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Abstract Auditory and motor systems interact in pro-
cessing auditory rhythms. This study investigated the effect
of intuitive body movement, such as head nodding or foot
tapping, on listeners’ ability to entrain to the pulse of an
auditory sequence. A pulse-finding task was employed
using an isochronous sequence of tones in which tones
were omitted at pseudorandom positions. Musicians and
non-musicians identified their subjectively fitting pulse
either using periodic body movement or through listening
only. The identified pulse was measured subsequently by
finger tapping. Movement appeared to assist pulse extrac-
tion especially for non-musicians. The chosen pulse tempi
tended to be faster with movement. Additionally, move-
ment led to higher synchronization stabilities of the pro-
duced pulse along the sequence, regardless of musical
training. These findings demonstrated the facilitatory role
of body movement in entraining to auditory rhythms and its
interaction with musical training.
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Introduction

Imagine sitting in a live jazz concert: the listeners feel
immersed in the music and start intuitively to move along
with different parts of their body. The same is seen in the
musicians: they automatically move their head or tap their
feet in a periodic manner while playing some rhythmically
engaging passages. Even in a classical concert where
excessive gestures are not encouraged by convention, we
often observe musicians rhythmically moving some parts
of their body that are not engaged in playing the instru-
ments, along with the music. Moving one’s body periodi-
cally to the music, be it foot tapping or head nodding, is a
frequent manifestation in listeners as well as in performing
musicians. It presents a common example of audio—motor
crosstalk in experiencing musical rhythms, and poses an
interesting question about the nature of rhythm perception:
do we move only because we react to the thythm we hear,
or does the movement itself contribute to the process of
hearing the rhythm?

Perception and action are believed to share common
representational mechanisms through which they interact
(Prinz, 1997). Neurophysiological studies on rhythm per-
ception have also concurred that processing auditory
rhythms engages both auditory and motor areas of the brain
(Chen, Penhune, & Zatorre, 2008b; Grahn & Brett, 2007,
Bengtsson et al., 2009), and the motor system can be cru-
cial in this act (Grahn & Brett, 2009). A direct behavioral
link between ‘hearing the rhythm’ and ‘moving the body’
has been established in two studies where the interpretation
of the same auditory rhythm was shaped by different pat-
terns in which the listeners bounced their body (Phillips-
Silver & Trainor, 2005, 2007). Given this audio—motor
interplay, the present study further pursued the hypothesis
that the use of body movement is not merely a reaction to
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hearing rhythmic input, but could actively assist the pro-
cessing of temporal structures in the auditory events.

The temporal structure of interest is the pulse.' In music,
pulse is defined as a series of stable and undifferentiated
psychological events arising endogenously in response to
musical rhythms (Cooper & Meyer, 1960). Rather than a
physical property of the stimuli, the pulse is a subjectively
experienced isochrony. We chose to target this process
because perceiving such isochrony is the basic principle of
human entrainment to auditory stimuli (Merker, Madison,
& Eckerdal, 2009). It serves as the subjective referent by
which we experience complex temporal relations in musi-
cal rhythms (Large, 2008), and corresponds to the felt
tempo. A relevant sensorimotor theory of temporal track-
ing has been proposed by Todd and colleagues (Todd,
1999; Todd, Lee, & O’Boyle, 2002). It incorporates
importantly an internal motor representation of the body
along with the sensory input and the motor output as
coordinated mechanisms of tracking and synchronizing to
an isochronous pulse. This theory emphasizes the relation
between the embodied motor process and the percept of
isochronous structure in the rhythm, which constitutes the
central idea of the present study.

This idea is further supported by several complementary
findings: human’s ability to perceive a regular pulse seems
innate (Winkler, Haden, Ladinig, Sziller, & Honing, 2009)
and is proposed to arise from an endogenous neural
oscillation entraining to rhythmic stimuli (Large & Snyder,
2009). Interestingly, such oscillations are also associated
with motor tasks (Fujioka, Trainor, Large, & Ross, 2009;
Salenius & Hari, 2003). Consistently, the premotor acti-
vation in the brain is enhanced by listening to rhythms at
one’s preferred tempo (Kornysheva, von Cramon, Jacob-
sen, & Schubotz, 2010), and human listeners’ preferred
tempo in music (Moelants, 2002) corresponds to the pre-
ferred frequency (~2 Hz) in locomotion (Macdougall &
Moore, 2005). These findings seem to suggest that the
percept of regular pulse, which also defines the tempo,
could entail a motor component: forming a pulse by means
of entrainment may require a motor process, at least
internally (Grahn & Rowe, 2009).

In light of the audio—motor interaction, this study inves-
tigated whether an external motor process such as moving
one’s body to the thythm—an intuitive behavior for many

! The terms pulse and beat are often used interchangeably in a
musical context. However, beat implies a defined metrical organiza-
tion based on the alternating strong and weak accentuation (Cooper &
Meyer, 1960), which involves the perceptual grouping of pulse, e.g.
groups of two or four as in a duple meter, or groups of three as in a
waltz meter. Pulse itself, on the other hand, is not confined by
metrical specifications; it exists as long as the isochrony is felt by the
listener, and is generalizable in processing rhythms across different
cultures and musical genres. Therefore, we prefer to use the term
pulse here.
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people—could actually assist the extraction of its pulse by
means of facilitated entrainment. A pulse-finding task was
employed where a tone sequence of no particular metrical or
accent structure was presented continuously. The structure
of the sequence could be seen as underlyingly isochronous
(based on the nominal stimulus tempo) with tones omitted at
pseudorandomly chosen positions, similar to one of the
sequence types employed in the study of Patel, Iversen,
Chen, and Repp (2005, sequence type 7: [-WM). The lis-
teners first established their subjectively fitting pulse either
using preferred periodic body movement or through listen-
ing only, and then produced their identified pulse by finger
tapping. Critically, in establishing the pulse, the engagement
of body movement was expected to initiate an overt motor
activity while the listener searched for the regular pulse to
which to entrain. Rather than a mere manifestation of the
already established pulse, the movement should be adopted
from the beginning of the entrainment process in order to
assist finding a stable pulse. That is, the movement could be
initially out of synchrony with any pulse period, but would
gradually (or quickly, as we hypothesized the presence of
movement to be facilitatory for the process) synchronize to
the pulse of the sequence. Without movement, such
entrainment process would have to be internally generated
and might require more a cognitive strategy to analyze the
temporal structure of the sequence.

As such, movement was expected to assist the listeners
to more easily ‘tune in’ to the temporal information and to
establish their pulse at one of several possible (sub)-har-
monic frequencies (Large & Snyder, 2009). The stability of
one’s tapped pulse, preceded and accompanied by move-
ment, was also expected to be higher as a result of
enhanced sensorimotor integration (Chen, Penhune, &
Zatorre, 2009). In addition, the movement effect was
compared between musicians and non-musicians. Musi-
cians were expected to be able to analyze the structure of
the sequence (Chen, Penhune, & Zatorre, 2008a) and to
generate the pulse internally (Grahn & Rowe, 2009) even
in the absence of body movement, while non-musicians
were expected to depend more on such overt motor activity
to discover and entrain to the pulse.

Method
Participants

20 young, healthy, right-handed participants (range
20-35 years, mean age 24, SD 3.8) participated in the
experiment via on-campus recruitment, and received pay-
ment in return. Ten were musically-trained (amateurs with
at least 8 years training, 6 pianists and 4 violinists, 3 of
whom were amateur orchestra members); the other ten had
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never received formal musical training. All reported music
listening as leisure activities.

Stimuli and materials

Auditory stimuli were generated as wave files by the music
software Logic 8 Express (Apple Inc. California) using a
synthesized woodblock sound (as the instrument “clave”),
with 42 ms tone duration. Each wave file was a ‘building
block’ consisting of five isochronous time points; each
point could be either occupied by a tone or not, resulting in
31 possible building blocks, excluding the block with no
tone. The blocks were generated at six tempi: 60, 90, 120,
150, 180, and 210 beats per minute (BPM), corresponding
to the shortest inter-onset interval (IOI) of 1000, 666.7,
500, 400, 333.3, and 285.7 ms. The experiment was carried
out in Matlab® 2009a (Mathworks) using Psychophysics
Toolbox extensions version 3 (Brainard, 1997), running on
a MacBook Pro laptop computer. Participants sat in a
comfortably-lit sound-proof room. The sound was deliv-
ered via headphones (Philips SBC HS900).

Design and procedure

The participants were divided into four groups based on the
instructed task strategy and musical training: (1) move-
ment, musicians, (2) movement, non-musicians, (3) no-
movement, musicians; and (4) no-movement, non-musi-
cians. There were five participants in each group.

Instruction

Pulse in the task was explained as (translated from German)
‘the successive time points with equal intervals which are
subjectively fitting tactus to the ongoing tone sequence. It
should be as stable as possible throughout the trial and should
not alternate between different levels.” Besides the verbal
explanation, in order to ensure the same understanding of the
task from both musicians and non-musicians, an instruc-
tional demonstration was carried out for each participant

[<—

example of tone sequence
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response time (RT)

prior to the experiment. The demonstration differed between
movement and no-movement groups as follows.

For the movement groups, the experimenter played an
example tone sequence (as would be played in a real
experimental trial) and demonstrated behaviorally with
foot tapping where the pulse should be temporally. The
experimenter demonstrated two different possibilities of
the fitting pulse, one being the subharmonic of the other
(i.e. twice as slow), which exemplified the notion of ‘dif-
ferent pulse levels’.

For the no-movement groups, the experimenter played
an example tone sequence which was accompanied by an
additional sequence of low tones illustrating pulse. Two
examples of such a combined sequence were played, the
low tones in each example demonstrating a different (but
fitting) pulse level. Crucially, there was no mention of the
link between the present task and the everyday behavior
such as ‘tapping one’s feet to the music’.

Experiment

In the beginning of each trial, 31 building blocks of one
tempo were strung up in a randomized order, with the rule
that all blocks were selected once, and the very first time
point was occupied by a tone. The 31 concatenated blocks
made up a long sequence that was looped within a trial.
Each trial consisted of two consecutive phases: (a) pulse
extraction, and (b) pulse production (Fig. 1).

Prior to the instruction, each participant in the movement
groups had been asked to report their preferred means of
body movement when they listened to music. In the extrac-
tion phase, they were requested to use their reported pre-
ferred movement (e.g. foot tapping, head nodding) from the
start of the sequence to assist finding the pulse. As they
started moving, their movement were usually not immedi-
ately in synchrony with any pulse of the sequence, but should
be tuned to a subjectively fitting pulse level before they
proceeded to the production phase. For the no-movement
groups during the extraction phase, the participants were
requested to try finding the pulse only by listening, strictly

—
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trial start, first search till
a stable pulse is found

L

Pulse Extraction

Fig. 1 Illustration of the trial procedure. The upper panel depicts an
example of the stimulus sequence. The number Os and 1s denote the
theoretical positions of the isochronous pulse according to the

N

rrTrrr1rr ot

example of a produced pulse
at the first subharmonic of stimulus tempo

Pulse Production _I

nominal stimulus tempo, where (in the sequence) 1 is occupied by a
tone, and O is not. The lower panel depicts an example of a pulse
identified at the 1:2 subharmonic of the stimulus tempo
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without any movement, until they felt a fitting stable pulse
was found. The phase of pulse extraction was not speeded.
When the participants felt sure of their identified pulse, they
(in all groups) were requested to start the production phase by
tapping their pulse on the computer key “B” along with the
sequence in a synchronized manner. Participants in the no-
movement groups were instructed to restrict the movement
during the production phase to only the index finger, while
those in the movement groups were not particularly
requested to stop movement during tapping. This was meant
to maximize the contrast between movement and no-move-
ment groups throughout the task. 16 consecutive taps were
recorded per trial (inter-tap intervals representing the iden-
tified inter-pulse intervals) before the next trial commenced.
The time needed for pulse extraction (henceforth referred to
as response time, RT)—the time between the start of stim-
ulus presentation and the first pulse tap—was also recorded
in each trial to index the subjective task difficulty.

The stimuli were presented in 6 tempi and 30 trials each,
randomly assigned to 4 blocks. The whole experiment
lasted 2.5-3 h depending on the individual speed, with
breaks after each block. Before starting the experimental
session, each participant underwent at least five practice
trials and more if they did not show enough understanding
of the task. One basic sign of the participant’s under-
standing of the task was that, during practice, he or she did
not produce taps that were simply time-locked (i.e. as a
response) to the tones, but instead taps that exhibited cer-
tain degree of periodicity.

Data analyses and results
Percentages of stable and unstable pulse

For each trial, the mean inter-tap interval (ITI, in milli-
seconds) and the coefficient of variation (CV = within-
trial standard deviation divided by mean ITI x 100%)
were calculated, excluding always the first four taps. To
index the task performance, each trial was first categorized
as being stable or unstable by the following criteria:
Stable trials A criterion of CV <10% was first applied
to identify trials with stable pulse series.” In order to

2 A criterion of ITI stability for constituting a ‘pulse’ has not been
established in the literature, as it would depend on the task condition
and the given stimuli. A study on the perceptual threshold of pulse
attribution (Madison & Merker, 2002) found an average 8.6%
deviation of the inter-tone intervals in the sequence, beyond which the
participants were unable to identify the pulse. Considering the higher
difficulty in the present task as the tones in a sequence did not appear
regularly, and that the pulse was measured by production, a criterion
of 10% was used. This, together with the criterion on inter-pulse
interval, appeared to reflect the interaction between musical training
and movement well (Fig. 2).
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reliably identify trials in which a pulse had really been
found, as opposed to trials with stable taps around a mean
ITI that was irrelevant to the correct pulse period, we
applied an additional criterion on the mean ITI of every
stable trial regarding its identified pulse period, within
which the pulse was considered to be successfully found:
(N x I0D £ (N x IOI) x 10%, N = 0.25, 0.5, 1, 2, 3, 4,
etc. N represented the chosen pulse level in each trial (i.e.
the mean ITI being around N times of the shortest stimulus
IOI). This criterion filtered out the stable trials with a mean
ITI that exceeded 10% deviation from the correct inter-
pulse interval. As such, the stable trials were further divi-
ded into two sub-types: (1) stable pulse, and (2) stable, but
not considered pulse.

Unstable trials Trials produced with CV >10% were
labeled as unstable trials. Each unstable trial was further
categorized as reflecting one of the three behaviors which
most often cause a large within-trial CV>: (1) Type 1—
constantly irregular and unstable ITIs, (2) Type 2—pulse
switching between different (sub)-harmonic levels, and (3)
Type 3—rarely occurring missing taps or a pause within an
otherwise stable tap series.

The occurrence of unstable Type 2 was generally very
low (average frequency <0.1%), so we excluded it from
further analyses. Of the four analyzed pulse types—stable
pulse, stable no pulse, unstable Type 1, and unstable Type
3—only the first one (stable pulse) represented the suc-
cessful trials. The percentages of these four types were
submitted to a mixed-model ANOVA with one within-
subject factor: produced pulse type (4 levels), and two
between-subject factors: movement (2 levels) and musical
training (2 levels). It revealed a significant pulse
type x movement x musical training interaction, F(3,
48) = 4.85,p < 0.01, 17]% = 0.23 (Fig. 2). Follow-up partial
ANOVAs revealed that the three-way interaction resulted
from a significant interaction between musical training and
pulse types in the no-movement groups, F(3, 24) = 6.73,
p < 0.01, ng = (.46, but not in the movement groups, F(3,
24) = 191, p > 0.15. Post-hoc comparison (two-sample
t test) revealed that for the no-movement groups, the per-
centage of stable pulse was different between musicians and
non-musicians (78 vs. 29%), p < 0.05, #(8) = 2.95, and the
percentage of Type 1 unstable pulse also differed between
these two groups (11 vs. 60%), p < 0.05, #8) = 2.54. For
the movement groups, a main effect of pulse type was sig-
nificant F(2, 16) = 930, p < 0.001, nf, = 0.99, and the
post-hoc comparisons (Tukey HSD) showed that the per-
centage of stable pulse was significantly higher than any of
the three unsuccessful types (all ps < 0.001), while the
percentages amongst these three types did not differ (all

* For detailed classification criteria, see Figure S1 and the described
procedure in the supplementary material.
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Fig. 2 Mean percentages of the four produced pulse types—stable
pulse, stable but no pulse, unstable Type 1, and unstable Type3—
from each of the four participant groups. Error bars represent
standard errors of the mean

ps > 0.5). In short, non-musicians without movement pro-
duced a significantly higher percentage of unstable pulse
than musicians without movement, and their unstable pulse
mostly resulted from high variabilities of within-trial ITIs
(Type 1). Between moving musicians and moving non-
musicians, however, the distribution of produced pulse
types did not differ, and they produced mostly stable pulse
(88 and 79% in musicians and non-musicians.).

Similarly, the partial ANOVA between the two musician
groups yielded no significant interaction between move-
ment and pulse type, F(3, 24) = 0.95, p > 0.4, suggesting
similar type distributions from musicians with and without
movement. The partial ANOVA between the two non-
musician groups, however, yielded a significant interaction
between movement and pulse type, F(3, 24) = 8.78,
p < 0.001, ng = 0.52. Post-hoc comparison (two-sample
t test) revealed that non-musicians with movement pro-
duced a higher percentage of stable pulse than non-musi-
cians without movement, p < 0.01, #8) = 3.44 (79 vs.
29%, movement vs. no-movement).

Identified pulse tempo

The mean ITI from every stable pulse trial was transformed
into the corresponding tempo (BPM) and then scaled as the
ratio to the nominal stimulus tempo. Each resultant ratio
was then logarithmically transformed before being plotted
against the stimulus tempo. In this way the (sub)-harmonic
relationship between the subjectively tuned-in pulse tempo

(especially at slower subharmonics such as 1:2, 1:3, and
1:4) and the given stimulus tempo can be more clearly
shown. Results from each participant group were plotted
together, each cross representing a single trial (Fig. 3). It
shows the tendency from each participant group to select
certain pulse levels under each stimulus tempo. For the
exact frequency of each cluster, see Figure S2 in the sup-
porting information for detailed histogram distributions.

As seen in the scatterplot, in establishing pulse, the
movement groups showed more focused tuning to the
stimulus tempo and its 1:2 subharmonic (0.5 ratio). The no-
movement groups tended more to scatter and shifted toward
the 1:4 subharmonic (0.25 ratio) as the tempo increased.
Musicians produced better-tuned tempi especially with
movement. Non-musicians using movement could tune to
similar pulse tempi as musicians with movement.

Time needed for pulse extraction

RTs were submitted to a mixed-model ANOVA with one
within-subject factor, tempo (6 levels), and two between-
subject factors, movement (2 levels) and musical training
(2 levels). A main effect was found only for tempo, F(5,
80) = 25.25, p < 0.001, nﬁ = 0.61, with longer RTs at
slower tempi (Fig. 4a). Post-hoc comparisons (Tukey
HSD) found significant differences between 60 BPM and
all the other tempi (all ps < 0.001), and between 90 BPM
and all the other tempi (all ps < 0.05). RTs appeared to
decrease with increasing tempo until 120 BPM, above
which they were not significantly differentiated by tempo.
Interaction of movement x musical training was close to
significant, F(1, 16) = 3.55, p = 0.07, n; = 0.18. As
Fig. 4a shows, while both movement groups behaved
similarly, non-musicians without movement seemed to
need longer time than musicians without movement.

As an alternative, the RT data were also plotted not as
the measured time but as the number of underlying pulse
cycles (=RT/stimulus inter-pulse interval). The ANOVA
naturally yielded the same between-group results as for RT,
but the number of needed pulse cycles increased with the
tempo (see Figure S3 in supplementary material).

Degree of synchronization

To measure the pulse stability by degrees of synchrony
between the produced pulse and the sequence, the asyn-
chrony was calculated between each tap and its theoreti-
cally correct position (based on the chosen pulse tempo).
The variability was indexed as the within-trial standard
deviation (SD) of the asynchronies—higher SD indicating
lower stability—and submitted to a mixed-model ANOVA
with one within-subject factor, tempo, and two between-
subject factors, movement and musical training. Main
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Fig. 3 Scatterplot of the
produced pulse tempi as the
ratio to the stimulus tempi, for
each participant group
separately. Each ratio was
plotted as its logarithmic
transformation for better
viewing of pulse at slower
subharmonics. X axis depicts
each stimulus tempo condition.
Y axis depicts the (sub)-
harmonics of the stimulus
tempo (1 = stimulus tempo,

2 = twice the stimulus tempo,
1/2, 1/3, and 1/4 = 0.5, 0.33,
and 0.25 of the stimulus tempo).
Only the tempi from stable
pulse trials are plotted in this
chart. Each cross represents a
single trial. The number in each
chart denotes the total
percentage of stable pulse from
this participant group

Fig. 4 a Mean RT as a function
of the stimulus tempo, for each
participant group. Error bars
represent standard errors of the
mean. b Mean standard
deviation of asynchronies as a
function of the stimulus tempo,
for each participant group.
Error bars represent standard
errors of the mean
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effects were found for movement F(1, 16) = 10.11,
p < 0.01, 175 = 0.39 (mean SD 53 vs. 97 ms, movement vs.
no-movement), musical training F(1, 16) = 7.51,
p < 0.05, 1112, = 0.32 (56 vs. 97 ms, musicians vs. non-
musicians), and tempo F(5, 80) =44.42, p < 0.001,
’7;2) = (.74, without interactions (Fig. 4b). Post-hoc com-
parisons (Tukey HSD) found significant differences
between the following tempi: 60 BPM versus all the other
tempi; 90 versus 120, 180 and 210 BPM; 120 versus
210 BPM; 150 versus 180 and 210 BPM. The results
showed that movement led to higher stability of synchro-
nization in both musicians and non-musicians.

Discussion

Effect of movement on pulse extraction
and entrainment

Our results highlight that moving one’s body to an auditory
sequence could indeed facilitate the extraction of the tem-
poral structure such as the subjective pulse in a sequence.

The extent of this facilitation depended on musical
training. Musicians are rhythmically trained and typically
perform better in sensorimotor tasks (Chen et al., 2008a;
Repp & Doggett, 2006; Franek, Mates, Radil, Beck, &
Poppel, 1994) and cross-modal timing tasks (Wollner &
Canal-Bruland, 2010; Pecenka & Keller, 2009). It was not
surprising that their training enabled them to analyze the
temporal structure and establish stable pulse overall, even
in the absence of movement. This proved to be much more
challenging for non-musicians. With the assistance of body
movement, however, non-musicians could find their pulse
to a similar extent as the musicians.

What role does body movement play in this case, and
what could account for its benefit? The use of body
movement has been postulated as an intrinsic part of
human entrainment to isochronous stimuli (Madison &
Merker, 2002; Bolton 1894). Here, however, we tested the
role of body movement in entraining to stimuli where the
isochrony was implied but not explicitly or regularly given,
and the pulse was thus more difficult to discover. More-
over, the movement we investigated was not a mere
manifestation of the already extracted pulse such that the
participants would first find the pulse internally and then
start to move according to it. Instead, they started moving
as soon as the sequence began, using the overt motor
activities to facilitate the tuning to the pulse periodicity. In
doing so, the exhibited movement for each sequence (as
observed during the experimental session*) mostly did not

4 Every participant was observed for around 20-30 min during the
first experimental block, and also for a shorter while in the beginning
of each successive block.

start as being immediately in synchrony with the pulse, but
rather went through a bit of adjustment before tuning to one
of the fitting pulse levels. An interactive dynamic might be
taking place during this process: the self-initiated move-
ment frequency, which is not tuned-in at first, could be
attracted to one of the underlying periodicities of the
sequence (Repp, 2006), and in doing so leads the listener to
start ‘hearing’ the pulse at that level, forming a positive
audio—motor feedback loop. In the absence of overt
movement, by contrast, this tuning process must then rely
on the internal motor entrainment and/or the ability to
analyze the sequence. Our results show that, unlike musi-
cians, non-musician seemed to be lacking an effective
internal motor simulation that entrained to the pulse when
it was not regularly present at the rhythmic surface; nor did
they possess additional musical knowledge as a compen-
satory strategy. They thus appeared to benefit much from
the external motor process in order to entrain to the
structure of the rhythm. This parallels the finding of Grahn
and Rowe (2009) where, compared to non-musicians,
musicians more often perceived the beat when it was less
explicitly presented, and this was accompanied by higher
connectivities between auditory and motor cortical areas,
suggesting a higher level of internal audio—motor coupling.

Notably, our task required the search for a subjective
temporal referent while no particular metrical accent was
given, contrary to most people’s experience of music lis-
tening. Meter has been defined as ‘the measurement of the
number of pulses between more or less regularly occurring
accents’ (Cooper & Meyer, 1960). While there are many
cultural differences in meter, music from most cultures is
pulse-based (Large, 2008; Arom, 1989; Humble, 2002). By
not giving any metrical cues, we aimed to link body
movement to a temporal process that was not strongly
constrained by the previously-shaped listening experiences
(e.g. Iversen, Patel, & Ohgushi, 2008). Namely, one did not
necessarily need to recognize a particular meter (such as
2/4 or 3/4) before identifying the pulse. Although humans
exhibit a preference for culturally familiar meters (Trehub
& Hannon, 2009; Soley & Hannon, 2010) and might find it
more difficult to follow some ‘exotic’ meters, our study
demonstrated an approach that relied solely on the search
for a pulse, regardless of metrical preferences. This search
was found to be facilitated by the accompanying body
movement—a potentially useful ‘hearing by moving’
strategy.

Effect of movement on pulse tempo
The presence and absence of movement as a pulse-search
strategy seemed to lead to different preferred pulse levels.

Movement was expected to predispose the chosen pulse
tempi to a range of comfortable movement frequencies
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(London, 2002; Macdougall & Moore, 2005), which
appeared to be the case: with movement, the pulse was
more often tuned to the nominal stimulus tempo, or to its
1:2 subharmonic when the stimulus tempo increased. The
1:4 subharmonic was rarely chosen, as it would have been
too slow for continuous periodic movement. Without
movement, they tended more to correspond to the slower
subharmonics and especially more often to the 1:4 sub-
harmonic as the stimulus tempo increased. We speculate
that, in the absence of movement, the participants resorted
more to a cognitive strategy to analyze the temporal
structure of the sequence, especially in the case of musi-
cians. Quite likely they would group the pulse automati-
cally by imposing mental accents (Bolton, 1894; Repp,
Iversen, & Patel, 2008), thus rendering the sequence to be
heard as metrical in different ways. This would allow them
to flexibly tune to different referent levels (Drake, Jones, &
Baruch, 2000), though in the end they tended to opt for the
slower subharmonics, as observed, because their internal
pulse at a higher metrical level could be kept more stable
against the irregular tones (Patel et al., 2005).

Therefore, complementary to the finding that different
patterns of body bouncing can bias the metrical interpre-
tation of a rhythm (Phillips-Silver & Trainor, 2005, 2007),
the results here further demonstrate the differentiating role
of the presence/absence of body movement in perceiving
different pulse levels in an auditory sequence.

Time for pulse extraction

Though the time needed for pulse extraction—as mea-
sured in the experiment—may have been a function of
both task difficulty and subjective readiness, it neverthe-
less revealed the between-group differences. That non-
musicians without movement needed overall longer time
than the other groups indicated the felt task difficulty,
which paralleled the outcome of their pulse production.
With movement, non-musicians needed similar amount of
time as musicians with movement, arguing for the facil-
itatory effect of movement in the absence of compensat-
ing musical skills. In addition, RT decreased as the tempo
increased up to about 120 BPM. The observation that RT
did not decrease systematically above 120 BPM seems to
reflect the relation between stimulus tempo and human’s
maximal pulse saliency around 80-100 BPM (London,
2002), outside of which it could be more difficult to feel
the pulse.

Pulse synchronization
The degree of synchrony between the produced pulse and

the sequence was also influenced by movement and
musical training. Both musicians and non-musicians in the
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movement groups exhibited higher stability of synchroni-
zation than those in the no-movement groups. Since
movement was present in the extraction phase and as
observed also often in the production phase, it would be
difficult to distinguish whether the pulse stability (as
measured by the variability of asynchronies) benefited
from the movement in either phase alone. Though the
overall facilitatory effect on pulse entrainment should have
derived from the movement prior to tapping, it seems
reasonable to assume that concurrent body movement
during tapping might play a positive role in tapping sta-
bility. It has been found that simultaneous bimanual tap-
ping reduces the within-hand variabilities compared to
tapping with only one hand, and this advantage is
accounted for by the decreased variability in the central
timing process (Wing & Kristofferson, 1973; Helmuth &
Ivry, 1996) or the increased sensory reafference (Drewing
& Aschersleben, 2003; Prinz, 1997). In this view, our result
of reduced (single-handed) tapping variability could also
be attributed to the concomitant larger-scale body move-
ment. Further investigation is needed to elucidate whether
different kinds of body movement leads to the same sta-
bilization in finger tapping, and whether the improvement
can be accommodated in the same theoretical framework.
Our findings provide empirical support for the idea that
musicians can indeed benefit from such natural body
movement while playing the instrument, in keeping up a
stable tempo.

Presence versus absence of movement

In interpreting our results as demonstrating the effect of
body movement and musical training on pulse finding, two
questions may arise: (1) Was the poor performance of non-
musicians in the no-movement group attributable to the
lack of understanding of the task, because no explanation
linked to movement was given? (2) Did musicians in the
no-movement condition perform better because of some
micro-movements they used secretly though they were not
supposed to?

The first question can be dismissed because of our
instruction with the auditory demonstration, showing what
the pulse was and where it should be temporally in relation
to the tone sequence. The participants did not have to
possess specific musical knowledge to understand the
temporal nature of the task. They went through practice
trials, and received feedback and explanations during
practice until they showed sufficient understanding of the
task. This ensured that the outcome of their performance
was not due to lower understanding, but rather due to the
task difficulty under the appointed experimental condition.

Regarding the second question, it is possible that
musicians could potentially carry out some micro-
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movement, perhaps without being aware of it. If they had
indeed moved secretly and constantly though they were not
supposed to, the pattern of their results should have been
very similar to that produced by musicians in the move-
ment group. This was, however, not supported by our data:
(1) without movement, musicians produced a rather dif-
ferent range of the chosen pulse tempi from musicians with
movement (Fig. 3), which tended to be slower than would
be naturally carried out by continuous movement; and (2)
the stability of their produced pulse was also lower than
that of the musicians with movement (Fig. 4b), signifying
the absence of concurrent body movement to help stabilize
the taps. Therefore, granted a higher tendency in musicians
to carry out micro-movement in no-movement condition,
our observed results suggested that this possibility either
did not occur, or even if it had, its effect was both quali-
tatively and quantitatively different from that of the natural
overt movement, and more similar to that of the no-
movement condition. Two points may distinguish such
potential micro-movement from the overt body movement
in terms of its effect on pulse entrainment: it may have
occurred not in a continuously periodic manner, or may
have involved less motor activation in the brain, or both. If
we were to explain the observed data from musicians
without movement as a result of using secret micro-
movement, it would still suggest that such micro-move-
ment must function differently and less effectively as overt
movement. As opposed to the external motor entrainment
initiated by overt body movement, micro-movement might
be a natural manifestation of the internal motor engage-
ment. This explanation would not contradict our interpre-
tation of facilitation by overt body movement and its
interaction with musical training, but would rather point
out the unique advantage of overt natural movements
compared to less intuitive and much smaller-scale ones
during the entrainment process.

What kind of movement?

The aim of our study was to investigate the effect of the
presence and absence of movement on entraining to the
pulse, and the movement of interest is the kind that a lis-
tener would naturally employ in a real-life scenario such as
when listening to the music. The kinds of movement
reported and performed subsequently by the participants in
the task included most often head nodding (often involving
the neck and the upper back) and foot tapping (often
accompanied by slight head movement). In one case it was
elected to be arm swiveling with foot tapping.” Indeed

> Often two kinds of movement were adopted together by the same
participant. The frequency of each employed movement was as
follows: head nodding (6), foot tapping (9), and arm swiveling (1).

finger tapping was also a movement, though a smaller one
and not so commonly observed as a natural listening habit.
In order to register the pulse, it had to be performed by all
participants including those in the no-movement groups.
However, since none of the participants reported nor chose
to use finger tapping itself during pulse extraction phase,
the result was not confounded with a ‘practice effect’ of
finger tapping. We can, therefore, attribute the observed
effects to the opted larger body movements during the
pulse discovery/entrainment process, which possibly also
stabilized pulse tapping. Future studies might attempt to
reveal whether different scales of movement, e.g., larger
body movement versus smaller one such as finger tapping,
would lead to different effects of motor simulation for
entraining to the rhythm.

Overall our study demonstrated that overt body move-
ment assisted the extraction of the underlying pulse in a
non-isochronous sequence. It also led to better tuning to the
sequence tempo and better synchronization to the
sequence. The results provide empirical evidence of body
movement as being a useful strategy especially for
untrained listeners to approach auditory rhythms, and when
musicians intuitively move their head or tap their feet
while playing an instrument, it could help them keep up a
stable tempo.
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