An event-based account of coordination stability
Rebecca M C Spencer; Andras Semjen; Stephanie Yang; Richard B Ivry
Psychonomic Bulletin & Review; Aug 2006; 13, 4; Research Library

pg. 702

Psychonomic Bulletin & Review
2006, 13 (4), 702-710

An event-based account of coordination stability

REBECCA M. C. SPENCER
University of California, Berkeley, California

ANDRAS SEMJEN
Centre National de la Recherche Scientifique, Marseille, France

and

STEPHANIE YANG and RICHARD B. IVRY
University of California, Berkeley, California

Constraints underlying bimanual coordination have traditionally been explained by dynamic inter-
actions between the effectors. However, the present experiments demonstrate that a fundamental
constraint on bimanual performance is the manner in which task goals are represented. In Experi-
ment 1, participants vocalized during in-phase and anti-phase bimanual movements. As expected, most
participants spontaneously exhibited temporal coupling between the manual and vocal responses.
However, the form of coupling differed for the in-phase and anti-phase conditions. For anti-phase
movements, there was a strong bias to produce two vocalizations per cycle; for in-phase movements,
participants were equally likely to produce one or two vocalizations per cycle. We hypothesized that
the spontaneous vocalizations probed the cognitive representation of the task, and the results indi-
cated that anti-phase movements did entail a more complex event structure than in-phase movements
did. In Experiment 2, we manipulated the event structure by having participants vocalize either once
or twice per hand cycle. As predicted, coordination stability was reduced when the event structure

was more complex.

The coordination of thythmic bimanual movements has
served as a paradigmatic task for exploring constraints
underlying motor control. The focal point of this work has
been the relative stability of in-phase movements in com-
parison with anti-phase movements (Carson, 1993; Kelso,
1995). For in-phase movements, the two limbs follow
mirror-symmetric trajectories; for anti-phase movements,
the trajectories are asymmetric. When performed repeti-
tively at increasing movement frequencies, the anti-phase
pattern is difficult to maintain and spontaneous transitions
to the in-phase pattern frequently occur.

The greater stability of in-phase movements in com-
parison with anti-phase movements has been attributed
to constraints associated with motor planning and execu-
tion. One source of constraint is a preference to activate
homologous muscles (Cohen, 1971). If the same effec-
tors are used, in-phase movements involve homologous
muscles whereas anti-phase movements involve opposing
muscles. One neural instantiation of this constraint em-
phasizes the role of nondecussating fibers in the cortico-
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spinal tract (Cattaert, Semjen, & Summers, 1999). The
signals from the dominant, crossed fibers would be fa-
cilitated by signals from ipsilateral fibers during in-phase
movements. During anti-phase movements, these signals
would conflict.

The preference for in-phase movements, however, ex-
tends to conditions in which two actions are produced by
nonhomologous muscles (Kelso & Jeka, 1992; Mechsner,
Kerzel, Knoblich, & Prinz, 2001) or when movements are
made by two people (see, e.g., Schmidt, Carello, & Tur-
vey, 1990). Results such as these have been interpreted as
providing evidence that the preference for symmetric pat-
terns arises at more abstract levels described by the task
dynamics (see Turvey, 1990). Formally, these dynamics
have been characterized as resulting from the continuous
interactions of coupled oscillators (e.g., Haken, Kelso,
& Bunz, 198S5; Yaminishi, Kawato, & Suzuki, 1980). In-
phase patterns are stable over a wide range of frequencies
because the coupling between the oscillators reinforces the
patterns’ individual, stable dynamics. Anti-phase patterns
break down at high frequencies (i.e., fast movements) be-
cause the coupling constraint biases the two oscillators to
become synchronized.

In the present study, we explore a novel account of the
constraints on rhythmic, bimanual movements. Rhythmic
movements can be represented as a series of salient events
that define the temporal goals of a task (Ivry, Spencer,
Zelaznik, & Diedrichsen, 2002; Spencer, Zelaznik, Died-
richsen, & Ivry, 2003). We refer to this representation as a
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temporal event structure. Like the dynamic systems per-
spective, this representation is abstract in that the events
define temporal ratios between successive events. The in-
stantiation of this representation involves the mapping of
these temporal goals onto salient events in the movement.
Consider a unimanual task involving flexion and exten-
sion of the wrist. If the movements were made on a table
surface, the temporal goals might be realized by timing
the intervals between successive table taps (see Billon,
Semjen, & Stelmach, 1996). If the movements were made
in the air, the salient events might correspond to the per-
ceived onset of each cycle. We hypothesize that, for such
tasks, an internal timing system provides the temporal sig-
nals to control the transition from one event to the next.!

The temporal event structure for in-phase, bimanual
movements would be the same as for unimanual move-
ments. For example, if the temporal goals during uniman-
ual tapping were realized by timing the interval between
one tap and the next, the same event structure would suf-
fice during bimanual tapping, with the additional task
goal that the two taps be synchronized. Similarly, if the
movements were made in the air, the onset points for each
flexion phase would be synchronized (Carson, 1996).

In contrast, a simple generalization of the unimanual
event structure may not be appropriate for anti-phase move-
ments. In the table-tapping and wrist flexion examples the
salient points in an anti-phase movement cycle (i.e., the taps
and flexion onsets) would be temporally offset for the two
hands. If the temporal goals were achieved by referencing
these points, then a more complex event structure would
be adopted: each cycle would now entail two events, one
corresponding to the salient point in the cycle for the left
hand and a second for the corresponding point for the right
hand. If we assume that pattern stability is inversely related
to the complexity of the temporal event structure, we would
expect that anti-phase movements would be less stable than
in-phase movements. The following experiments demon-
strate the viability of this framework for understanding con-
straints on bimanual coordination.

EXPERIMENT 1

Experiment 1 was designed to probe the temporal event
structure of in-phase and anti-phase bimanual rhythmic
movements. To this end, participants were instructed to
perform either the in-phase or the anti-phase pattern while
repetitively saying the word “ba.” We took care to pro-
vide no instructions regarding the linkage between the
vocalizations and the manual movements. Nonetheless,
we expected that the participants would exhibit temporal
coupling between the two tasks (Kelso, 1995). Our inter-
est was in the rate at which they spontaneously chose to
vocalize. Given the superficial similarity of the two move-
ment patterns, one might expect participants to coordinate
their vocalizations and movements in a similar manner for
the in- and anti-phase conditions. However, given the as-
sumption that the vocalizations would be constrained by
the underlying temporal event structure, we predicted that
participants would choose to say “ba” twice per cycle in
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the anti-phase condition and once per cycle in the in-phase
condition. Support for this prediction would be consis-
tent with the hypothesis that anti-phase movements entail
a more complex temporal event structure than in-phase
movements. The results from a pilot version of this ex-
periment were summarized in Ivry, Diedrichsen, Spencer,
Hazeltine, and Semjen (2004).

Method

Participants. Twenty-four right-handed students (18-26 years
old) participated in Experiment 1. The procedures were approved
by the Institutional Review Board of the University of California,
Berkeley. Informed consent was obtained prior to testing.

Task and design. The participants rested their elbows on a table
and produced flexion and extension movements of the wrists. The
forearms were clevated above the table to eliminate tactile cues to
the hands. The participants were randomly assigned to either the in-
phase (n = 12) or anti-phase (1 = 12) group. The in-phase group was
instructed to move the hands “up together and down together”; the
anti-phase group was instructed to “move one hand up when moving
the other hand down” (Figure 1). The experimenter demonstrated the
appropriate posture and produced a single flexion—extension move-
ment. Beyond this, care was taken to minimize instructions.

The experiment was divided into two parts, each consisting of six
blocks of 10 trials. Target cycle durations for five of the blocks were
1,200, 1,000, 750, 500, or 300 msec, and one block had instructions
to “move at a comfortable pace.” Half of the participants in each
group performed the blocks in ascending order of duration with the
spontaneous rate last. For the other participants, the blocks were
arranged in descending order of duration with the spontaneous rate
performed first.

In each block that included target duration cycles, the first five
trials consisted of seven movement cycles. The mean cycle duration
was displayed on the computer monitor after each of these trials. If
the mean rate was within 25 msec of the goal rate, the participant was
told to maintain the adopted rate. If the mean rate was 25-100 msec
faster or slower than the target rate, the experimenter instructed the
participant to move “a little faster or a little slower.” If the mean rate
differed from the target rate by more than 100 msec, the instructions
were modified to “move much faster or much slower.” No feedback
was provided on the blocks with spontaneous rates.

For the last five trials of each block, the participant produced 20
movement cycles at the instructed rate. During these trials, the par-
ticipant was instructed to “say ‘ba’ repeatedly as you move.” In the
second half of the experiment, the instructions were to “say ‘ba’
in synchrony with your hand movements.”? No instructions were
provided regarding synchronizing the vocalizations and the hand
movements, nor did the experimenter provide any demonstrations.

7
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Figure 1. Hand movements produced in Experiment 1.
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Feedback was eliminated during these trials. We also did not utilize
a metronome at any point in the experiment, since this would likely
have influenced the conceptualization of the event structure. In par-
ticular, we did not want to bias the participants to vocalize at the rate
of the metronome.

Between blocks, participants said one of three tongue twisters as
fast as possible for 30 sec. This task provided a ruse for the inclusion
of the vocalizations, with participants likely to think the tasks were
related. Additionally, by having the tongue twisters spoken rapidly,
we expected to reduce carryover effects of the vocal-manual cou-
pling from one block to the next.

Data acquisition and analysis. Kinematic data were collected
with an Ascension miniBIRD tracking system (138-Hz sampling
rate). One 8 X 8 X 12-mm marker was attached to each index finger.

Cycle durations were computed as the time between local maxima in
the z-dimension (parallel to the body axis). Vocalizations were digi-
tally recorded with a microphone at a sampling rate of 22.05 kHz.
Voice cycle durations were measured from the time of voice onset in
one cycle to the time of voice onset in the next cycle.

Results and Discussion

Participants were accurate in matching the target cycle
durations on the last five trials in which vocalizations
were added and feedback on cycle duration was no longer
provided. The mean cycle durations for the 1,200, 1,000,
750, 500, and 300 msec conditions were 1,169, 1,034, 801,
602, and 384 msec, respectively, for the in-phase group
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Figure 2. Representative trials of the three predominant strategies adopted in Ex-
periment 1. For each trial, the vocal trace indicates the raw waveform obtained from
the microphone and the manual trajectories (displacement in the z-dimension). Vertl-
cal lines indicate the time at which the analysis algorithm identified onset of a move-

ment cycle for the left hand.
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and 1,191, 1,011, 781, 539, 358 msec, respectively, for the
anti-phase group. In the spontaneous rate condition, par-
ticipants produced a range of movement rates. Those who
performed the spontaneous rate block first tended to adopt
faster cycle durations (M = 752 msec) than those who
performed this block last (M = 1,029 msec). Instructions
had minimal effect since most participants synchronized
their vocalizations with their hand movements regardless
of task instructions. Three participants (one in-phase;
two anti-phase) did not synchronize vocalizations with
hand movements in the first half of the experiment. These
participants adopted a single vocalization rate regardless
of the hand movement rate. For example, one participant
vocalized at a rate of just over 2 Hz in all blocks and thus
the hand movements and vocalizations were uncoupled.
Data from these three participants were excluded from the
subsequent analyses.

Figure 2 displays representative trials for the three most
commonly observed patterns. As the traces of the hand ki-
nematics show, participants maintained a consistent phase
relationship between the hands. Similarly, the timing of
the vocalizations with respect to the hand movements re-
mained stable. Our main interest was in the qualitative
relationship between the rate of the instructed hand move-
ments and the rate of the spontaneous vocalizations. To
this end, we calculated the ratio of voice cycle duration to
hand cycle duration. This calculation was performed trial-
by-trial and an average was calculated for each block. Av-
eraging was justified given that the ratios remained con-
sistent within a block. Ratios were classified as 1:1 if they
fell between 0.9:1 and 1.1:1 and as 2:1 when they were
between 1.9:1 and 2.1:1. The ratio for all of the blocks fell
within one of these ranges.

Across all of the duration rates, the 10 participants in
the anti-phase group spontaneously vocalized twice per
hand cycle (Table 1). The only exception was that at the
fastest rate, one of the participants switched to one vocal-
ization per cycle. In contrast, only 3 of the participants in
the in-phase group consistently vocalized twice per hand
cycle. Five spontaneously opted to vocalize once per cycle
at all movement rates. The remaining 3 participants pro-
duced two vocalizations per cycle at the slower rates and
switched to one vocalization per cycle at the faster rates.
A chi-square test of the vocal-manual ratio (always 1:1,
always 2:1, or mixed) for the two groups verified that the
in- and anti-phase groups differed in how they chose to
synchronize the vocalization and manual tasks [2(2, N =
21) < 8.97,p = .03].

As expected, the majority of the participants spontane-
ously coupled vocalizations with hand movements (Kelso,
1995). Assuming that the vocalizations provided a probe
on the underlying temporal event structure, the present
results indicate that anti-phase movements generally en-
tailed a more complex event structure than in-phase move-
ments. Participants moving anti-phase almost always pro-
duced two vocalizations per cycle, in accordance with the
hypothesis that these movement patterns are demarcated
by two salient events per cycle. The results were more
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Table 1
Numbers of Participants Adopting Either a 1:1 or a 2:1
Vocal:Manual Ratio for the In-Phase and Anti-phase
Groups in Experiment 1
Vocal:Manual
Ratio

—
—
[ 4

Rate (msec)

SPO
1,200
1,000
750
500
300
SPO
1,200
1,000
750
500
300

Note—The predominant ratio is in boidface. Three participants failed to
adopt either the 1:1 or the 2:1 rate and are excluded from the table.

Group
In-phase

Anti-phase

— O OO WIWLWLULWL:.

ambiguous for participants in the in-phase group. Half of
the participants vocalized only once per cycle, suggesting
that they conceptualized a single salient event per cycle.
The other half of the participants adopted a 2:1 ratio at
the slower speeds. Interestingly, at faster rates, some of
these participants shifted to a 1:1 ratio. This shift suggests
that participants in the in-phase group preferred a simpler
event representation as movement frequency increased.

EXPERIMENT 2

In Experiment 1, the vocalization task was used to probe
the temporal representation of rhythmic movements. The
results are consistent with the hypothesis that in- and anti-
phase movements may entail different temporal event
structures. In Experiment 2, we sought to test the corollary
hypothesis that the stability of these rhythmic movements
may be related to the complexity of the event structure.

Participants again vocalized while making repetitive
wrist movements. However, they were explicitly instructed
to produce either one or two vocalizations with each hand
cycle while increasing hand movement frequency. Anti-
phase movements produced at increasing cycle frequen-
cies become unstable (see, e.g., Kelso, 1995). We assumed
that the instructed vocalization pattern would influence
the event structure associated with the hand movements,
which would in turn influence the stability of the hand
movements. In particular, we hypothesized that an im-
posed 2:1 ratio would lead to a more complex temporal
event structure than an imposed 1:1 ratio. We predicted
that a behavioral consequence of this complexity manipu-
lation would be manifest in the stability of the hand move-
ment pattern—that is, performance would be more stable
when the movements reflected a simpler event structure.

This hypothesis leads to a counterintuitive prediction
for anti-phase movements. In Experiment 1, participants
spontaneously adopted a 2:1 ratio when moving the hands
anti-phase. Given this, one might expect that performance
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would be more stable in the two-vocalizations-per-cycle
condition than in the one-vocalization-per-cycle condi-
tion, since the latter imposes an event structure that is dis-
cordant with the spontaneous representation. However, the
temporal event structure hypothesis leads to the opposite
prediction. We assumed that by requiring only one vocal-
ization per cycle, we would induce a simpler event struc-
ture than that which was spontaneously adopted. Thus,
we predicted that performance would be more stable in
the one-vocalization-per-cycle condition than in the two-
vocalizations-per-cycle condition.

We also included a no-vocalization condition. This con-
dition served two purposes. First, it allowed us to assess
whether the imposition of a secondary task affected per-
formance in nonspecific ways. The vocalization task may
have taxed attentional resources. In this case, we would ex-
pect performance to be most stable in the no-vocalization
condition. Second, the no-vocalization condition provided
a further test of our assumptions concerning the relation-
ship between the vocalization task and the temporal event
structure. Given the results of Experiment 1, we assumed
that the event structure here would match that induced by
the 2:1 ratio. Thus, we would expect performance to be
similar in the no-vocalization and the two-vocalizations
conditions. Moreover, the complexity hypothesis pre-
dicted that the one-vocalization condition would also be
more stable than the no-vocalization condition given that
the former would induce a simpler event representation.

As noted previously, a hallmark of the instability of
anti-phase movements is their tendency to undergo, at
fast movement rates, a transition to in-phase movements.
We focused on this measure of stability in Experiment 2,
comparing the times at which phase transitions occurred
for the three conditions.

Method

Participants. Sixtcen right-handed university students (18-26
years old) were tested.

Tasks and design. All movements involved abduction and ad-
duction of the wrists with the palm downward. The participants were
divided into two groups of 8. The in-phase group was instructed to
move the hands “in together and out together” and the anti-phase
group was instructed to move the hands “to the left together and to
the right together” (Figure 3).3 Both groups performed three condi-
tions: hand movements alone, hand movements when instructed to
say “ba” once per hand cycle, and hand movements when instructed
to say “ba” twice per hand cycle. There were two blocks of six trials
for each condition with the order randomized.

The participants began each trial at a comfortable hand movement
rate. To obtain a range of movement rates, the experimenter displayed
asign that said “FASTER” after every 10th hand cycle. The participants
were informed that there would be four movement rate segments per
trial and that they should increase their rate in each segment so that
they would be going at a fast rate by the end of each trial.

Data acquisition and analysis. Cycle durations were computed
as the time between local maxima in the x-dimension (horizontal
plane) for the left hand (far right point) and local minima in the x-
dimension for the right hand data (far left point).

Results and Discussion
Relative phase, the position of one hand with respect
to the other in the movement cycle, was measured for the

z%% 80
VY

Figure 3. Hand movements produced in Experiment 2.

Anti-phase

Position at 180° Position at 0°

limbs. If the hands were moving perfectly in the in-phase
mode, the relative phase would be 0°; perfect anti-phase
coordination would have a relative phase of 180°. Partici-
pants were able to maintain the target relative phase in the
in-phase condition; no transitions from in-phase to anti-
phase movements were observed (relative phase values
were consistently below 45°). In contrast, a loss of pattern
stability was observed on many anti-phase trials as move-
ment rate increased, consistent with previous studies (e.g.,
Kelso, Scholz, & Schoner, 1986).

While our instructions were designed to induce step
changes in movement rates, the actual changes tended
to be continuous. Given this, the movement rate for each
cycle was calculated and sorted into 50 msec bins. The
relative phase between hands was calculated for trial seg-
ments corresponding to these bins. When relative phase
was 45°, the movements were classified as “in-phase”;
when relative phase was =135°, the movements were clas-
sified as “anti-phase.” Cycles that did not fall within these
criteria were classified as “other”

For the anti-phase condition, a rapid decrease in the
percentage of anti-phase cycles was observed for cycle
durations shorter than 550 msec, main effect of rate
[F(10,216) = 16.4, p < .001, 52 = .45] (Figure 4A). No-
tably, this decrease varied as a function of the vocalization
requirement [F(2,216) = 3.61, p = .03, 2 = .02). When
vocalizing twice per cycle, participants were more likely
to successfully maintain the anti-phase pattern than when
they produced either one or no vocalizations per cycle.
While Figure 4A suggests that this effect was most pro-
nounced at the faster rates, the condition X rate interac-
tion was not reliable [F(20,216) < 1].

An alternative way to look at stability is to focus on
the point of pattern transition. We identified the move-
ment rate at which participants failed to maintain the anti-
phase pattern (relative phase < 135° for more than two
consecutive cycles). This value was identified for each
trial in which such transitions occurred, and then aver-
aged across trials for each condition for each participant.
The number of vocalizations per hand cycle influenced
the hand cycle duration associated with this transition
(Figure 4B). Participants were able to maintain the anti-
phase pattern at faster rates in the one-vocalization con-
dition than in the two-vocalization condition [F(1,14) =
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5.66, p = .03, n2 = .30]. A similar comparison of the
two- and no-vocalization conditions was marginally sig-
nificant [F(1,14) = 4.33, p = .057, 2 = .25}. Thus, while
transitions to in-phase movements were observed in all
anti-phase conditions, participants better maintained the
anti-phase pattern when vocalizing once per cycle than in
the other conditions.

Finally, we examined whether vocalization frequency
influenced stability during the trial epochs in which par-
ticipants maintained the anti-phase pattern. As in the other
analyses, relative phase variability was influenced by the
vocalization requirements, as shown in Figure 4C [two-
vs. one-vocalization conditions: F(1,110) = 5.2,p < .01,
72 =.27; two- vs. no-vocalization condition: F(1,110) =
12.9, p < .01, 2 =.07]. Variability increased with rate for
all three conditions. Notably, this factor interacted with
group in the comparison of the two- and no-vocalization
conditions [F(7,110) = 2.15, p = .05, 2 = .08]; the in-
teraction only approached significance in the comparison
of the two- and one-vocalization conditions [F(7,110) =
0.1]. Thus, even during the epochs in which the anti-phase
pattern was maintained, participants were more stable
when vocalizing once per cycle.

In sum, coordination stability was influenced by vocal-
ization requirements. Given the results of Experiment 1,
we assumed that the no-vocalization anti-phase task would
entail a temporal event structure similar to that for the
two-vocalization anti-phase task. The results for these two
conditions are in accord with this assumption. Moreover,
the results are consistent with the hypothesis that pattern
stability is constrained by the manner in which the event
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structure is represented. Requiring one vocalization per
hand cycle led to improved pattern stability in comparison
with that found in the two-vocalization and no-vocalization
conditions. We assumed that the one-vocalization condi-
tion would impose a simpler temporal event structure,
even though it diverged from the spontaneous event struc-
ture associated with anti-phase movements.

GENERAL DISCUSSION

The relative stability of in-phase as opposed to anti-
phase movements has traditionally been described in terms
of the coordination dynamics of coupled oscillators (see
Schoner & Kelso, 1988). Such dynamics have been as-
sumed to reflect various sources, such as properties of the
motor system (e.g., preference for homologous muscles)
or the influence of the task environment. For example,
coordination is stabilized when the movements are paced
by a metronome (Fink, Foo, Jirsa, & Kelso, 2000) or when
haptic cues are provided (Kelso, Fink, DeLaplain, & Car-
son, 2001). Such effects can be viewed as reflecting the
interaction of task constraints on coordination dynamics.

While the dynamic systems perspective has provided
elegant descriptions of pattern stability, the present ex-
periments provide a process-based account of constraints
underlying bimanual coordination. A central feature of
this account is that the constraints underlying the coordi-
nation of repetitive movements may not reflect continuous
interactions, as would be suggested by mechanisms such
as coupled oscillators. Rather, we propose that the pri-
mary constraints arise from the manner in which the task
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Figure 4. Results from Experiment 2. (A) Percentage of movements classified as in-phase or anti-phase as a
function of movement rate in the anti-phase conditions (see text). Perfect performance would result in 100% of
the cycles’ being classified as anti-phase. Performance deteriorates for all three groups. (B) Hand cycle frequency
corresponding to the first phase transition in the anti-phase conditions. Each box represents a 75% confidence
interval; the error bars represent the 95% confidence interval, and the vertical line splitting each box represents
the median. (C) The standard deviation of relative phase for cycles prior to the phase transitions. The two bins with
the fastest rates, shown in panel A, are not included in panel C because there were so few trials in which anti-phase
performance was stable for an extended period of time at these rates.
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goals are represented. For repetitive movements, the goals
entail an abstract rthythmic representation, instantiated as
a series of temporally defined events.

Experiment 1 used a novel probe to assess the inter-
nal representation of the in-phase and anti-phase pat-
terns. Under minimal instruction, participants perform-
ing anti-phase movements were more likely to vocalize
twice per cycle than participants in the in-phase condition.
We assume that this difference reflects the fact that the
spontaneous representation of the rhythm associated with
anti-phase movements entailed a more complex event
structure, with two salient events per hand cycle.

In Experiment 2, we tested the rclationship between
event structure complexity and pattern stability. By vary-
ing the number of vocalizations per cycle, we assumed
that we would manipulate the complexity of the rhyth-
mic representation. When a more complex representation
composed of two events per cycle was required, anti-phase
movements became less stable, with phase transitions oc-
curring earlier, and with greater relative phase variability
than in the condition in which thc same movement pat-
tern was produced with a vocalization requircment that
promoted a simpler, one-event-per-cycle representation.
Interestingly, although the two-event representation was
spontaneously associated with anti-phase movements, it
was not conducive for optimal performance.

These experiments rest on the assumption that vocaliza-
tions can be used to probe (as in Experiment 1) or manipu-
late (as in Experiment 2) the temporal event structure. It is
important to consider other ways in which the vocalization
task might have influenced performance. When people are
asked to synchronize vocal and manual responses, the vocal
responses tend to lead the manual responses (Chang &
Hammond, 1987).5 This raises the question of whether the
vocalization task in Experiment | can be considered simply
a “probe.” We expected that the tasks would intcract in sig-
nificant ways; nonetheless, we observed a qualitative differ-
ence in the spontaneous choice of vocalization frequency in
the anti- and in-phase conditions. Moreover, the choice of
a 2:1 or 1:1 ratio was apparent as soon as the participants
began each trial. These observations strongly support the
notion that the vocalization pattern was constrained by the
manner in which the manual task was rcpresented.

The vocalization requirements may also have had an at-
tentional effect. The vocalization task could have reduced
the amount of attention available for the manual task.
This hypothesis fails, however, to account for the find-
ing in Experiment 2 that participants’ performances were
most stable when vocalizations occurred once per cycle
in the anti-phase condition. Furthermore, performance
was similar in the no- and two-vocalization conditions.
The latter result is consistent with the assumption that
the two-vocalization condition matched the spontaneous
representation of anti-phasc movements. By this view, it
would be reasonable to assume that the one-vocalization
condition was the most attentionally demanding given that
it failed to conform to the spontaneous event structure.
Of course it may be that the vocalization task did not im-

posc additional attentional demands because the vocal and
manual tasks were coupled. Other studies have shown that
rhythmic performance can be stabilized by the inclusion
of salient external (Fink et al., 2000; Kelso et al., 2001) or
intcrnal (Ivry & Richardson, 2002) events.

Indeed, the event representation hypothesis provides a
novel account of many factors shown to influence coor-
dination dynamics. Extrinsic constraints such as haptic
touch (Kelso et al., 2001) or the presence of a metronome
(Carson, 1995; Fink et al., 2000) are salient features that
can define the event structure. For example, a metronome
does not provide a continuous, oscillating signal, but
rather produces salient events that define the task goals.
We would expect that the metronome would serve to rein-
force and sharpen an event-based representation. As such,
performance should become more stable.

The effects of intrinsic constraints can also be under-
stood from an event-based framework. Scholz and Kelso
(1990) report that when participants were instructed to
intentionally switch from in-phase to anti-phase move-
ments, they were able to maintain an anti-phase pattern at
higher movement frequencies. We posit that the initial in-
phase pattern would involve a representation of one event
per cycle. This representation would then be maintained
when the participant intentionally switched to the anti-
phasc mode. As shown in Experiment 2, this representa-
tion would delay the onset of phase transitions.

An appealing feature of the event representation theory
is that it is applicable to a broad range of motor behaviors.
Consider a unimanual finger-tapping task in which partic-
ipants repeatedly vocalize while maintaining a consistent
tapping rate. Temporal variability is considerably greater
when vocalizations are asynchronous with the tapping
cycles than when they are synchronous with them (Klapp,
1981; see also Chang & Hammond, 1987). Asynchronized
vocalization would conflict with the temporal event struc-
ture associated with the tapping.

While this unimanual task might be accounted for by
the interactions of coupled oscillators (with the vocaliza-
tions scrving as the second oscillator), deviations in the
production of polyrhythms are similar when thc move-
ments are produced by either one or two hands (Semjen &
Ivry, 2001). It is unclear how a coupled oscillator model
could account for this result. Rather, a more parsimonious
account is that these deviations reflect a preference for
simple rhythmic ratios (e.g., 1:1, 2:1), which holds regard-
less of the number of effectors. The processing limitations
highlighted by our event-based account provide a natural
link between perception, action, and cognition, given that
similar constraints would be expected to influence our per-
ception of patterned events as well as the manner in which
we produce actions guided by these representations.

We do not wish to suggest that control is limited to the
cycle points marked as salient events. For example, in uni-
manual tapping, some process must control the extension
of the finger, even if the event representation specifies the
time between successive flexion onsets (or taps). Similarly,
for bimanual movements, some process is required to en-
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sure that the trajectory for each hand is realized, regardless
of whether a one- or two-event representation is adopted.
The event-representation account is directed at a high level
of control, one that ensures that the goals for the action are
realized. The notion of goal-based constraints has proven
useful in understanding limitations in the coordination of
bimanual movements (see, €.g., Franz, Zelaznik, Swinnen,
& Walter, 2001; Mechsner et al., 2001) and, indeed, is cen-
tral to many theories of motor control (see, e.g., Bernstein,
1967; Hommel, Miisseler, Aschersleben, & Prinz, 2001;
Turvey, 1990). Within these theoretical accounts, additional
levels of control are proposed to account for the production
of the actual movements.

In a similar vein, while the present experiments empha-
sized the role of event representations as critical constraints
influencing the stability of rhythmic movements, we do
not claim that they are the sole constraints determining
pattern stability. Biomechanics surely impose their own
set of constraints. For instance, phase transitions occur
earlier for wrist abduction and adduction movements than
for wrist flexion and extension movements (see note 3).
At a more cognitive level, movements with compatible
spatial codes are easier to perform than those in which
such codes are incongruent (Franz, Zelaznik, & McCabe,
1991; Semjen, Summers, & Cattaert, 1995), independent
of biomechanics. Such codes may be perceptual in nature
(Mechsner, 2004a, 2004b; Mechsner et al., 2001; see also
Kunde & Weigelt, 2005), and/or they may reflect interac-
tions associated with response selection (Ivry et al., 2004).
Manipulations of attentional resources can also influence
pattern stability (see, e.g., Monno, Temprado, Zanone, &
Laurent, 2002). Understanding the representational basis
of these various sources of constraint is essential for the
development of process-based models.
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NOTES

1. We do not assume that this form of explicit timing is required for
all thythmic activities. For movements that do not entail salient points to
define discrete cycles, temporal consistencies may be emergent, reflect-
ing the operation of other control parameters (see Ivry et al., 2004).

2. In pilot work with a different hand configuration, we observed thata
number of subjects failed to spontaneously couple voice and hand move-
ments. Because of this, we modified the instructions in the second half
to encourage coupling.

3. We changed the movements because we wanted to ensure that
phase transitions occurred on a significant percentage of the trials, and
pilot testing indicated that phase transitions were more likely for ab-
duction and adduction wrist movements than for flexion and extension
movements,

4. The number of trials with at least three consecutive cycles with
a relative phase <135° (M = 6.88, 4.7, 7.5 for the no-, one-, and two-
vocalization conditions, respectively) did not significantly differ across
conditions [F(2,22) = 2.27,p = .13].

5. It is difficult to infer whether one event leads or follows another on
the basis of observable events. For example, in synchronized tapping, the
finger leads the metronome, although the phenomenal experience is that
the events are coincident. Similarly, in our experiments we expect that the
onset of vocalizations is coincident with some salient feature of the manual
movements (e.g., wrist flexion), although the time at which such events are
measurable may suggest a consistent phase lead of one response.
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