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Abstract Rhythmic movement coordination exhibits
characteristic patterns of stability, specifically that
movements at 0� mean relative phase are maximally
stable, 180� is stable but less so than 0�, and other
coordinations are unstable without training. Recent re-
search has demonstrated a role for perception in creating
this pattern; perceptual variability judgments covary
with movement variability results. This suggests that the
movement results could be due in part to differential
perceptual resolution of the target movement coordi-
nations. The current study used a paradigm that enabled
simultaneous access to both perception (between-trial)
and movement (within-trial) stability measures. A visu-
ally specified 0� target mean relative phase enabled
participants to produce stable movements when the
movements were at a non-0� relationship to the target
being tracked. Strong relationships were found between
within-trial stability (the traditional movement measure)
and between-trial stability (the traditional perceptual
judgment measure), suggestive of a role for perception in
producing coordination stability phenomena. The sta-
bilization was incomplete, however, indicating that vi-
sual perception was not the sole determinant of
movement stability. Rhythmic movement coordination
is intrinsically a perception/action system.

Keywords Rhythmic movement coordination Æ
Perception/action Æ Perceptual coupling

Introduction

Human rhythmic movement coordination is a common
research paradigm for investigations of perception/ac-
tion systems within a dynamic systems framework. The
measure used is relative phase (/), which describes the
relative positions of two oscillators within their cycles.
Kelso (1984) established the characteristic phenomena,
which were described in the Haken–Kelso–Bunz model
(Haken et al. 1985). Without special training, the only
stable coordinative patterns are mean relative phases of
0 and 180�. 180� is less stable than 0� (movement is more
variable and, with increases in frequency, tends to ex-
hibit spontaneous transitions to 0�). Other relative
phases are unstable without practice. Research has fo-
cused on establishing why different relative phases show
different stabilities.

The first research in this area involved people
rhythmically moving two of their own limbs (e.g. Kelso
et al. 1986, 1987). There have consequently been several
hypotheses that proposed the differential stabilities were
due to interference between efference copies of motor
commands (e.g. Cattaert et al. 1999) or to the non-linear
interactions between two neural oscillators driving the
limbs (e.g. Beek et al. 2002. The phenomena persist,
however when the coupling is between two people
(Schmidt et al. 1990; Temprado et al. 2003) or between a
person and a computer display (Buekers et al. 2000;
Wimmers et al. 1992). These latter studies eliminated the
possibility of the above kind of neural interactions, but
all entail the need to detect information about the
oscillators to be coupled. They therefore suggest that the
coordination phenomena may be more generally due to
differential stability in the ability to detect the infor-
mation used to couple and hence coordinate oscillating
limbs. More recent work has therefore investigated the
role of perception more directly.

The standard measure in the movement studies is
within-trial variability, while the perceptual studies rely
on between-trial variability—these latter studies gener-
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ally entail judgments and there is no within-trial vari-
ability measure. The logic of this perceptual measure is
simple; if participants are producing different judgments
of mean phase or phase variability from trial to trial, this
shows that they are having difficulty perceptually
resolving the target phase. A correlation between within-
and between-trial variability is suggestive evidence of a
role for perception in producing the movement phe-
nomena for the following reason. If perception of 90� is
variable, for instance, this would explain why movement
at 90� is variable; the person is unsure of when they are
moving correctly or incorrectly and is hence slow to
perform corrections to maintain the required steady
state. When the person drifts to a phase that is clearly
perceived (like 0�), they then recognize that they are
producing an inappropriate phase and act to make a
correction. The net result is that the mean relative phase
will drift backward and forward between the target
phase and a more stable phase, increasing the measured
movement variability.

In a number of studies, participants have made
judgments of mean relative phase and phase variability,
judging oscillations presented either visually (Bingham
2004b; Bingham et al. 1999, 2000; Zaal et al. 2000) or
proprioceptively (Wilson et al. 2003). Judgments of
phase variability varied as an asymmetric inverted
U-shaped function of mean relative phase (as did the
variability of the judgments of mean phase and phase
variability). Non-0� phase relations were judged to be
intrinsically more variable than 0�, maximally so at 90�,
with 180� judged to be intermediate between these
extremes. These results were interpreted to suggest one
reason for poor within-trial movement stability at 90� in
movement studies is because participants are unable to
detect deviations from this intended mean phase, and
hence unable to perform corrections quickly. It was also
found that increases in frequency made non-0� phase
relations look more variable, and added phase vari-
ability was only readily distinguished at 0�. In other
words, many of the characteristics of human movement
coordination are apparent in human perception of both
their own or another’s coordinated movements.

This match between the perceptual and movement
results suggests a role for perception in the production of
the coordination phenomena. The immediate objection
to this interpretation is that the perceptual and move-
ment measures are not the same. The former entails
(between-trial) judgment variability and the latter
(within-trial) movement variability. The goal of the
current study is to explore a new methodology that
explicitly produces directly comparable movement
measures of between-trial (perceptual) and within-trial
(movement) variability within the same perception/ac-
tion task and person. This will enable direct comparison
of these measures for the first time.

To be clear, the within-trial measure of movement
variability is the traditional measure of movement sta-
bility. The between-trial measure of variability in mean
movement state for each trial is a measure of the relative

ability to perceive the intended target phase. If the in-
tended movement target were well known and perceiv-
able, but movement was just unstable at that target, then
between-trial variability would be low despite high
within-trial variability. They would simply vary around
the clearly specified intended target. For example, take
the case of trying to balance a broomstick on your fin-
ger—the target state (‘‘upright’’) is never in question, but
the execution of a given movement will be noisy. Be-
tween-trial variability for successful balancing acts will
be low (success means getting it upright) but the within-
trial variability would be high (as the broom moves
around the upright mean state). On the other hand, if
the instability of movement during a trial were related to
the inability to detect and identify the target, then the
two types of variability should be comparable in terms
of both relative amount (qualitative patterns of varia-
tion) and absolute amount (quantitative values).

We are not arguing that the movement phenomena
simply reduce to perceptual effects, as suggested by
Mechsner et al. (2001) and Meschner and Knoblich
(2004). For instance, Temprado et al. (2003) found that
non-isodirectional movement (180�) was less stable than
isodirectional movement (0�), even if the former entailed
using homologous muscle groups. However, movements
that were comparable directionally were always stabi-
lized when using homologous muscles. While all move-
ment indeed entails perception, movement is still of
actual oscillating limbs that have very specific dynamic
properties. Human rhythmic movement of a single limb
exhibits the characteristics of a non-linear autonomous
oscillator (Kay et al. 1987, 1991), and the coordination
phenomena must emerge from the coupling of two such
oscillators. The research described above simply suggests
that the coupling is well described as perceptual (infor-
mational) and another goal of this study is to explicitly
relate perceptual manipulations to movement conse-
quences.

The visual and proprioceptive studies described were
judgment studies. In the study of perception/action
systems, action measures are preferable (Pagano and
Bingham 1998). Liao and Jagacinski (2000) manipulated
the relationship between the control (movement) and
input (perceptual) signals in a movement-coordination
task. Participants controlled (with a joystick) either the
position or velocity of a dot on the screen, and had to
either pursue another dot at a mean relative phase of 0�
or compensate for the movement of their dot by moving
at 180� to it. In the pursuit/position control condition
participants had to move at 0� to their dot to produce 0�
between the dots on the screen; in the pursuit/velocity
condition participants had to move at 90� to their dot to
produce 0� between the dots on the screen; and in the
compensatory condition participants had to move at
180� to their dot to keep it in a constant location. Per-
formance was quite good in the pursuit tasks—partici-
pants were able to move at both 0� and 90� relative to
the dots to produce 0� between the dots on the screen.
They were also able to move at 180� relative to their dot
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in the compensatory condition, but only when control-
ling position. In other words, participants were able to
use the stable control information (the 0� relationship
between the dots on the screen) to coordinate and con-
trol movements that were at a non-0� phase relation to
the dot being tracked.

Other studies have investigated the effect of manip-
ulating perceptual information on movement coordina-
tion. Bogaerts et al. (2003) showed that 180� movements
were stabilized when visual feedback about the move-
ment was altered to show 0�. Byblow et al. (1999) sta-
bilized both symmetric and asymmetric circular
movements with linear feedback that was directionally
compatible with the movements. These studies demon-
strate that a stably perceived control signal can be used
to stabilize movements that would otherwise be unsta-
ble. Movement stability in each case was a function of
perceptual stability.

The overall goal of the current study was to more
explicitly investigate the role of perception in the pro-
duction of coordinated rhythmic movements. Partici-
pants moved a joystick to control a dot on a screen.
Their task was to track a computer-controlled oscillating
dot to produce one of three (visually defined) mean
relative phases while we independently manipulated the
phase relationship between the joystick and the dot
being tracked. We predicted that movement would be
maximally variable for visual phase relations other than
0�, but that a 0� visual target would help stabilize
movements that were at a non-0� phase relation to the
dot being tracked. The variability judgment experiments
described above found that phase variability was re-
solved best at 0�. This suggests that when the task is to
produce 0� on the screen, people may be able to use this
better resolution to detect when their movements are
variable, even when the movement is actually at a non-0�
phase relation to the dot being tracked.

Experiment 1

Materials and methods

Participants

Three groups of eight students at Indiana University
participated. They were aged 18–39. All were free of
motor disabilities, and were paid $10 for participation.
Each session lasted about 1 h. The experimental proce-
dures were approved by Indiana University’s Committee
for the Protection of Human Subjects and performed in
accordance with the ethical standards laid down in the
1964 Declaration of Helsinki.

Design

Refer to Fig. 1. Two phase relations were independently
manipulated within subject—the target visual (unimo-
dal) phase relation between the two dots (0�, 90� or

180�), and the visual-proprioceptive (cross-modal) phase
relation between the joystick and the computer con-
trolled dot (0�, 90� or 180�). This allowed us to create
five phase conditions: three consistent (0:0, 90:90 and
180:180) and two inconsistent (0� visual target; 0:90 and
0:180). The labeling convention is target visual phase:-
cross-modal phase. Frequency was manipulated between
groups of participants, and was set to 1, 1.5 or 2 Hz.

Procedure

Refer to Fig. 1. Participants sat in front of a Dell Op-
tiplex GX110 PC, which was connected to a Microsoft
force-feedback joystick. The force feedback was dis-
abled, which minimized the resistance of the joystick and
eliminated any spring or viscosity. The joystick sat in a
box with the open side facing the participants, who sat
so that they could comfortably use the joystick but not
see it. The computer presented a display of two dots,
white on a black background, one above the other.
Displays were generated using ExpLib, a free C++/
Direct X based suite (http://people.umass.edu/alc/exp-
lib/start.htm). The screen refresh rate was 85 Hz, and
each trial was 60 s long. Each dot was 40·40 pixels
(approximately 15 mm in diameter), traversed a path
300 pixels across (approximately 115 mm) and was
viewed from approximately 630 mm.

The top dot was under the control of the computer,
and it oscillated from side to side at one of the three
frequencies. The bottom dot was controlled by the
participant, using the joystick. This dot could be made
to move from side to side by moving the joystick in a
smooth, circular movement. The joystick had a plastic
cuff at its base, which participants could use to ride the
joystick frame. This ensured movements were full circles,
and smooth. The movement could be either clockwise or

Fig. 1 Schematic diagram of experimental setup
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counter-clockwise, but participants were instructed not
to change direction within a trial. The computer re-
corded the x and y coordinates of the joystick and
computed the angle (tan�1(y/x)) at each time step. This
angle is the measure of an oscillator’s location within a
cycle, and was then used to specify the location of the
bottom dot within its side-to-side cycle. Using the joy-
stick’s location to specify the dot’s location enabled us to
manipulate the cross-modal phase relation directly, as
described below. (Using a circular movement rather
than a linear movement was required to implement this
manipulation; A.D. Wilson et al., submitted, for an
investigation of the consequences of this configuration.)

Participants were instructed to produce one of three
visual target phases between the two dots for as much of
each 60-s trial as possible. Trials were blocked in ex-
pected order of difficulty. Participants were first in-
structed to produce 0�. There were three practice trials
(one each of 0:0, 0:180 and 0:90). For the next three
trials the cross-modal phase relation was set to 0� (0:0).
This was followed by a block of six trials with the cross-
modal phase relation set to 90� (0:90). This was achieved
by adding 90� to the phase computed from the joystick’s
position, and meant that in order to produce the 0� vi-
sual target the participant had to set the cross-modal
phase relation to 90�. The next six trials set the cross-
modal relation to 180� (0:180), followed by three more
0:0 trials (the two 0:0 blocks were combined for all
analyses). Finally, there were two blocks of four trials in
which the instructions were to produce either 180� or 90�
visually. The cross-modal phase relation was not altered,
and so to produce 90�, for instance, the participant had
to set the cross-modal phase relation to 90�. Hence, these
trials are designated 90:90 and 180:180.

Data processing

Only the first four trials from 0:0, 0:90 and 0:180 were
analyzed, to keep the number of trials the same as 90:90
and 180:180. Each dot’s position time series was filtered
using a low-pass Butterworth filter with a cut-off fre-
quency of 10 Hz, differentiated and filtered again to
produce velocity signals. The continuous relative phase
between the two dots was computed as the difference
between the arctangent of each dot’s velocity over po-
sition.

Relative phase is a circular variable, i.e. its distribu-
tion of possible values lies on a circle. This creates a
problem for calculating basic descriptive variables. For
instance, taking the ‘‘normal’’ mean of 1 and 359� yields
180�, which is a vector pointing in the direction opposite
to the actual mean direction, namely 0� (or 360�). Also,
any two angles separated by 360� are the same position
on that circle, and they hence indicate the same relative
phase.

Batschelet (1981), Fisher (1993), Mardia (1972) and
Jammalamadaka and SenGupta (2001) provide trigo-
nometric methods for computing circular equivalents of
the mean and standard deviation, and for performing

basic statistical tests. The mean vector h is the direction
of the resultant vector obtained by summing the relative
phase vectors from each time step. The normalized length
of this vector (mean vector length; MVL) is the measure
of within-trial stability (subsequently denoted MVLW).
We computed the mean direction of the mean vectors for
the trials in each Frequency·Phase condition, and the
normalized length of this vector (mean direction MVL;
subsequently denoted MVLB) is the measure of between-
trial stability. The MVL statistic (Eq. 1.3.8; Batschelet
1981) ranges from 0 (indicating minimum stability, i.e. a
uniform circular distribution) to 1 (indicating maximum
stability, i.e., no variability). If MVL is not significantly
different from 0 (using the Rayleigh test for randomness;
Batschelet 1981) the mean vector for that data set is
uninterpretable. (Note that the computation of the
MVLB in the following ‘‘Results’’ sections will exclude
any non-significant h values for this reason.)

Results and discussion

Mean performance

Refer to Fig. 2. Mean performance was close to target in
all phase conditions, although slightly low with a non-0�
target visual phase. This reflects the fact that when
participants were not on-target it was because they had
slipped into a more stable mode, generally 0�. On
average, however, participants were able to perform the
consistent task. The 0� visual target condition’s perfor-
mance was closest to target at 1.5 Hz (which turned out
to be a comfortable speed to do this task) and slightly U-
shaped in the other frequencies. This suggests a 0� visual
target phase was more difficult to maintain in the 0:90
condition than the 0:0 or 0:180 cases.

No circular multi-factor repeated measures ANOVA
is available. This meant we were unable to directly
analyze the directional data. Instead we concatenated
the relative phase time series for the first four trials of
each Frequency·Phase condition into one single vector

Fig. 2 Mean direction for Experiment 1 in degrees. Filled dia-
mond=1 Hz, filled square=1.5 Hz, filled triangle=2 Hz. Dotted
line target (visual) phase. Confidence intervals not shown, as they
are too small to be clear
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for each participant. For each vector, we computed h
and its associated confidence interval. This was com-
puted using a circular resampling bootstrapping algo-
rithm (Algorithms 1–4, Section 8.3.5, Fisher 1993)
implemented in MATLAB and computed using Indiana
University’s Research Computing cluster. Finally, we
computed the circular mean of the estimates of h for
each subject, resulting in a single estimated h for each
Frequency·Phase condition. The confidence intervals
were very small because of the large volume of data. All
values of h were therefore significantly different from
each other.

Within- and between-trial stability

As described in the ‘‘Introduction’’, evidence for a per-
ceptual component to the movement phenomena comes
from establishing a relationship between the between
(perceptual) and within (movement) stability.1

Each trial produced a mean direction h and an
MVLW. We averaged the MVLW values for each trial to
obtain a mean within-trial MVL (Fig. 3). Within each
Frequency·Phase condition, we computed a circular
mean and MVL of all the legitimate mean directions.
This mean direction MVL (MVLB) is a measure of the
mean between-trial stability (Fig. 3).

Refer to Fig. 3, top. As noted, no circular multi-
factor repeated measures ANOVA is available, which
meant no direct analysis of MVLBwas possible (each
data point on the graph is a single value). The confidence
interval procedure described above also yields estimates
of MVL, but again the intervals are so small that all
estimates are significantly different from all the others.
However, Fig. 3 clearly shows the predicted qualitative
pattern—a U-shaped relationship between stability and
phase in the consistent conditions and an increase in
between-trial stability in the 0� visual target conditions.
This increase does not bring 0:90 and 0:180 up to the
level of 0:0—the stabilization seems incomplete and the
non-0� cross-modal relationship was having an effect in
proportion to its magnitude, rather than as the expected
U-shaped function of phase. In other words, it was
behaving less like a phase relationship and more like an
inconsistency effect (i.e. scaling with the magnitude of
the difference).

1Having to rely on circular statistics such as MVL means that the
discussion of results will be reversed from what is usual in the
movement coordination literature. Instead of ‘‘variability’’ (which
increases with standard deviation) we will instead use ‘‘stability’’,
which increases with MVL. This should be kept in mind when
comparing this data with previous results. Transforming the data
by ln(1/MVL) rescales MVL to more closely resemble a standard
deviation, however, we wished to minimize the number of data
transformations we performed

Fig. 3 The top panel shows between-trial stability, measured by
mean direction MVL. The bottom panel shows within-trial stability,
measured by mean MVL. Filled diamond=1 Hz, filled squar-
e=1.5 Hz, filled triangle=2 Hz

Fig. 4 The top panel compares the z-transformed within (open
diamond) and between (filled diamond) trial stability measures. The
bottom panel plots the regression of within vs between trial stability
measures. The solid line is the regression excluding the outliers
(open diamond)
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Refer to Fig. 3, bottom. We performed two separate
repeated measures ANOVAs on the MVLW data. First,
we analyzed the MVLW data from the consistent con-
ditions (0:0, 90:90, 180:180; refer to the left hand side of
Fig. 3, bottom). There was a main effect of phase con-
dition (F(2,186)=29.4, P<0.01) and of frequency
(F(2,93)=4.7, P<0.05) as well as an interaction between
phase condition and frequency (F(4,186)=3.119,
P<0.05). Pairwise comparisons indicated that the main
effect of phase condition was due to within-trial stability
at 0:0 being higher than the other two conditions
(P<0.01), while the main effect of frequency was due to
stability being higher at 1 Hz (P<0.01). On average,
90:90 and 180:180 were not different from each other,
indicating there was no U-shaped function of phase in
the stability data. This was probably because stability
was higher than expected in the 90:90 case, and was
addressed using the regression analysis shown in Figs. 4
and 5 (see below for details). The interaction was be-
cause of the higher than expected stability at 2 Hz,
90:90, which inverted the shape of the function as
compared to the other two frequencies. This point is a
distinct outlier, however, and is accounted for in the
regression analysis detailed below (and in Fig. 5).

Second, we analyzed the MVLW data from the 0�
visual target conditions (0:0, 0:90, 0:180; refer to the
right hand side of Fig. 3, bottom). The analysis revealed

a main effect of phase condition (F(2,186)=28.4,
P<0.01). Pairwise comparisons showed that the main
effect of phase condition was due to within-trial stability
at 0:0 being higher than the other two conditions and
0:90 being more stable than 0:180 (both P values<0.01).
As in the between-trial data, stability decreased linearly
with increase in the cross-modal phase relation, and not
in a U-shape. There was no interaction between phase
condition and frequency (P>0.1). The 0� visual target
helped stabilize the movement. However, the main effect
of phase reveals that this within-trial stabilization was
incomplete—stability was not increased to the level of
0:0. The (non-0�) cross-modal phase relationship was
still having an effect (albeit linear) on movement sta-
bility.

Because we were unable to perform ANOVAs on the
between-trial stability data, we regressed it on the
within-trial stability data on which we were able to do
ANOVA. A correlation between the between-trial sta-
bility (Fig. 3, top) and the within-trial stability (Fig. 3,
bottom) would support the above interpretation of
Fig. 3, top. We looked for this relationship here.

We plotted the MVLs two different ways. Figure 4,
top, shows the z-transformed data sorted by frequency
and phase condition (the z-transform takes the differ-
ence in the spread of the two data sets into consider-
ation, making the data more directly comparable. If the
data sets were identical relative to their spread, the lines
would be on top of each other). The patterns of within-
and between-trial stability are indeed very similar, with
several notable exceptions (2 Hz, 90:90, for instance).
The fact that the two stability measures are so compa-

Fig. 5 Scatterplots for each frequency (rows) and phase (columns)
condition, plotting absolute phase deviation vs mean within trial
stability. Non-significant regression lines have been set to slope 0,
intercept at the mean MVL for that condition
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rable in scale is significant evidence in support of the role
of perception in producing the movement stability data.
To quantify this match we regressed the between- and
within-trial MVLs (Fig. 4, bottom) which yielded
R2=0.49. The fit is not particularly impressive, however,
examination of the scatter plot revealed two noticeable
outliers (1 Hz 90:90 and 2 Hz 90:90; the unfilled dia-
monds in Fig. 4, bottom). In these conditions, partici-
pants had a marked tendency across trials to either:

– perform close to the target phase with resulting low
within-trial stability, or

– be unable to maintain the target phase and slip into a
more stable mode, with resulting high within-trial
stability.

The latter was more common, elevating the average
within-trial stability, but lowering the between-trial
stability.2 A regression conducted without these two
data points yielded an R2=0.83. So, allowing for the
two exceptions, there is a clear relationship between the
between- and within-trial stability measures.

The cause of the outliers hinted at further interesting
structure in the stability data. An important aspect of
this task was that participants attempted to generate the
visual target phase relation but only succeeded to vary-
ing degrees. Not all 90:90 trials, for instance, produced a
mean direction of 90�, and the MVLW for a given trial
was related to the mean direction for that trial. If a
participant was able to maintain a mean direction of 90�
on one trial but not the next, perhaps producing a mean
direction of 0�, then the mean stability would be low for
the first trial and high for the second, and medium on
average. This average would then not be a good estimate
of the within-trial stability for movements at the
target phase. Additionally, between-trial stability would
be low and decorrelated from the within-trial stability.

To address this, we regressed the mean within-trial
stability (MVLW) against the absolute mean relative
phase deviation for each phase condition. Absolute
phase deviation is computed by subtracting the target
phase from the mean direction for a given trial, and
taking the absolute value of the result. This places the
target phase on the y-axis of the plots on Fig. 5. The
slope of the regression line through this transformed data
is an estimate of the between-trial stability. It is
improbable that mean performance would cluster
around more than one part of the space, and hence any
spread will be more evenly distributed. If mean perfor-
mance is spread out across the space of possible relative
phases, then the slope will be low because of the con-
straint of the size of the space. The intercept of the
regression line is an improved estimate of the within-trial
stability at the target visual phase. If the regression line is

significant, this suggests that stability was indeed varying
as a function of performed phase and that a mean of all
the variability would be reduced by trials in which mean
performance deviated from the target. The intercept is
the predicted level of within-trial stability at the target
phase, which is at the y-axis after the transformation.

Refer to Fig. 5. Each graph is a scatter plot of MVLW

vs the absolute phase deviation for a given Fre-
quency·Phase condition. Displaying the data this way
makes several general patterns quite clear. The data is
indeed significantly spread out, and MVLW is negatively
related to deviation from target visual phase (at least in
the 0� visual target conditions). As frequency increases,
both the slope and the intercept tend to go down; both
within- and between-trial stability decreases. 0:0 is
clearly more stable than the other conditions; the
intercept is higher and the data is much less scattered.

Compare the consistent (90:90 and 180:180) condi-
tions to the inconsistent, 0� visual target conditions (0:90
and 0:180). The stabilizing effect of the 0� visual target is
clearly illustrated by the fact that all the regression lines
in these latter conditions had significant slopes
(P<0.05). When participants were successfully moving
to create a mean relative phase of 0� between the two
dots, their movements were more stable, even if this
entailed moving with a 90� or 180� cross-modal phase
relationship. The intercepts are generally lower than
those for 0:0, i.e., the movement was not stabilized to the
same level as 0:0 trials. This shows again that the cross-
modal relationship was still having an effect.

In the consistent plots, 0 on the phase deviation axis
corresponds to a mean direction of 90� or 180�, respec-
tively. The lack of significant slopes in several of these
conditions demonstrates that correctly performing the
target visual phase did not improve movement stability
(unsurprising, given that the target visual phases, 90 and
180�, are both less stable). It also indicates that per-
forming closer on average to 0� instead of 90� or 180� did
not consistently stabilize movement. Low within-trial
stability while moving at 0� on average suggests partici-
pants trying to comply with the instructions; they can see
they are moving incorrectly and trying (unsuccessfully)
to correct. The net result is low between-trial stability
and slightly elevated within-trial stability.

The results of the regression are summarized in
Fig. 6. The slopes (between-trial stability) and intercepts
(within-trial stability) were z-transformed and again
show strong covariation (compare this to Fig. 4, top).
Again the scale of the two stability measures was very
similar. Regression of the slopes and intercepts yielded
an R2=0.83, the same as the regression that excluded
the outliers. These points were no longer outliers in the
scatterplot. This confirmed that the relationship between
MVLW and mean direction, which the regression
analysis was designed to account for, was indeed the
cause of the outliers.

Experiment 1 replicated several basic movement
coordination phenomena, lending support to this
methodology. First, most participants were able to do

2This effect can clearly be seen in Fig. 2—the predicted U-shaped
function is pronounced in the between-trial data but absent in the
within-trial data. In the 90:90 condition, participants spent time at
more stable relative phases, elevating the within-trial stability to be
similar to that at 180:180, and lowering the between-trial stability

523



the task on average (Fig. 2). Second, performance in the
consistent conditions was qualitatively comparable to
the analogous movement or judgment study conditions
typically studied (Fig. 3; Bingham et al. 2000; Bingham
2004b; Wilson et al. 2003; Zaal et al. 2000). Third, a
clear relationship existed between within- and between-
trial stability (Figs. 4, 5 and 6), supporting the hypoth-
esized role of perception in producing the movement
coordination results. As noted, the matching scale of the
two measures is evidence supporting the hypothesis that
the differential movement stability is being caused by the
differential perceptual stability.

The main new result is that the 0� visual target sta-
bilized movements that were at a non-0� phase rela-
tionship to the dot being tracked. Two questions remain:
why were the movements not stabilized all the way to the
same level as 0:0, and why was the effect of the cross-
modal phase relationship linear? The linearity suggests
the cross-modal relationship was having an effect in
proportion to the magnitude of the inconsistency.
Experiment 2 replicated the five conditions from
Experiment 1 and added two new conditions—90:0 and
180:0—to test this magnitude hypothesis directly.

Experiment 2

Materials and methods

Participants

Eight different students at Indiana University partici-
pated. They were aged 18–24. All were free of motor
disabilities, and were paid $10 for participation. Each
session lasted about 45 min.

Procedure

We replicated the five phase conditions from Experiment
1, and added two additional inconsistent, non-0� visual
target conditions, 90:0 and 180:0. Four trials of each of

the seven conditions were presented to all subjects,
blocked, in the following order—0:0, 90:90, 180:180,
0:90, 90:0, 0:180, 180:0. All trials were at 1.5 Hz.
The procedure was otherwise identical to that of
Experiment 1.

Results and discussion

Mean performance

Refer to Fig. 7, which shows participants’ mean per-
formance (with the target phase for comparison). The
first five conditions replicate the results from Experiment
1, in which mean performance was close to the target
phase. Mean performance was poor, however, in the
new inconsistent conditions 90:0 and 180:0. The non-0�
visual target impaired performance and the 0� cross-
modal phase relationship had no stabilizing effect.

Within- and between-trial stability

Refer to Fig. 8, and compare these data with the 1.5 Hz
data in Fig. 3. Figure 8,top shows MVLB, and the
qualitative pattern from Experiment 1 remains—stabil-
ity is a U-shaped function of phase condition in the
consistent conditions and a linear function of phase
condition in the 0� visual target conditions. The two new
inconsistent conditions show low, similar stability. The
inconsistency seems to have combined with the non-0�
visual target to make these trials especially difficult.

We performed three repeated measures ANOVAs on
the MVLW data. First, we analyzed the data from the
consistent conditions (0:0, 90:90, and 180:180; refer to
the left hand side of Fig. 8, bottom). The analysis re-
vealed a main effect of phase condition (F(2,62)=24.4,
P<0.01). Pairwise comparisons showed that within-trial
stability at 0:0 was higher than the other two conditions
(P<0.01), replicating Experiment 1.

Second, we analyzed MVLW from the 0� visual target
conditions (0:0, 0:90 and 0:180; refer to the middle of
Fig. 8, bottom). The analysis revealed a main effect of

Fig. 6 z-Transformed slopes (between-trial stability; filled diamond)
and intercepts (within-trial stability; open square) from analysis
depicted in Fig. 5

Fig. 7 Mean direction for Experiment 2 in degrees. =1.5 Hz.
Dotted line target (visual) phase
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phase condition (F(2,62)=7.2, P<0.01). Pairwise com-
parisons showed that within-trial stability at 0:0 was
higher than the other two conditions (P<0.05), re-
plicating Experiment 1.

Third, we analyzed MVLW from the inconsistent
conditions (0:90, 0:180, 90:0 and 180:0; refer to the right
hand side of Fig. 8, bottom). The analysis revealed a
main effect of phase (F(3,93)=5.8, P<0.01). Pairwise
comparisons showed that the 0� visual target conditions
were more stable (P<0.05) than the non-0� visual target
conditions (except 0:180 vs. 90:0, which failed to reach
significance; P=0.07). The 0� cross-modal relationship
had no positive effect on movement stability; an ANO-
VA on the non-0� visual target conditions (90:90,
180:180, 90:0 and 180:0) revealed they did not differ in
their stability (F(3,93)=0.67, P=0.57).

To quantify the relationship between within- and
between-trial movement stability, we again plotted the
MVL data two different ways. Figure 9, top, shows the
z-transformed data. The patterns are very similar, with
the exception of 180:180 (again, note the matching
scale). To quantify this match, we regressed these two
measures, which yielded R2=0.57 (although the fit im-
proved to 0.89 with the removal of 180:180; refer to
Fig. 9, bottom).

We repeated the within-trial stability versus absolute
phase deviation analysis (refer to Fig. 10). First, exam-
ine the top five panels and compare them to the same

conditions from Experiment 1 (Fig. 5, middle row). The
overall pattern is replicated, although the regression for
180:180 is significant this time, confirming that the
estimate of within-trial stability in Fig. 9, top, is indeed
low. Neither regression line for the two new inconsistent
conditions (90:0 and 180:0) was significant. The results
of the regression are summarized in Fig. 11. The slopes
and intercepts were z-transformed and again show
strong covariation (compare this to Fig. 9, top, and once
more note the matching scale). Regression of the slopes
and intercepts yielded an R2=0.83 (again very similar to
the original within- vs between-stability regression).

Experiment 2 replicated the results from Experiment
1 and extended the results to two new inconsistent
conditions. A 0� visual target stabilized performance,
but a 0� cross-modal phase relationship did not—the
visual target phase dictated performance. Mean stability
when the visual target was 90� and 180� was again ele-
vated due to time spent at more stable phases, and again
this effect was more pronounced at 90�, causing stability
in the 90� and 180� conditions to be similar.

General discussion

Human rhythmic movement coordination exhibits a
characteristic structure that persists across a wide
varietyof couplings (both within- and between-person).

Fig. 8 The top panel shows between-trial stability, measured by
mean direction MVL. The bottom panel shows within-trial stability,
measured by mean MVL. =1.5 Hz

Fig. 9 The top panel compares the z-transformed within (open
diamond) and between (filled diamond) trial stability measures. The
bottom panel plots the regression of within vs between-trial stability
measures. The solid line is the regression excluding the outlier (open
diamond)
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Previous research has strongly suggested the coupling is,
in general, perceptual, or informational (e.g., Bingham
et al. 2000; Wilson et al. 2003). By this interpretation, 0�
is a stable movement coordination because it is percep-
tually very salient. Common movement is a powerful
perceptual grouping principle (e.g. Johansson 1950).

People can readily and accurately detect deviation from
a mean relative phase of 0�, which enables them to
quickly correct their movements for errors. The impor-
tance of this fact in creating the movement phenomena
has been inferential up to this point—the perceptual and
movement studies have always been separate. The cur-
rent methodology was designed to explicitly manipulate
both the information and the movement requirements
within the same task to ask whether the perception–ac-
tion system can use the stability of perception at 0� to
coordinate movements at non-0� mean relative phases.
This method also allows for direct, within-person com-
parisons of perceptual and movement stability.

The results demonstrated a clear role of perceptual
information in determining the characteristic movement
phenomena. When the target visual phase was 0�, par-
ticipants were able to improve the stability of their
movements that were at 90� or 180� to the tracking target.
Both within- and between-trial stability improved with
the 0� visual target. In other words, it is not moving at a
non-0� phase relation that is difficult per se, but it is made
difficult (or easy) by the ability to resolve the information
used to coordinate that movement. If the information is

Fig. 10 Scatterplots for each
phase condition, plotting
absolute phase deviation vs.
mean within trial stability.
Non-significant regression lines
have been set to slope 0,
intercept at the mean MVL for
that condition

Fig. 11 z-Transformed slopes (between-trial stability; ) and inter-
cepts (within-trial stability; ) from analysis depicted in Fig. 10
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well resolved (i.e., at 0�, as in 0:90 and 0:180), the move-
ment is stable; if it is poorly resolved (at non-0� values, as
in 90:90 and 180:180) the movement is less stable.

Visual information did not completely determine
performance—non-0� movements were not stabilized to
the same level as 0� movements. Rhythmic movement
coordination is intrinsically a perception–action system,
and the states of the limbs must be taken into account
(e.g., Byblow et al. 1999; Li et al. 2004; Serrien et al.
2001; Temprado et al. 2003), as well as the perception of
those states. With that caveat, however, it is clear that in
rhythmic movement coordination the coupling is infor-
mational and largely responsible for the stability of the
coordination (see also Bogaerts et al. 2003).

The dominance of the visual phase relation is not
surprising, given that the task was defined in terms of the
visually defined phase relationship. If the task is defined
purely cross-modally (i.e. participants can only see the
dot to be tracked with the joystick) mean stability is
qualitatively similar to the current results, but lower
overall. 0� is relatively stable, while 90 and 180� are
similar to each other. The cross-modal phase relation
seems to be more difficult to perform but equally so
across phase conditions (see Wilson et al. submitted, for
details and an expanded analysis of this ‘‘visual domi-
nance’’ effect).

This method presents some unique difficulties for
data analysis and interpretation. The fact that partici-
pants were producing movements created a relationship
between mean performance and mean within-trial sta-
bility that obscured the relationship between the within-
and between-trial stability—however, the regression
analysis clearly accounts for this structure. The circular
nature of relative phase also constrains the types of
analyses that are possible, specifically on mean perfor-
mance and between-trial stability. However, any corre-
lation between the analyzable within-trial stability and
the between-trial stability suggests that the formal re-
sults from the within-trial data are indeed generalizable.
Regarding interpretation, the coupling here is between
the participant and a display, rather than within a per-
son. This emphasizes the perceptual nature of the cou-
pling, but does not rule out the possibility that the
movement coordination phenomena seen within a per-
son may be mediated more by nervous system interac-
tions than by perception. Specifically, it has been
proposed that the difficulties in producing non-0� phase
relations in within-person coordination tasks is due to
neural cross-talk (Cattaert et al. 1999), or some kind of
interference between efference copies of motor com-
mands (Beek et al. 2002). However, participants in
Wilson et al. (2003) still judged 90� to be maximally
variable even though they successfully moved at that
relative phase by tracking a manipulandum. This
mismatch ruled out motor commands (which were suc-
cessfully producing the coordination) as the basis of the
judgments (which were not reflecting the success of the
movement). Instead, judgments were based on the per-
ceived state of the fingers. These results indicate that

perception is the right level of analysis to consider the
coupling, which is the locus of the structure in human
rhythmic movement coordination. Of course, the exact
implementation of the coupling will certainly involve the
nervous system; however, interference generated by the
nervous system is unable to account for the entire scope
of the movement coordination literature, and it seems
plausible and parsimonious to suggest that the phe-
nomena emerge from perception, the common denomi-
nator.

Visual information about relative phase was used to
stabilize coordinated movements. Movements at 0� were
generally more stable than at non-0� values (Figs. 5, 10),
unless the target phase was not 0�, in which case moving
at 0� was detected quickly as being inappropriate and
brief, unstable correct movements were generated. The
current study demonstrates that perception is a key
player in determining the stability of a coordinated
movement; future extensions of this paradigm will
investigate its role in bimanual coordination. Another
issue the current study leaves unresolved is the precise
nature of the perceptual information. Bingham (2004a,
b) proposed a model of bimanual movement coordina-
tion in which two non-linear oscillators are coupled
informationally to each other via the perceived relative
phase of the oscillators. Perceived relative phase is rep-
resented in the model as the relative direction of move-
ment, with the ability to perceptually resolve this
conditioned by the speeds of motion. Studies are in
progress using this methodology to address explicitly the
details of the information and its role in the control and
coordination of the rhythmic movement perception/ac-
tion system.
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