2 novices). Spatial test scores
were distributed across the range of possible scores.

APPENDIX

The front dive (Dive 101: forward dive, straight position) describes a sim-
ple trajectory motion. The diver stands on the anchored end of the diving
board that lies above the pool deck. The dive begins when the diver initiates
the walk to the opposite end of the board extending over the water. The diver
subsequently jumps on the end of the board to propel himself or herself into
the air. Once in the air, the diver’s straight body pivots so that the feet rise,
and the head lowers until the body is perpendicular to the surface of the pool
water. The dive is completed as the diver enters the water headfirst.

The front somersault (Dive 10: forward dive, two-and-one-half somer-
sault, pike position) adds a lateral body rotation to the simple trajectory of
the front dive. The diver walks to the end of the board and jumps on the end
of the board to propel himself or herself into the air. The diver subsequently
bends at the waist and completes two-and-one-half revolutions around the
body’s lateral axis. When the revolutions are completed, the diver straight-
ens his or her body so that it is perpendicular to the surface of the water and
enters the water headfirst to complete the dive.

The back twister (Dive 5,231: back dive, one-and-one-half somersault,
one-and-one-half twists, free position) requires both a lateral and a vertical
body rotation. To initiate the dive, the diver stands at the pool end of the div-
ing board and faces the pool deck. The diver propels himself or herself off
the board by pressing down toward the board with his or her arms, bending
his or her knees, and jumping into the air. The diver executes one-and-one-
half rotations around the body’s vertical axis (the twist portion) while si-
multaneously executing one-and-one-half revolutions about the body’s lateral
axis (the somersault portion). The dive is completed when the diver enters the
water headfirst, with his or her body perpendicular to the water surface.
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