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For many everyday sensorimotor tasks, trained dancers have been found to exhibit
distinct and sometimes superior (more stable or robust) patterns of behavior compared
to non-dancers. Past research has demonstrated that experts in fields requiring special-
ized physical training and behavioral control exhibit superior interpersonal coordination
capabilities for expertise-related tasks. To date, however, no published studies have
compared dancers’ abilities to coordinate their movements with the movements of another
individual—i.e., during a so-called visual-motor interpersonal coordination task.The current
study was designed to investigate whether trained dancers would be better able to
coordinate with a partner performing short sequences of dance-like movements than non-
dancers. Movement time series were recorded for individual dancers and non-dancers
asked to synchronize with a confederate during three different movement sequences
characterized by distinct dance styles (i.e., dance team routine, contemporary ballet, mixed
style) without hearing any auditory signals or music. A diverse range of linear and non-linear
analyses (i.e., cross-correlation, cross-recurrence quantification analysis, and cross-wavelet
analysis) provided converging measures of coordination across multiple time scales. While
overall levels of interpersonal coordination were influenced by differences in movement
sequence for both groups, dancers consistently displayed higher levels of coordination
with the confederate at both short and long time scales. These findings demonstrate
that the visual-motor coordination capabilities of trained dancers allow them to better
synchronize with other individuals performing dance-like movements than non-dancers.
Further investigation of similar tasks may help to increase the understanding of visual-
motor entrainment in general, as well as provide insight into the effects of focused training
on visual-motor and interpersonal coordination.
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INTRODUCTION
Human behavior is constantly shaped by the properties,
constraints, and affordances of the environment (Gibson, 1986),
including the movements of environmental objects and other indi-
viduals (e.g., Chartrand and Bargh, 1999; Buekers et al., 2000;
Lopresti-Goodman et al., 2008; Richardson et al., 2010). Accord-
ingly, the limb and body movements of actors often become
naturally synchronized and coordinated with periodic occurrences
in the environment when they are coupled to them via visual
(e.g., Dijkstra et al., 1994a,b; Buekers et al., 2000), auditory (e.g.,
Repp and Penel, 2004; Repp, 2006; Stoffregen et al., 2009), or hap-
tic (e.g., Jeka et al., 1998) information. Evidence indicates that
these abilities to engage in multimodal entrainment to environ-
mental rhythms (Phillips-Silver and Trainor, 2005) and to detect
cross-modal rhythmic asynchronies (Hannon, 2008) are present
early in infancy, revealing a propensity for attunement of human
perception and action to such external events.

Of particular relevance to the current study is a large body of
research within the field of visual-motor coordination which has

demonstrated that actor-environment coordination is governed
by dynamical processes of entrainment (e.g., Kelso et al., 1990;
Wimmers et al., 1992; Schmidt and Turvey, 1994; Byblow et al.,
1995; Wilson et al., 2005) and can be modeled as systems of cou-
pled oscillators (e.g., Haken et al., 1985; Schmidt and Richardson,
2008). This dynamical systems account of actor-environment and
interpersonal coordination can be understood as fitting within a
broader understanding of behavioral entrainment. More specif-
ically, behavioral entrainment can emerge between an actor and
an environmental event or rhythm, or between two or more inter-
acting actors when three critical conditions are met: (1) actors are
able to perceive (detect) rhythmic events or behaviors within the
environment; (2) actors are producing rhythmic or semi-rhythmic
behaviors; and (3) actors are able to adjust behavioral perfor-
mance based on the perception of the environmental events or
behaviors observed (Phillips-Silver et al., 2010). Given these con-
ditions, entrainment can arise spontaneously or can occur as a
function of the actor’s intent (Schmidt and Richardson, 2008;
Knoblich et al., 2011). Indeed, evidence for both intentional and
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unintentional visual-motor coordination between an actor and the
environment has been observed both in the coordination of pos-
tural sway to environmental movements (Dijkstra et al., 1994a,b;
Giese et al., 1996; Oullier et al., 2002) and in the rhythmic entrain-
ment of limb or pendulum movements to an oscillating stimulus
(e.g., Wimmers et al., 1992; Schmidt and Turvey, 1994; Amazeen
et al., 1995; Liao and Jagacinski, 2000; Russell and Sternad, 2001;
Kilner et al., 2007; Richardson et al., 2007b; Schmidt et al., 2007;
Washburn et al., 2014).

The observation of spontaneous rhythmic limb coordination
between two individuals who can see each other’s movements
provides further evidence for the natural occurrence of interper-
sonal entrainment (e.g., Schmidt and O’Brien, 1997; Richard-
son et al., 2005, 2007a). In comparison to the uni-directional
coupling often present in actor-environment coordination, the
bi-directional coupling inherent to interpersonal coordination
results in an increased sensitivity to situational elements known
to affect the stability of visual-motor coordination. As a result,
interpersonal coordination is often characterized by less sta-
ble and sometimes more relative or intermittent coordination
compared to intra-personal or agent-environment coordination
(Richardson et al., 2007a; Schmidt and Richardson, 2008). A
substantial amount of research has been dedicated to determin-
ing what factors have the greatest influence on the occurrence
and stability of rhythmic visual and interpersonal coordination
(see Schmidt and Richardson, 2008, for a review). For instance,
enhancing the informational coupling between the movements
of co-actors (Richardson et al., 2007a) or having individuals
perform movements that have a comfortable and/or more sim-
ilar natural frequency (Schmidt and O’Brien, 1997; Richardson
et al., 2005, 2007a; Lopresti-Goodman et al., 2008), is known to
increase the occurrence and stability of interpersonal rhythmic
coordination.

It seems likely that being trained in dance, or any other dis-
cipline which often requires high levels of behavioral synchrony,
may result in an increased ability to achieve stable, visually medi-
ated interpersonal coordination. While there has not yet been
any published research investigating this possibility for dancers
(for unpublished work see Issartel et al., 2007; Issartel, 2008), it
has been found that expert improvisational actors and musicians
show better precision and performance during an improvisatory
interpersonal movement mirroring than novices (Noy et al., 2011),
and that trained martial artists show better synchronization dur-
ing interpersonal coordination of a sword swinging task than
those who were unfamiliar with the behavior (Schmidt et al.,
2011). Additionally, research involving trained dancers has shown
that they achieve higher levels of interpersonal synchrony dur-
ing rhythmic sway in the context of haptic coupling to another
individual than non-dancers (Sofianidis et al., 2012a). A number
of distinct physical characteristics associated with dance training
likely influence such interpersonal movement coordination. For
instance, dancers demonstrate better proprioception (Jola et al.,
2011; Kiefer et al., 2013), have significantly faster long-latency
neuromuscular responses (Simmons, 2005), show more consis-
tent muscle activation (Simmons, 2005), and display stronger
interlimb coupling (Sofianidis et al., 2012b) than non-dancers.
Dancers also exhibit lower variability of leg rotation during the

performance of dance-like movements (Sofianidis et al., 2012b),
increased intrapersonal coordinative stability between hip and
ankle joint rotations (Kiefer et al., 2011), better postural con-
trol (Mouchnino et al., 1992; Golomer et al., 1997; Rein et al.,
2011), and dynamically distinct postural sway patterns (Schmit
et al., 2005) compared to non-dancers. Trained dancers also
exhibit expertise effects in the form of higher levels of synchro-
nization with familiar movements than non-familiar movements
(Honisch et al., 2009), and they are skilled at discriminating move-
ments they are most adept at performing (Calvo-Merino et al.,
2010).

Dance performance often requires both actor-environment and
interpersonal behavioral coordination, as an individual must syn-
chronize with musical events as well as with the movements
of others. The interpersonal coordination observed in this con-
text falls within a category of entrainment previously referred
to as social entrainment or behavioral synchrony, and is charac-
terized by one actor’s responsiveness to other actors’ rhythmic
behaviors (e.g., Phillips-Silver et al., 2010; Miles et al., 2011). The
current study was designed to determine whether dance training
is associated with improved visual-motor coordinative abilities,
focusing specifically on a social entrainment task. Given the
apparent propensity for individuals to entrain their movements
to rhythmic beats or music (Phillips-Silver and Trainor, 2005,
2007; Repp, 2005) in such a way that might interact with inter-
personal visual-motor coordination, we chose to examine such
coordinative abilities in the absence of external auditory stim-
uli (i.e., counts or music). Dancers and non-dancers were asked
to coordinate with a confederate as they performed sequences
of dance-like movements. Three distinct movement sequences
were choreographed for use in the study, each characterized by
a different style (i.e., dance team routine, contemporary ballet,
mixed style). This allowed us to evaluate the degree of visual-
motor interpersonal coordination achieved by dancers compared
to non-dancers across a variety of movement types. In addition,
each sequence of steps was composed of several phrases, each met-
rically defined by eight counts, which provided a nested structure
of rhythmic movement organization within a phrase. Accordingly,
we were able to evaluate the stability of interpersonal coordination
for dancers and non-dancers as a function of the different hierar-
chically nested subcomponents of the dance sequence (i.e., whole
phrase, ½ phrase, ¼ phrase, and 1/8 phrase = count-to-count).
That is, we were able to evaluate the synchronization structure
at the shorter moment-to-moment time scale (i.e., 1/8 phrase,
¼ phrase) and at the longer time scales of the expressive movement
sequences (i.e., ½ phrase, phrase), both of which were expected to
play an important role in shaping the responsive behavior of par-
ticipants. We hypothesized that dancers would more effectively
entrain to the confederate’s movements than would non-dancers,
and that the stability of the coordination exhibited by dancers com-
pared to non-dancers would be greater at all the subcomponent
time scales of the dance sequences.

MATERIALS AND METHODS
PARTICIPANTS
Seventy undergraduate students from the University of Cincin-
nati participated in the experiment. They ranged in age from 18
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to 35 years. Thirty-five participants (16 female, 19 male) did not
have formal dancer training, while the other thirty-five partici-
pants (31 female, 4 male) were dancers who had at least 5 years of
formal dance training, and were either dance majors at the College
Conservatory of Music at the University of Cincinnati, members
of the University of Cincinnati Dance Team, or members of the
University of Cincinnati Cheer Team. The dancer participants had
experience in multiple dance styles including ballet, modern, and
hip hop. The variability of the dancers’ backgrounds did not per-
mit a systematic test of the effects of training in different dance
disciplines. The experiment was approved by the University of
Cincinnati Institutional Review Board. All participants provided
informed consent.

PROCEDURE AND DESIGN
Each participant was asked to stand in the center of the room
diagonally behind the confederate (1 m behind and 2 m to right),
and facing the same direction as the confederate. A Microsoft
Kinect for Windows sensor (Microsoft Corp., Redmond, WA,
USA) was placed on the floor, ∼2 m in front of the confeder-
ate and 0.67 m to the right of the confederate’s starting position.
Movement data were collected by the Kinect at a sampling rate
of 10 Hz.

Three distinct sequences of dance-like movements were chore-
ographed for use in this study. These sequences differed in
terms of both the style of dance movement performed and the

difficulty of the moves/dances steps involved. The first and easi-
est of these sequences was made up of steps commonly observed
in dance team routines (Figure 1, A1–A4). Most movements
were repeated in a symmetrical fashion so that they were per-
formed with the right side of the body, directly followed by
the left, although at times contralateral arm and leg movements
were employed (e.g., right arm and left leg used simultane-
ously). The second movement sequence was made up of steps
influenced by a contemporary, lyrical ballet style (Figure 1,
B1–B4). It was intended to be more difficult than the first
sequence, but was also choreographed to flow seamlessly from
step to step throughout the combination, and consisted mostly
of whole body movements, with cohesion between the head,
arms, and legs. There was no repetition of movements from
one side of the body to the other in this sequence. The third
movement sequence was choreographed to be the most difficult
sequence and was a compilation of different steps that would
not normally be used together (Figure 1, C1–C4). Commonly
recognized dance moves (e.g., the “disco”) were used, a turn
was included, and movements were not left-right symmetri-
cal. As in Sequence 2, there was no repetition of movements
from one side of the body to the other in this sequence. All
sequences were choreographed using eight count phrases, with
each sequence comprising a different number of phrases. Each
sequence took ∼60 s to perform. The same confederate dancer
performed these sequences each time, so that every trial for

FIGURE 1 | Example movements from Sequence 1 (A1–A4), Sequence 2 (B1–B4), and Sequence 3 (C1–C4). For all images the confederate is seen on the
right and a non-dancer participant is seen on the left.
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each participant involved the coordination of the participant with
the same confederate. Sequence presentation was organized into
blocks of three, with each sequence presented once in a random-
ized order. All participants experienced three of these blocks, for
a total of nine trials. The confederate, therefore, performed each
sequence a total of three times per participant, or 210 times in
total.

DATA PROCESSING
The last 50 s of each trial were used for analysis to eliminate tran-
sients that occurred at the beginning of each trial. Continuous
3-D position data were obtained for 20 different points of the
each of the participant’s and confederate’s bodies (head, center
shoulder, right shoulder, left shoulder, right elbow, left elbow,
right wrist, left wrist, right hand, left hand, spine, center hip,
right hip, left hip, right knee, left knee, right ankle, left ankle,
right foot, and left foot) using the Microsoft Kinect sensor. These
data were collapsed into overall movement displacement vectors
for each trial using the Matlab function “norm”, which com-
putes the spectral norm of a matrix (Mathworks, Natick, MA,
USA). The resulting vectors were time series for which each data
point corresponded to the overall Euclidean displacement calcu-
lated per sample over the 20 body locations and three movement
planes. Vectors were zero-centered prior to subsequent analyses
(Figure 2).

MEASURES AND ANALYSES
We conducted a set of analyses to comprehensively index interper-
sonal coordination between the participants and the confederate.
Linear cross-correlation analysis was used to provide a measure
of overall synchrony between participant and confederate move-
ments for each experimental trial. Cross-wavelet spectral analysis
was used to examine the coordinative relationship between par-
ticipant and confederate movements in further detail by resolving
the coordination at the different time scales corresponding to the
hierarchically nested subcomponents (time scales) of the dance
sequence. Cross-recurrence quantification analysis (CRQA) was
used to quantify the shared non-linear structure of the participant
and confederate time series with a focus on the maximum line
length (MAXLINE) occurring on a cross-recurrence plot (CRP)
of participant and confederate behaviors, which quantifies the
stability of coordinative relationships between two time series.
Although a detailed tutorial of each method employed in the
present study is beyond the scope of this paper, in the follow-
ing subsections we provide a brief introduction to each analysis
method and include key references that provide a more thorough
description.

Cross-correlation
The time series for the participant movements and confeder-
ate movements were compared in terms of the cross-correlation

FIGURE 2 | Movement vector time series (top) and cross-wavelet

coherence (bottom) for a dancer participant coordinated with the

confederate (left) and a non-dancer participant coordinated with the

confederate (right). Both time series are from performances of Sequence 1.
The length of the time series is 50 s (x-axis). The full movement phrase, ½
phrase, ¼ phrase, and 1/8 phrase time scales were 13.25, 6.63, 3.31, and

1.66 s (y-axis periods for cross-wavelet coherence). Coherence magnitude
and relative phase at a given time scale and a point in time is denoted by color
and the orientation of the arrow (pointing right: inphase; left: antiphase;
down: confederate leading by 90◦), respectively. The average of these values
at a given time scale were extracted from these plots to perform the time
scale coherence and relative phase analyses.
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coefficient, xcorr(h) (using the Matlab function “xcorr,” Math-
works, Natick, MA, USA), which represents the normalized
cross-correlation function of the participant and confederate time
series taken at a time lag of h samples of the participant with
respect to the confederate (see Rabiner and Gold, 1975, for more
details about cross-correlation). For each trial, the value of the
cross-correlation coefficient between the two time series was cal-
culated for each of a range of time lags up to 5 s, which was
deemed a sufficient time span for capturing the overall syn-
chrony of the dance sequences. The values for the maximum
cross-correlation coefficient and the time lag at which that max-
imum occurred were taken to be representative of the overall
coordinative relationship between the participant and confed-
erate for a given trial. Trials in which either the maximum
cross-correlation coefficient or the time lag was greater than
three standard deviations away from the condition (i.e., partic-
ipant × movement sequence) mean were classified as outliers,
and condition means for each participant were calculated with-
out these values. This resulted in the removal of nine trials
(4.29% of trials) for Sequence 1, 10 trials (4.76% of trials) from
Sequence 2, and six trials (2.86% of trials) from Sequence 3 (over-
all a total of 3.97% of trials were removed). Average participant
cross-correlation coefficient values for each condition were stan-
dardized using a Fisher-z transform before statistical analyses were
performed.

Cross-wavelet spectral analysis
Cross-wavelet analysis is accomplished through spectral decom-
position of each time series, and subsequent examination of the
degree and pattern of synchronization at each of a selection of
component signal frequencies (see Grinsted et al., 2004; Issartel
et al., 2006, for a more detailed introduction). More specifically, it
evaluates the cross-spectrum of two time series across time, and
hence can uncover how the time-localized coherence and rela-
tive phase differ at a number of frequency ranges (time scales;
Figure 2).

In the present study, we used a Morlet wavelet of order 8 to eval-
uate coherence and relative phase at four distinct time scales. As
noted by Schmidt et al. (2012), spectral decomposition of move-
ment time series often reveals behavioral rhythms at nested time
scales specific to the task being performed. Here, the spectral peak
frequencies examined were associated with the four characteristic
time scales of the movement sequences: The whole phrase, the
½ phrase, the ¼ phrase, and the 1/8 phrase (note that 1/8 of a
phrase is approximately equivalent to one count within a phrase).
The characteristic frequency for a single phrase was calculated
as the inverse of the mean period of movement behavior across
experimental trials. This frequency was determined separately for
each of the three sequences (Sequence 1: 13.25 s; Sequence 2:
13.22 s; Sequence 3: 14.36 s) and was then employed to define
frequency bands for each of the four time scales of interest. These
frequency bands included a frequency range ±20% of the fre-
quency corresponding to the phrase time scale (i.e., single, ½,
¼, and 1/8 phrase). For each of these four frequency bands, we
then calculated the average bidirectional weighted coherence—
a weighted average measure of the correlation of the two time
series (where here correlation refers to the extent to which the

two time series “share” spectral power at the same frequencies)
on a scale from 0 to 1—and the average distribution of relative
phase angles (DRP) that occurred between the participant and
confederate movement time series, binned into eighteen 20◦ bins
from −180 to 180◦. The DRP for each trial and frequency band
(Figure 3) provides information about how often participant and
confederate movements exhibited specific relative phase angle rela-
tionships between −180 and 180◦. Peaks in the DRP therefore
provide both an indication of the temporal relationship between
behaviors as well as the stability of that relationship (Schmidt and
O’Brien, 1997; Richardson et al., 2007a). The average participant
coherence values for each condition and frequency band were stan-
dardized using a Fisher-z transform before statistical analyses were
performed.

Cross-recurrence quantification analysis
Cross-recurrence quantification analysis is an extension of RQA
and determines the presence and duration of overlap between
the dynamics of two time series by quantifying the regularity,
predictability, and stability of two concurrent behavioral perfor-
mances in reconstructed phase space. Phase space reconstruction
is an intermediate step in CRQA. It involves “unfolding” the
dynamics of the measured, 1-dimensional time series into a
higher-dimensional space. This is done because the measured
time series potentially reflects the influences of a larger number of
variables that determine the system’s behavior. The influences of
those variables are projected onto the 1-dimensional time series
that was measured, and this projection from a higher-dimensional
space where the system “lives” onto the single axis of the mea-
sured variable introduces distortions, much like a 2-dimensional
map of the 3-dimensional earth contains distortions. These dis-
tortions are apparent as the trajectory of the system overlapping
or crossing with itself. Phase space reconstruction pulls apart
these false overlaps by embedding the time series in a higher-
dimensional space using surrogate dimensions to stand in place of
the original system variables. It has been proven (Takens, 1981)
that time-delayed copies of the measured time series are ade-
quate to serve as these surrogate dimensions, and the resulting
reconstructed phase space is related to the true phase space by
smooth, differentiable transforms, which means that the dynam-
ics of the original system are preserved in the reconstructed phase
space.

Cross-recurrence quantification analysis requires a number of
initial analyses in order to determine several required parameter
settings (i.e., reconstruction delay or “lag” and embedding dimen-
sion which provide the basis for phase-space reconstruction of the
attractor dynamics, as well as a radius parameter described below)
for each time series being examined. The following paragraphs
briefly describe some of these parameters and how they were
selected in the present study. For a more detailed introduction to
CRQA and these parameter selection processes see Shockley et al.
(2002), Webber and Zbilut (2005, 2007), Marwan et al. (2007),
Richardson et al. (2007b), and Webber (2012).

Average mutual information (AMI), a measure of the degree to
which the behavior of a time series at one point in time provides
knowledge about the behavior of the time series at some other
time point (i.e., a non-linear, information theory based variation
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FIGURE 3 | Average DRP plots for each of the four time scales evaluated using cross-wavelet spectral analysis, for each of the three movement

sequences performed.

on the more familiar autocorrelation function), was used here
to establish the appropriate delay for phase-space reconstruction
(see Abarbanel et al., 1993). Fraser and Swinney (1986) previ-
ously identified the time lag at which the first local minimum
(Tm) of the AMI function occurs as an appropriate choice for
this value as it provides the best estimate of orthogonality with
respect to the potential addition of more dimensions within a
reconstructed phase space (orthogonality is desired so that the sur-
rogate dimensions used in phase space reconstruction contribute
a maximum amount of new information about the underlying
system dynamics). Here, we determined Tm for each trial to select
the delay.

In order to find an appropriate embedding dimension for the
reconstruction of attractor dynamics, the false nearest neighbors
(FNN) algorithm was used (see Kennel et al., 1992). The idea
behind this process is to unfold the time series in a proxy space of an
increasing number of dimensions using the time-delayed (i.e., by
Tm, the delay value identified using the AMI analysis) copies of the
original time series as the additional dimensions, each time assess-
ing whether apparent crossings of the trajectory with itself are an

artifact of being projected within too few dimensions, until none
of these “false neighbors” (i.e., data points which overlap or are in
close proximity due to projection errors) remain. Similar to the
identification of an appropriate reconstruction delay from AMI,
FNN analysis was conducted individually for each time series.

After a reconstructed attractor for each behavioral time series
was defined using the selected time delay and embedding dimen-
sion, CRQA proceeds by then identifying the extent to which two
time series (i.e., for the confederate and a participant) share loca-
tions or overlap in the reconstructed phase space. “Overlap”means
that the two trajectories visited the same region of the phase space
within a tolerance defined using a threshold fixed Euclidean dis-
tance between points; this radius parameter, as it is termed, was
also established as part of the preliminary analyses. Selection of
a radius is conducted so that the chance of detected false recur-
rences is minimized, while ensuring that true recurrences are not
missed. Typically, one seeks a radius that ensures that the number
of recurrent points within in recurrence plot is between 0.5 and
5% (Shockley et al., 2002; Marwan et al., 2007; Richardson et al.,
2007b).
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In the current study, preliminary examination of time series
allowed us to establish that an embedding dimension of 6 and
radius of 30% of the mean distance between points in the
reconstructed phase space were characteristic of all trials. Dif-
ferences in movement dynamics between the three movement
sequences used in the current study did appear to affect the
characteristic delay parameter for a time series. As such, delay
parameters were selected individually for each sequence. For
Sequence 1 the preliminary analyses indicated a delay of 18 sam-
ples, for Sequence 2 a delay of 20, and for Sequence 3 a delay
of 16.

Using the pre-established parameters of embedding dimension,
radius, and reconstruction delay, several measures can be obtained
from CRQA and can be used to describe different aspects of the
structural complexity of concurrent behaviors. For the purposes
of the current study, we focused on the length of the longest line of
recurrent points on a CRP (MAXLINE),as this captures the longest
shared trajectory between the time series and has been shown
to be a measure of coupling strength and coordinative stability
(Marwan, 2003; Webber and Zbilut, 2005; Richardson et al., 2007b,
2008).

RESULTS
CROSS-CORRELATION
As can be seen from an inspection of Figure 4A, the cross-
correlation coefficient magnitude for dancers was consistently
greater than that observed for non-dancers. Additionally, for
both dancers and non-dancers the cross-correlation coefficients
between their movements and those of the confederate were much
greater for Sequence 1 compared to both Sequence 2 and 3. Con-
firming that these differences were significant, a 2 (group: dancer
vs. non-dancer) × 3 (movement sequence: 1, 2, or 3) analysis
of variance (ANOVA) for the maximum cross-correlation coeffi-
cients between participant and confederate movements revealed a
significant interaction between group and movement sequence,
F(2,136) = 6.88, p < 0.01, η2

p = 0.09, as well as signifi-
cant main effects of both group, F(1,68) = 47.40, p < 0.001,
η2

p = 0.41, and movement sequence, F(2,136) = 199.26, p < 0.001,

η2
p = 0.75.

Verifying the expectation that dancers would exhibit greater
levels of coordination than non-dancers for all sequences, a
simple-effects analysis of group demonstrated significant differ-
ences in maximum cross-correlation coefficients between dancers
and non-dancers for Sequence 1 [F(1,68) = 35.91, p < 0.001,
η2

p = 0.35], Sequence 2 [F(1,68) = 11.43, p < 0.01, η2
p = 0.14],

and Sequence 3 [F(1,68) = 27.10, p < 0.001, η2
p = 0.29].

Consistent with the prediction that the level of coordination
observed would be higher for Sequence 1 compared to Sequence
2 and 3, a simple-effects analysis of sequence revealed a sig-
nificant effect for both dancers, F(2,68) = 95.64, p < 0.001,
η2

p = 0.74, and non-dancers, F(2,68) = 119.25, p < 0.001,

η2
p = 0.78, with Fisher’s LSD post hoc comparisons demon-

strating significant differences between all pairs of movement
sequences for both groups (ps < 0.05). Note that this latter anal-
ysis not only reveals that the degree of coordination was greater
for Sequence 1 compared to both Sequence 2 and 3, but is also

consistent with our expectation that Sequence 2 would be eas-
ier than Sequence 3 (i.e., Sequence 1 was easiest; Sequence 3 was
hardest).

Finally, a 2 (group: dancer vs. non-dancer) × 3 (movement
sequence: 1, 2, or 3) ANOVA was conducted for the value of
the time lag at which the maximum cross-correlation occurred
between participant to confederate movement. Although there
was no significant difference in the associated lag between dancers
and non-dancers, F(1,68) = 0.02, p > 0.05, η2

p = 0.00 (both
dancers and non-dancers lagged slightly behind the confeder-
ate), the results revealed a significant main effect of movement
sequence, F(2,136) = 7.48, p < 0.01, η2

p = 0.10 (Figure 4B), with
Fisher’s LSD post hoc comparisons revealing that the time lag was
significantly greater for Sequence 2 compared to both Sequence 1
and 3 (ps < 0.01).

CROSS-WAVELET SPECTRAL ANALYSIS
In order to address the hypothesis that dancers would be capable
of achieving higher levels of coordination than non-dancers at
each of the movement phrase subcomponent time scales, separate
2 (group: dancer vs. non-dancer) × 3 (movement sequence: 1,
2, or 3) ANOVAs were conducted to examine the cross-wavelet
coherence between participant and confederate movements for
each of the four component time scales (1/8 phrase, ¼ phrase, ½
phrase, and full phrase; Figure 5).

Although analysis of the 1/8 phrase time scale resulted in sig-
nificant main effects of both group, F(1,68) = 17.40, p < 0.001,
η2

p = 0.20, and movement sequence, F(2,136) = 5.48, p < 0.01,

η2
p = 0.08, Fisher’s LSD post hoc comparisons only found

coherence levels to be higher for dancers compared to non-
dancers for Sequence 3 (p < 0.001). Additionally, although
we expected that coherence would be greatest for both par-
ticipant groups during performance of Sequence 1 and lowest
for Sequence 3, levels for Sequence 3 were actually significantly
higher than either Sequence 1 or 2 (ps < 0.05). The magni-
tude of this difference was relatively small, however. Furthermore,
there was no significant difference between Sequences 1 and 2
(p > 0.05). Unlike the cross-correlation results reported above,
these results therefore suggest that the difficulty of the dance
sequence had almost no influence on the stability of the moment-
to-moment coordination for dances and non-dancers, and that
dancers and non-dancers were equally capable of moving in a
coordinated manner at the time scale of individual movement
counts.

For the ¼ phrase time scale a significant interaction between
variables was observed, F(2,136) = 5.91, p < 0.01, η2

p = 0.08, as
well as significant main effects of both group, F(1,68) = 31.26,
p < 0.001, η2

p = 0.32, and movement sequence, F(2,136) = 15.89,

p < 0.001, η2
p = 0.19. As expected, a simple-effects analysis of

group revealed significant differences between dancers and non-
dancers for Sequence 1 [F(1,68) = 10.32, p < 0.01, η2

p = 0.13],

Sequence 2 [F(1,68) = 5.89, p < 0.05, η2
p = 0.08], and Sequence

3 [F(1,68) = 33.28, p < 0.001, η2
p = 0.33], indicating that at this

two-count time scale dancers were better able to coordinate with
the confederate than non-dancers. However, although a simple-
effects analysis for movement sequence demonstrated that there
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FIGURE 4 | (A) Average maximum cross-correlation coefficients for dancer and non-dancer participants, and (B) average time lag between dancers coordinated
with the confederate and non-dancers coordinated with the confederate. Error bars show standard error. ∗ p < 0.05.

was a significant effect for dancers, F(2,68) = 17.15, p < 0.001,
η2

p = 0.34, there was no effect of sequence for non-dancers,

F(2,68) = 3.14, p = 0.05, η2
p = 0.09. Furthermore, similar to the

results for the 1/8 phrase time scale reported above, Fisher’s LSD
post hoc comparisons for the simple effect for dancers revealed
that coherence was significantly higher for Sequence 3 compared
to Sequence 1 and 2 (ps < 0.001), and that there was no significant
difference between Sequence 1 and 2. Again, this suggests that
at the shorter time scales of behavioral coordination, sequence
difficulty had only a small influence on the stability of coordina-
tion for dancers, and almost no influence on the stability of the
coordination for non-dancers.

More consistent with the cross-correlation results, the anal-
ysis of coherence for the ½ phrase time scale revealed signifi-
cant main effects of both group, F(1,68) = 77.53, p < 0.001,
η2

p = 0.53, and movement sequence, F(2,136) = 84.96, p < 0.001,

η2
p = 0.56. Consistent with our original expectations, Fisher’s LSD

post hoc comparisons revealed a significant difference between
dancer and non-dancer coherence for all movement sequences
(p < 0.001). In contrast to the results for the ¼ and 1/8

phrase time scale, the coherence for Sequence 3 at this ½
phrase time scale was found to be significantly lower than that
observed for Sequence 1 and 2 (ps < 0.001), indicating that
the difficulty of Sequence 3 did reduce the degree of behavioral
coordination of multi-movement counts for both dancers and
non-dancers. There was still no significant difference between
Sequence 1 and Sequence 2, however, suggesting that the difficulty
of these two sequences may have been similar at the ½ phrase
level.

The analysis of coherence for the full phrase time scale
revealed a significant interaction between group and sequence,
F(2,136) = 4.92, p < 0.01, η2

p = 0.07, as well as significant main

effects of both group, F(1,68) = 34.13, p < 0.001, η2
p = 0.33, and

movement sequence, F(2,136) = 284.81, p < 0.001, η2
p = 0.81. As

was the case for the ¼, and ½ phrase time scales, a simple-effects

analysis for group revealed that coherence for dancers was
significantly greater than for non-dancers for Sequence 1,

[F(1,68) = 15.01, p < 0.001, η2
p = 0.18] and Sequence 2

[F(1,68) = 27.78, p < 0.001, η2
p = 0.29], indicating that dancers

were better able to coordinate with the confederate at the scale
of the entire phrase for Sequence 1 and 2. Although for the
most difficult sequence, Sequence 3, the magnitude of coherence
for dancers was also greater than that observed for non-dancers,
this difference was not found to be significant [F(1,68) = 2.38,
p > 0.05, η2

p = 0.03], suggesting that the difficulty of Sequence 3
prevented dancers from better anticipating the longer term
structure within each phrase of the sequence compared to
non-dancers. The greater difficulty of Sequence 3, was further
verified by the simple effects analyses for movement sequence,
which revealed a significant effect of sequence for both

dancers, F(2,68) = 195.30, p < 0.001, η2
p = 0.85, and non-

dancers, F(2,68) = 104.21, p < 0.001, η2
p = 0.75, with Fisher’s LSD

post hoc comparisons revealing significant differences between all
pairs of movement sequences (ps < 0.001). That is, the coher-
ence was lowest for Sequence 3 and highest for Sequence 1 (see
Figure 5).

Recall that cross-wavelet DRP plots can be used to index
the spatial-temporal relationship between the participant and
confederate movements at each of the time scales identified,
with peaks in the plots providing both an indication of the
temporal relative-phase relationship between the participant and
confederate, as well as the stability of that relative-phase rela-
tionship. As can be seen from an inspection of Figure 3, the
DRP plots reveal a similar pattern of results as the cross-wavelet
coherence, with more stable relative-phase relationships (higher
peaks) for dancers than non-dancers. This was especially true
for the ½ phrase and full phrase time scales, and for Sequence
1 compared to Sequence 2 and Sequence 3, with Sequence 3
having overall the lowest peaks in the DRP plots. In addition,
these plots indicated that at each of the time scales examined
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FIGURE 5 | Average coherence between participant and confederate movements for each of the time scales examined using cross-wavelet spectral

analysis. Error bars show standard error. ∗ p < 0.05.

there was little difference in the lag between participant and
confederate movements for the two participant groups. This is
consistent with the lag results from the cross-correlation analysis
and suggests that while level of dance skill and sequence difficulty
appeared to influence the stability of the participant to confederate
coordination, these variables do not influence the degree to which
the participant lagged behind the movements of the confederate.
On the contrary, the relative-phase lag between participant and
confederate remained relatively stable across participant groups
and movement sequences.

CROSS-RECURRENCE QUANTIFICATION ANALYSIS
A 2 (group: dancer vs. non-dancer) × 3 (movement sequence: 1,
2, or 3) ANOVA for the MAXLINE of participant and confederate
behaviors revealed a significant interaction between the variables,
F(2,136) = 10.42, p < 0.001, η2

p = 0.13, as well as significant main

effects of both group, F(1,68) = 18.66, p < 0.001, η2
p = 0.22, and

movement sequence, F(2,136) = 145.58, p < 0.001, η2
p = 0.68. As

can be seen from inspection of Figure 6, the dancer compared to
non-dancer MAXLINE results largely mirror the cross-correlation
and cross-wavelet coherence analysis for the ½ phrase and full

phrase time scales, with MAXLINE being consistently greater for
dancers than non-dancers. Accordingly, a simple-effects anal-
ysis for group showed significant differences between dancers
and non-dancers for Sequence 1 [F(1,68) = 14.72, p < 0.001,
η2

p = 0.18], Sequence 2 [F(1,68) = 4.54, p < 0.05, η2
p = 0.06],

and Sequence 3 [F(1,68) = 7.90, p < 0.01, η2
p = 0.10]. With

respect to the different sequences, MAXLINE was much greater
for Sequence 1 than for Sequence 2 or 3 for both dancer and non-
dancer participants. Indeed, a simple-effects analysis for sequence
revealed a significant effect for both dancers, F(2,68) = 87.07,
p < 0.001, η2

p = 0.72, and non-dancers, F(2,68) = 59.50, p < 0.001,

η2
p = 0.64, with Fisher’s LSD post hoc comparisons indicating

significant differences between all pairs of movement sequences
(ps < 0.001). Somewhat similar to the 1/8 and ¼ phrase time
scale results for cross-wavelet coherence, however, MAXLINE for
Sequence 3 was greater than that observed for Sequence 2, which
may be a result of CRQA capturing the cross-timescale stability
of the coordination. That is, for Sequences 2 and 3, MAXLINE
appears to also be picking up the higher levels of short-time scale
coordination that were observed at the 1/8 and ¼ phrase time
scales for Sequence 3 in the cross-wavelet coherence analysis. It
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FIGURE 6 | Average MAXLINE between participant and confederate

movements for each movement sequence. Error bars show standard
error. ∗ p < 0.05.

should be noted that the same pattern of results was observed
across several CRQA measures, but we have chosen to focus on
MAXLINE here as it uniquely addresses the stability of coordi-
nation between behaviors with respect to the other coordination
analyses used.

DISCUSSION
Past studies have demonstrated that dance training is associated
with many distinct movement-related characteristics and capabili-
ties. These include, but are not limited to, higher levels of interper-
sonal postural sway coordination in the context of haptic coupling
(Sofianidis et al., 2012a), stronger interlimb coupling (Sofianidis
et al., 2012b), increased intrapersonal postural (hip-ankle) coor-
dination stability (Kiefer et al., 2011), and better postural control
(Mouchnino et al., 1992; Golomer et al., 1997; Rein et al., 2011).
The purpose of the present study was to determine if dance train-
ing is associated with higher levels of interpersonal, social entrain-
ment in the context of visual-motor coupling. This was evaluated
by asking both dancers and non-dancers to synchronize with
another actor performing dance-like movements. Results indicate
that dancers were better overall at coordinating than non-dancers
in this context, with cross-correlation analysis, cross-wavelet spec-
tral analysis and CRQA each providing unique information about
the distinctions between dancer and non-dancer entrainment
behavior.

The cross-correlation analysis allowed us to assess the overall
matching of participant and confederate behaviors across rela-
tively short time scales (within 5 s, or across 1–3 movement
counts) in order to determine the degree of local coordina-
tion achieved between the participants and the confederate. The
maximum cross-correlation coefficients derived from this anal-
ysis revealed that dancers were consistently better synchronized
with confederate movements than non-dancers, while the asso-
ciated lag measure indicated no differences between dancers and

non-dancers in terms of the temporal delay between participants
and the confederate.

The use of cross-wavelet spectral analysis allowed us to gain
more information about the entrainment behaviors of dancers
and non-dancers across a range of specific phrase subcompo-
nent time scales (see Schmidt et al., 2012), each of which was
functionally relevant to the movement sequence coordination
task used (i.e., full dance phrase, ½ phrase, ¼ phrase, and 1/8

phrase). Results for the cross-wavelet measure of coherence at
the full phrase time scale were largely consistent with the cross-
correlation coefficient results in that dancers demonstrated higher
levels of coordination than non-dancers. Additionally, for both
measures the level of coordination exhibited by both partici-
pant groups was highest for Sequence 1 and lowest for Sequence
3. It is important to note here, however, that in contrast to
the cross-correlation results, there was no significant difference
in coherence between dancers and non-dancers for Sequence 3.
Given that this sequence was choreographed using movements
that would not typically be found together, we would not neces-
sarily expect to see the same effect of training on the ability for
participants to entrain to longer time scale movement gestures
as was observed for Sequences 1 and 2. In fact, dance training
may have even been a disadvantage in this context. Higher lev-
els of coordination for dancers compared to non-dancers were
also seen across movement sequences at the ½ phrase time
scale. At this level, behavioral coordination for both groups of
participants was lowest for Sequence 3, consistent with the impli-
cations of the full phrase time scale results. In other words,
it was harder for participants to coordinate with more long-
term movement structures for Sequence 3 than either Sequence
1 or 2.

In contrast to the full phrase time scale results, however, there
was no difference between coherence levels for Sequence 1 and
Sequence 2 for either group of participants, indicating that the
difficulty of coordinating with ½ phrase level structures may
have been similar for these two sequences. At the ¼ phrase time
scale, dancers still consistently displayed greater coherence than
non-dancers. However, while dancer coordination was sensitive
to differences between Sequence 3 and the other two move-
ment sequences, non-dancer coordination was not, indicating that
sequence difficulty had much less of an effect on the coordination
achieved at this shorter time scale. Differences in the level of coor-
dination produced by dancers vs. non-dancers were much lower at
the 1/8 phrase time scale than any of the other time scales evaluated,
with a significant effect of training only observed for Sequence 3.
It seems likely that at this time scale, while the overall amount of
movement may be similar between participant and confederate,
close behavioral synchronization may be relatively uncommon.
Interestingly, for both groups of participants the highest levels
of coherence at this short time scale were observed during per-
formance of Sequence 3, with no differences observed between
Sequence 1 and 2. It therefore appears that dance sequence diffi-
culty did not generally have a substantial effect on coordination at
this short time scale. However, for somewhat disjointed movement
sequences, such as Sequence 3, participants may better entrain to
events on shorter timescales as entrainment to the organization of
the larger phrase is harder to achieve.
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Peaks in the DRP plots created based on cross-wavelet anal-
ysis also provided an opportunity to examine the phase relation
between participant and confederate movements at each of the
time scales identified (see Schmidt and O’Brien, 1997; Richardson
et al., 2007a). Consistent with the lag measure obtained during
cross-correlation analysis, these plots indicated that at each of the
time scales examined there was little difference in the lag exhib-
ited by dancer and non-dancer participants. Additionally, higher
peaks suggested greater stability of coordination for dancers than
non-dancers, especially for the ½ phrase and full phrase time
scales.

The implication of these cross-wavelet results, therefore, is
that skilled dancers were not necessarily more coordinated to the
moment to moment (count-to-count) movements of the con-
federate than non-dancers, but that skilled dancers were more
coordinated with the long term phrase structure (whole phrase,
½ phrase, ¼ phrase) of the different sequences than non-dancers.
In other words, the differences in coherence and DRP for dancers
and non-dancers at the longer time scales suggest a difference in
the functional relevance of the whole phrase, ½ phrase, and ¼
phrase time scales for dancers compared to non-dancers. That
skilled dancers are able to coordinate effectively at both short and
long time scales, as opposed to untrained individuals who only
appeared to be able to effectively coordinate on a count-to-count
basis, indicates that the perception-action processes of skilled
dancers may be more “tuned” to the information about sequence
structure and upcoming movement possibilities than non-skilled
dancers. Hence the psychological reality of the nested dance events
might be much more extended in time for dancers compared to
non-dancers. This idea is further supported by the finding that
increased exposure to contemporary dance sequences is associ-
ated with an improved ability to distinguish novel “grammatical”
sequences, as defined by regularities across a series of discrete
movements, from those that are non-grammatical (Opacic et al.,
2009). The current results highlight the utility of analysis tech-
niques like cross-wavelet analysis in order to test such hypotheses
and point to a new way of defining dance skill.

Recall that the three movement sequences used in the current
study were designed to emphasize different stylistic qualities and
to provide varying levels of difficulty. In keeping with our objec-
tive of making Sequence 1 the simplest and most repetitive of all
sequences, the results of the cross-correlation analysis, as well as
the cross-wavelet DRP plots, revealed higher levels of coordina-
tion during this sequence than for the other movement sequences.
The same was true for cross-wavelet coherence at the ½ and full
phrase-level time scales. The cross-wavelet coherence levels were
lowest for Sequence 1 at the ¼ and 1/8 phrase time scales, with
Sequence 3 having marginally higher levels of coherence. MAX-
LINE for Sequence 3 was also found to be higher than for Sequence
2. This suggests that for the current task sequence difficulty had
little impact on the overall level of coordination and coordinative
stability at the shorter time scales examined. Differences in coor-
dination and coordination stability between movement sequences
were observed primarily at longer behavioral time scales, indi-
cating that our manipulation of difficulty primarily influenced
the ability of participants to entrain to movement gestures and
events which spanned a substantial portion of a phrase, or the

full phrase itself. Previous research has indicated that individuals
are sensitive to the amount of structure displayed in a sequence
such that even for dancers who have expertise in both ballet and
modern dance recall is better for the more structured sequences
found in ballet (Jean et al., 2001). Additionally, dancers display
higher levels of synchronization with familiar movements than
non-familiar movements (Honisch et al., 2009). It is therefore not
surprising that the visual-motor coordination abilities of trained
dancers do appear to be affected by characteristics of the dis-
crete movements and the larger structure of a given sequence.
Still, dancers are consistently able to maintain superior coordi-
native abilities in comparison to those who do not have dance
training.

During joint dance performance each dancer is necessarily
engaged in social entrainment (Phillips-Silver et al., 2010) through
their responsiveness to other performers, musicians, or even
audience members. Within this context an even larger-scale
collective social entrainment, characterized by a network of con-
nections among individuals (Phillips-Silver et al., 2010), can also
emerge. Actor engagement in shared rhythmic timing during joint
dance performance (Keller and Rieger, 2009) is likely shaped by
both this collective social entrainment and by actor-environment
entrainment to musical events at the level of each individual.
By employing a movement coordination task in which no audi-
tory stimulus was provided, the current study demonstrated that
dancers are capable of more closely entraining to the dance-like
movements of another individual, even without the organizing
influence of rhythmic auditory events. Evaluation of the results
using a variety of analysis methods allowed us to show that the
coordinative processes responsible for such entrainment are occur-
ring on multiple, nested time scales. This is consistent with existing
theories about the complex nature of social interactions (Newtson,
1993), as well as empirical work that has examined multi-scale
interpersonal coordination during conversation (Schmidt et al.,
2012).

Previous studies have shown that trained dancers exhibit strong
interlimb coupling (Sofianidis et al., 2012b) which may be reflec-
tive of specialized movement synergies, demonstrate proficiency
at optimizing task constraints in such a way that enables the
performance of complex physical tasks (Kiefer et al., 2011), and
are more accurate at synchronizing movement dynamics than
positions (Honisch et al., 2009). Additionally, research examin-
ing visual-motor coordination for individuals trained in other
disciplines which require specialized physical training has shown
that experts achieve higher levels of interpersonal coordination
for tasks related to their area of expertise (Noy et al., 2011;
Schmidt et al., 2011). In light of these findings, we propose
two possible, non-exclusive explanations for the higher levels of
coordination and coordination stability exhibited by dancers in
the current study. One possibility is that the kinematic qual-
ity of dancer movements may be more similar to that of the
dancer confederate due to skill and training, allowing dancers to
produce movement trajectories that more closely resemble the
confederate’s than the trajectories of non-dancers. Along with the
finding that dancers’ physical experience allows them to better
discriminate those movements they are more adept at perform-
ing (Calvo-Merino et al., 2010), this explanation would suggest
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that dancers more accurately perceive and match behaviors with
which they have more experience. While the current finding that
dancers did not display significantly higher levels of coordina-
tion for Sequence 3 might appear to contradict this possibility,
the atypical organization of behaviors experienced here may be
understood as disrupting an individual’s ability to maintain coor-
dination across a series of movements. Another possibility is
that dancers are better capable of coupling to and anticipating
other actor’s movements, independent of their ability to produce
similar movement quality. Either of these possibilities would per-
mit a person trained in dance to create a stronger interpersonal
synergy (Riley et al., 2011) with a partner. Further research in
this area will help to expand our understanding of what specific
behaviors and skills allow dancers to better achieve visual-motor
social entrainment and possibly establish a new understanding
of dance skill in terms of creating such dynamical interpersonal
synergies.

Regardless of the underlying processes that might have sup-
ported the improved coordination exhibited by the trained
dancers, the current findings have several implications for inter-
personal and actor-environment coordination, in general. In
addition to the fact that visual-motor coordination between co-
actor movements plays a foundational role in the successful
completion of many joint-action tasks, it has also been shown
that the coordination of movement patterns between two indi-
viduals via visual information can increase interpersonal rapport,
reduce prejudice, and facilitate social awareness (e.g., Miles et al.,
2010, 2011). Increased coordination ability resulting from dance
training could therefore improve performance of other tasks and
activities in which multiple actors must synchronize or coordinate
movements and subsequently lead to increases in social connec-
tivity. It is also possible that they might have positive effects on
group cohesion and communication (Dale et al., 2013). Further-
more, the close entrainment of a single individual to ongoing
environmental events associated with enhanced behavioral cou-
pling would likely be advantageous and adaptive in a variety
of everyday contexts, such as driving on the highway or cross-
ing a busy street during one’s daily commute. Ultimately, the
present work provides new insights about the impact of dance
training on visual, interpersonal coordination and demonstrates
that the understanding of such social entrainment processes
is greatly enriched through the use of multi-scale behavioral
analysis.

ACKNOWLEDGMENTS
We would like to Veronica Romero for her assistance with the
equipment used during data collection for the current study, and
Amanda Kalista for her performance as a confederate. We would
also like to thank Michael Tolston and Scott Bonnette for helpful
comments during data analysis. Michael J. Richardson and R. C.
Schmidt were supported in part by funding from the National
Institutes of Health (R01GM105045).

REFERENCES
Abarbanel, H. D., Brown, R., Sidorowich, J. J., and Tsimring, L. S. (1993). The

analysis of observed chaotic data in physical systems. Rev. Mod. Phys. 65, 1331.
doi: 10.1103/RevModPhys.65.1331

Amazeen, P. G., Schmidt, R. C., and Turvey, M. T. (1995). Frequency detuning of
the phase entrainment dynamics of visually coupled rhythmic movements. Biol.
Cybern. 72, 511–518. doi: 10.1007/BF00199893

Buekers, M. J., Bogaerts, H. P., Swinnen, S. P., and Helsen, W. F. (2000). The
synchronization of human arm movements to external events. Neurosci. Lett.
290, 181–184. doi: 10.1016/S0304-3940(00)01350-1

Byblow, W. D., Chua, R., and Goodman, D. (1995). Asymmetries in cou-
pling dynamics of perception and action. J. Mot. Behav. 27, 123–137. doi:
10.1080/00222895.1995.9941705

Calvo-Merino, B., Ehrenberg, S., Leung, D., and Haggard, P. (2010). Experts see
it all: configural effects in action observation. Psychol. Res. 74, 400–406. doi:
10.1007/s00426-009-0262-y

Chartrand, T. L., and Bargh, J. A. (1999). The chameleon effect: the perception–
behavior link and social interaction. J. Pers. Soc. Psychol. 76, 893–910. doi:
10.1037/0022-3514.76.6.893

Dale, R., Fusaroli, R., Duran, N., and Richardson, D. C. (2013). The self-organization
of human interaction. Psychol. Learn. Motiv. 59, 43–95. doi: 10.1016/B978-0-12-
407187-2.00002-2

Dijkstra, T. M. H., Schöner, G., and Gielen, C. C. A. M. (1994a). Temporal stability of
the action-perception cycle for postural control in a moving visual environment.
Exp. Brain Res. 97, 477–486. doi: 10.1007/BF00241542

Dijkstra, T. M. H., Schöner, G., Giese, M. A., and Gielen, C. C. A. M. (1994b).
Frequency dependence of the action-perception cycle for postural control in a
moving visual environment: relative phase dynamics. Biol. Cybern. 71, 489–501.
doi: 10.1007/BF00198467

Fraser, A. M., and Swinney, H. L. (1986). Independent coordinates for strange
attractors from mutual information. Phys. Rev. A 33, 1134–1140. doi:
10.1103/PhysRevA.33.1134

Gibson, J. J. (1986). The Ecological Approach to Visual Perception. Hillsdale, NJ:
Erlbaum. (Original work published 1979).

Giese, M. A., Dijkstra, T. M. H., Schöner, G., and Gielen, C. C. A. M. (1996).
Identification of the nonlinear state-space dynamics of the action-perception
cycle for visually induced postural sway. Biol. Cybern. 74, 427–437. doi:
10.1007/BF00206709

Golomer, E., Dupui, P., and Monod, H. (1997). Sex-linked differences in equilibrium
reactions among adolescents performing complex sensorimotor tasks. J. Physiol.
Paris 91, 49–55. doi: 10.1016/S0928-4257(97)88937-1

Grinsted, A., Moore, J. C., and Jevrejeva, S. (2004). Application of the cross wavelet
transform and wavelet coherence to geophysical time series. Nonlinear Process.
Geophys. 11, 561–566. doi: 10.5194/npg-11-561-2004

Haken, H., Kelso, J. S., and Bunz, H. (1985). A theoretical model of phase transi-
tions in human hand movements. Biol. Cybern. 51, 347–356. doi: 10.1007/BF003
36922

Hannon, E. (2008). “Infants know bad dancing when they see it,” in Proceedings of
the International Conference on Infant Studies, Vancouver, BC.

Honisch, J. J., Roach, N., and Wing, A. M. (2009). “Movement synchronization to
a virtual dancer: how do expert dancers adjust to perceived temporal and spatial
changes whilst performing ballet versus abstract dance sequences,” in Proceedings
of the ISSP 12th World Congress of Sport Psychology, Marrakech.

Issartel, J. (2008). Measuring Co-ordination among dancers. Paper Presented at
InfoMus Laboratory, Genoa.

Issartel, J., Marin, L., and Cadopi, M. (2007). How dynamic properties can explain
artistic dance situations. Paper Presented to the European Workshop on Movement
Science, 31-May-07 to 02-Jun-07, Amsterdam.

Issartel, J., Marin, L., Gaillot, P., Bardainne, T., and Cadopi, M. (2006). A prac-
tical guide to time-frequency analysis in the study of human motor behavior:
the contribution of wavelet transform. J. Mot. Behav. 38, 139–159. doi:
10.3200/JMBR.38.2.139-159

Jean, J., Cadopi, M., and Ille, A. (2001). How are dance sequences encoded and
recalled by expert dancers? Curr. Psychol. Cogn. 20, 325–337.

Jeka, J. J., Oie, K. S., Schöner, G. S., Dijkstra, T. M. H., and Henson, E. (1998). Position
and velocity coupling of postural sway to somatosensory drive. J. Neurophysiol.
79, 1661–1674.

Jola, C., Davis, A., and Haggard, P. (2011). Proprioceptive integration and body
representation: insights into dancers’ expertise. Exp. Brain Res. 213, 257–265. doi:
10.1007/s00221-011-2743-7

Keller, P., and Rieger, M. (2009). Special issue: musical movement and
synchronization. Music Percept. 26, 397–400. doi: 10.1525/mp.2009.
26.5.397

Frontiers in Human Neuroscience www.frontiersin.org October 2014 | Volume 8 | Article 800 | 12

http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Washburn et al. Entrainment in dancers vs. non-dancers

Kelso, J. A. S., Decolle, J. D., and Schoner, G. (1990). “Action–perception as a pattern
formation process,” in Attention and Performance XIII: Motor Representation and
Control, ed. M. Jeannerod (Hillsdale, NJ: Erlbaum), 139–169.

Kennel, M. B., Brown, R., and Abarbanel, H. D. (1992). Determining embedding
dimension for phase-space reconstruction using a geometrical construction. Phys.
Rev. A 45, 3403–3411. doi: 10.1103/PhysRevA.45.3403

Kiefer, A. W., Riley, M. A., Shockley, K., Sitton, C. A., Hewett, T. E.,
Cummins-Sebree, S., et al. (2011). Multi-segmental postural coordination in
professional ballet dancers. Gait Posture 34, 76–80. doi: 10.1016/j.gaitpost.2011.
03.016

Kiefer, A. W., Riley, M. A., Shockley, K., Sitton, C. A., Hewett, T. E., Cummins-
Sebree, S., et al. (2013). Lower-limb proprioception is enhanced in professional
ballet dancers. J. Dance Med. Sci. 17, 126–132. doi: 10.12678/1089-313X.17.
3.126

Kilner, J. M., Friston, K. J., and Frith, C. D. (2007). Predictive coding: an account of
the mirror neuron system. Cogn. Process. 8, 159–166. doi: 10.1007/s10339-007-
0170-2

Knoblich, G., Butterfill, S., and Sebanz, N. (2011). 3 Psychological research on joint
action: theory and data. Psychol. Learn. Motiv. Adv. Res. Theory 54, 59–101. doi:
10.1016/B978-0-12-385527-5.00003-6

Liao, M. J., and Jagacinski, R. J. (2000). A dynamical systems approach
to manual tracking performance. J. Mot. Behav. 32, 361–378. doi:
10.1080/00222890009601386

Lopresti-Goodman, S. M., Richardson, M. J., Silva, P. L., and Schmidt, R. C. (2008).
Period basin of entrainment for unintentional visual coordination. J. Mot. Behav.
40, 3–10. doi: 10.3200/JMBR.40.1.3-10

Marwan, N. (2003). Encounters with Neighbors: Current Developments of Concepts
Based on Recurrence Plots and Their Applications. Ph.D. thesis, University of
Potsdam, Potsdam.

Marwan, N., Romano, C. M., Thiel, M., and Kurths, J. (2007). Recurrence
plots for the analysis of complex systems. Phys. Rep. 438, 237–329. doi:
10.1016/j.physrep.2006.11.001

Miles, L. K., Griffiths, J. L., Richardson, M. J., and Macrae, C. N. (2010). Too late
to coordinate: contextual influences on behavioral synchrony. Eur. J. Soc. Psychol.
40, 52–60. doi: 10.1002/ejsp.721

Miles, L. K., Lumsden, J., Richardson, M. J., and Macrae, N. C. (2011). Do birds of a
feather move together? Group membership and behavioral synchrony. Exp. Brain
Res. 211, 495–503. doi: 10.1007/s00221-011-2641-z

Mouchnino, L., Aurenty, R., Massion, J., and Pedotti, A. (1992). Coordination
between equilibrium and head-trunk orientation during leg movement: a new
strategy built up by training. J. Neurophysiol. 67, 1587–1598.

Newtson, D. (1993). “The dynamics of action and interaction,” in A Dynamic Systems
Approach to Development: Applications, eds L. B. Smith and E. Thelen (Cambridge,
MA: The MIT Press), 241–264.

Noy, L., Dekel, E., and Alon, U. (2011). The mirror game as a paradigm for studying
the dynamics of two people improvising motion together. Proc. Natl. Acad. Sci.
U.S.A. 108, 20947–20952. doi: 10.1073/pnas.1108155108

Opacic, T., Stevens, C., and Tillmann, B. (2009). Unspoken knowledge: implicit
learning of structured human dance movement. J. Exp. Psychol. Learn. Mem.
Cogn. 35, 1570–1577. doi: 10.1037/a0017244

Oullier, O., Bardy, B. G., Stoffregen, T. A., and Bootsma, R. J. (2002). Postural
coordination in looking and tracking tasks. Hum. Mov. Sci. 21, 147–167. doi:
10.1016/S0167-9457(02)00093-3

Phillips-Silver, J., Aktipis, C. A., and Bryant, G. A. (2010). The ecology of entrain-
ment: foundations of coordinated rhythmic movement. Music Percept. 28, 3–14.
doi: 10.1525/mp.2010.28.1.3

Phillips-Silver, J., and Trainor, L. J. (2005). Feeling the beat: movement influ-
ences infant rhythm perception. Science 308, 1430–1430. doi: 10.1126/science.1
110922

Phillips-Silver, J., and Trainor, L. J. (2007). Hearing what the body feels:
auditory encoding of rhythmic movement. Cognition 105, 533–546. doi:
10.1016/j.cognition.2006.11.006

Rabiner, L. R., and Gold, B. (1975). Theory and Application of Digital Signal
Processing. Englewood Cliffs, NJ: Prentice-Hall, Inc.

Rein, S., Fabian, T., Zwipp, H., Rammelt, S., and Weindel, S. (2011).
Postural control and functional ankle stability in professional and amateur
dancers. Clin. Neurophysiol. 122, 1602–1610. doi: 10.1016/j.clinph.2011.
01.004

Repp, B. H. (2005). Sensorimotor synchronization: a review of the tapping literature.
Psychon. Bull. Rev. 12, 969–992. doi: 10.3758/BF03206433

Repp, B. H. (2006). Does an auditory distractor sequence affect self-paced tapping?
Acta Psychol. 12, 81–107. doi: 10.1016/j.actpsy.2005.06.006

Repp, B. H., and Penel, A. (2004). Rhythmic movement is attracted more strongly to
auditory than to visual rhythms. Psychol. Res. 68, 252–270. doi: 10.1007/s00426-
003-0143-8

Richardson, M. J., Lopresti-Goodman, S., Mancini, M., Kay, B. A., and Schmidt, R.
C. (2008). Comparing the attractor strength of intra- and interpersonal interlimb
coordination using cross recurrence analysis. Neurosci. Lett. 438, 340–345. doi:
10.1016/j.neulet.2008.04.083

Richardson, M. J., Marsh, K. L., Isenhower, R. W., Goodman, J. R., and
Schmidt, R. C. (2007a). Rocking together: dynamics of intentional and unin-
tentional interpersonal coordination. Hum. Mov. Sci. 26, 867–891. doi:
10.1016/j.humov.2007.07.002

Richardson, M. J., Schmidt, R. C., and Kay, B. A. (2007b). Distinguishing the noise
and attractor strength of coordinated limb movements using recurrence analysis.
Biol. Cybern. 96, 59–78. doi: 10.1007/s00422-006-0104-6

Richardson, M. J., Marsh, K. L., and Schmidt, R. C. (2005). Effects of visual and
verbal interaction on unintentional interpersonal coordination. J. Exp. Psychol.
Hum. Percept. Perform. 31, 62. doi: 10.1037/0096-1523.31.1.62

Richardson, M. J., Marsh, K. L., and Schmidt, R. C. (2010). “Challenging egocentric
notions of perceiving, acting, and knowing,” in The Mind in Context, eds L. F.
Barrett, B. Mesquita, and E. Smith (New York, NY: Guilford), 307–333.

Riley, M. A., Richardson, M. J., Shockley, K., and Ramenzoni, V. C. (2011).
Interpersonal synergies. Front. Psychol. 2:38. doi: 10.3389/fpsyg.2011.00038

Russell, D. M., and Sternad, D. (2001). Sinusoidal visuomotor tracking: inter-
mittent servo-control or coupled oscillations? J. Mot. Behav. 33, 329–349. doi:
10.1080/00222890109601918

Schmidt, R. C., Fitzpatrick, P., Caron, R., and Mergeche, J. (2011). Under-
standing social motor coordination. Hum. Mov. Sci. 30, 834–845. doi:
10.1016/j.humov.2010.05.014

Schmidt, R. C., Morr, S., Fitzpatrick, P., and Richardson, M. J. (2012). Measuring
the dynamics of interactional synchrony. J. Nonverbal Behav. 36, 263–279. doi:
10.1007/s10919-012-0138-5

Schmidt, R. C., and O’Brien, B. (1997). Evaluating the dynamics of
unintended interpersonal coordination. Ecol. Psychol. 9, 189–206. doi:
10.1207/s15326969eco0903_2

Schmidt, R. C., and Richardson, M. J. (2008). “Dynamics of interpersonal coordi-
nation,” in Coordination: Neural, Behavioral and Social Dynamics, eds A. Fuchs
and V. K. Jirsa (Berlin: Springer Berlin Heidelberg), 281–308.

Schmidt, R. C., Richardson, M. J., Arsenault, C., and Galantucci, B. (2007). Visual
tracking and entrainment to an environmental rhythm. J. Exp. Psychol. Hum.
Percept. Perform. 33, 860. doi: 10.1037/0096-1523.33.4.860

Schmidt, R. C., and Turvey, M. T. (1994). Phase-entrainment dynamics of
visually coupled rhythmic movements. Biol. Cybern. 70, 369–376. doi:
10.1007/BF00200334

Schmit, J. M., Regis, D. I., and Riley, M. A. (2005). Dynamic patterns of postural
sway in ballet dancers and track athletes. Exp. Brain Res. 163, 370–378. doi:
10.1007/s00221-004-2185-6

Shockley, K., Butwill, M., Zbilut, J. P., and Webber, C. L. Jr. (2002). Cross recurrence
quantification of coupled oscillators. Phys. Lett. A 305, 59–69. doi: 10.1016/S0375-
9601(02)01411-1

Simmons, R. W. (2005). Neuromuscular responses of trained ballet dancers
to postural perturbations. Int. J. Neurosci. 115, 1193–1203. doi:
10.1080/00207450590914572

Sofianidis, G., Hatzitaki, V., Grouios, G., Johannsen, L., and Wing, A. (2012a).
Somatosensory driven interpersonal synchrony during rhythmic sway. Hum. Mov.
Sci. 31, 553–566. doi: 10.1016/j.humov.2011.07.007

Sofianidis, G., Hatzitaki, V., and McKinley, P. (2012b). Effects of expertise and
auditory guidance on traditional dance performance. J. Dance Med. Sci. 16,
57–64.

Stoffregen, T. A., Villard, S., Kim, C., Ito, K., and Bardy, B. G. (2009). Coupling
of head and body movement with motion of the audible environment. J. Exp.
Psychol. Hum. Percept. Perform. 35, 1221–1231. doi: 10.1037/a0014251

Takens, F. (1981). “Detecting strange attractors in turbulence,” in Dynamical Systems
and Turbulence, Warwick 1980, eds D. Rand and L.-S. Young (Berlin: Springer-
Verlag), 366–381.

Frontiers in Human Neuroscience www.frontiersin.org October 2014 | Volume 8 | Article 800 | 13

http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Washburn et al. Entrainment in dancers vs. non-dancers

Washburn, A., Coey, C. A., Romero, V., and Richardson, M. J. (2014). Visual multi-
frequency entrainment: can 1: 2, 2: 3, and 3: 4 coordination occur spontaneously?
J. Mot. Behav. 46, 247–257. doi: 10.1080/00222895.2014.893980

Webber, C. L. Jr. (2012). Recurrence quantification of fractal structures. Front.
Physiol. 3:382. doi: 10.3389/fphys.2012.00382

Webber, C. L. Jr., and Zbilut, J. P. (2005). “Recurrence quantification analysis of
nonlinear dynamical systems,” in Tutorials in Contemporary Nonlinear Methods
for the Behavioral Sciences, eds M. A. Riley and G. Van Orden (Washington: NSF),
26–94.

Webber, C. L. Jr., and Zbilut, J. P. (2007). Recurrence quantifications: feature
extractions from recurrence plots. Int. J. Bifurcat. Chaos 17, 3467–3475. doi:
10.1142/S0218127407019226

Wilson, A. D., Collins, D. R., and Bingham, G. P. (2005). Perceptual coupling in
rhythmic movement coordination: stable perception leads to stable action. Exp.
Brain Res. 164, 517–528. doi: 10.1007/s00221-005-2272-3

Wimmers, R. H., Beek, P. J., and van Wieringen, P. C. (1992). Phase transitions in
rhythmic tracking movements: a case of unilateral coupling. Hum. Mov. Sci. 11,
217–226. doi: 10.1016/0167-9457(92)90062-G

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 01 July 2014; accepted: 19 September 2014; published online: 08 October
2014.
Citation: Washburn A, DeMarco M, de Vries S, Ariyabuddhiphongs K, Schmidt
RC, Richardson MJ and Riley MA (2014) Dancers entrain more effectively than
non-dancers to another actor’s movements. Front. Hum. Neurosci. 8:800. doi:
10.3389/fnhum.2014.00800
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Washburn, DeMarco, de Vries, Ariyabuddhiphongs, Schmidt,
Richardson and Riley. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Human Neuroscience www.frontiersin.org October 2014 | Volume 8 | Article 800 | 14

http://dx.doi.org/10.3389/fnhum.2014.00800
http://dx.doi.org/10.3389/fnhum.2014.00800
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Dancers entrain more effectively than non-dancers to another actor's movements
	Introduction
	Materials and methods
	Participants
	Procedure and design
	Data processing
	Measures and analyses
	Cross-correlation
	Cross-wavelet spectral analysis
	Cross-recurrence quantification analysis


	Results
	Cross-correlation
	Cross-wavelet spectral analysis
	Cross-recurrence quantification analysis

	Discussion
	Acknowledgments
	References


