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Abstract
People’s behaviors synchronize. It is difficult, however, to determine whether synchronized

behaviors occur in a mutual direction—two individuals influencing one another—or in one

direction—one individual leading the other, and what the underlying mechanism for syn-

chronization is. To answer these questions, we hypothesized a non-leader-follower postural

sway synchronization, caused by a reciprocal visuo-postural feedback system operating on

pairs of individuals, and tested that hypothesis both experimentally and via simulation. In

the behavioral experiment, 22 participant pairs stood face to face either 20 or 70 cm away

from each other wearing glasses with or without vision blocking lenses. The existence and

direction of visual information exchanged between pairs of participants were systematically

manipulated. The time series data for the postural sway of these pairs were recorded and

analyzed with cross correlation and causality. Results of cross correlation showed that pos-

tural sway of paired participants was synchronized, with a shorter time lag when participant

pairs could see one another’s head motion than when one of the participants was blind-

folded. In addition, there was less of a time lag in the observed synchronization when the

distance between participant pairs was smaller. As for the causality analysis, noise contri-

bution ratio (NCR), the measure of influence using a multivariate autoregressive model,

was also computed to identify the degree to which one’s postural sway is explained by that

of the other’s and how visual information (sighted vs. blindfolded) interacts with paired par-

ticipants’ postural sway. It was found that for synchronization to take place, it is crucial that

paired participants be sighted and exert equal influence on one another by simultaneously

exchanging visual information. Furthermore, a simulation for the proposed system with a

wider range of visual input showed a pattern of results similar to the behavioral results.
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Introduction
Synchronization is defined as spontaneous pattern formation, and has been accounted for by
the “self-organization” system, a mechanism that uses coupled oscillators and is characterized
by its nonlinear dynamics [1,2]. Such pattern formation has been observed in many different
social, physical, and biological systems [3,4]. In human behaviors, at least, the precise underly-
ing mechanism for synchronization is still unclear. As mentioned in Oullier et al. (2008) [5], it
is unclear whether coupled oscillators are required to produce synchronized behaviors and
events (e.g., two individuals equally contributing to synchronization, one individual serving as
a driving force for synchronization). Importantly, in some social events, synchronization takes
place not only without the intention of the individuals involved, but also without a time lag;
thus, an account that explains spontaneity in synchronization is needed. In addition, there is a
methodological challenge that accompanies testing hypothesized systems for synchronization
(for both experimental set-ups and analysis methods); Synchronized behaviors and events are
often fluid, i.e., constantly changing, and can be influenced by unknown factors. The goal of
the present paper is to provide a new account for synchronized phenomena. Specifically, this
paper proposes a visuo-postural feedback system that operates on two individuals, in which the
timing of synchronization depends on the degree of influence of visual input exchanged
between the individuals. By carrying out a well controlled experiment, data analyses with cross
correlation and causality, and a simulation, we demonstrate that such a feedback system is suf-
ficient to explain the synchronization of postural sway between paired individuals.

Exploration of the mechanism underlying social synchronization is important in under-
standing human social behavior. In social activities, such as dancing with a partner, moving a
heavy table together, and playing team sports, interpersonal behavioral synchronization is
achieved without verbal communication and often occurs in both form, i.e., the behaviors or
actions that are matched, and their timing [3]. It seems that humans are equipped with a ten-
dency, perhaps, from birth, to imitate or mimic other individuals’manners or postural move-
ments without intention (or unconsciously). It has been reported that individuals
unconsciously and automatically imitate other people’s behaviors such as facial expressions,
foot shakes, and hand positions [6–10]. These phenomena of “mimicry”may have developed
as part of human evolution. Hattori et al. 2013 [11] describe a chimpanzee that, after some
training, managed to align its finger tapping rhythm to auditory stimuli. Other species such as
birds show vocal synchronization with others of their kind [12]. Thus, synchronization can be,
in part, viewed as mimicry, which may serve as a basis for a wide range of synchronized phe-
nomena in human behavior. Mimicry is focused on synchronized forms or manners of behav-
iors or actions, and thus, the timing of synchronization is often viewed as irrelevant. Some
studies on this topic even suggest that shared behaviors are triggered more often when there is
a longer time lag after an individual’s initial behavior occurs before his or her partner’s behav-
ior takes place [13]. It seems that mimicry or the “chameleon effect” as it is sometimes called, is
a natural part of people’s behavior and likely occurs when they do not notice anything special
or extraordinary [6,9]. Chartrand & Bargh (1999) [6] proposed that a linkage between percep-
tion and behavior plays a key role in mimicry. Their insight into the mimicry mechanism has
relevance to motor-based theories of synchronization for human behavior.

More recent studies highlight the need to investigate the timing of synchronized behaviors
and actions in order to better understand human social behavior. As mentioned already, in the
studies on mimicry, the timing on imitated behaviors is not likely to be critical. In contrast,
rhythmic actions or motions shared by two individuals looking at each other are often
entrained into in-phase unintentional synchronization (e.g., [5,14–16]). Recent studies have
shown that matched timing as well as matched forms of movement induce higher ratings of
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rapport [17] and liking [18] towards one’s partner, and increase cognitive capacities such as
remembering the face and utterances of a partner with whom one interacted [19]. Further-
more, it has been reported that synchronization of more than one action or type of movement
occurs simultaneously between individuals partaking dynamic, higher-order cognitive and
social activities. For example, Shockley et al., 2003 [20] and 2009 [21] found that during coop-
erative conversation, the eye gaze and postural sway of the individuals taking part in conversa-
tion can synchronize, in addition to linguistic factors such as the choice of words and speech
rate. Their study implies that one social factor influences another social factor and underscores
the importance of looking into the entire social event as a whole.

Previous researchers have argued that an essential component of real-time social interac-
tions is reciprocal coupling via perceptual-motor linkages between interacting individuals [22–
26]. In addition, recent well controlled studies have suggested that reciprocal coupling of the
reaction to and the prediction of a partner’s action is the basis of joint actions with either a
short time lag or no time lag at all. Those studies demonstrate that conscious, intentional and
active involvement of individuals in synchronized events is crucial. Konvalinka et al. (2010)
[16] showed that the interpersonal synchronization of rhythmic tapping motions took place
with less variant time lag when the interacting individuals could hear their partner’s tapping
sounds than when they could not. When they could, both members of these tapping pairs
showed the “follower pattern”, meaning that they followed their partner’s actions and vice
versa. In order to follow a partner’s actions, it is essential that individuals predict their actions.
Thus, based on Konvalinka et al.’s findings, we can conclude that interpersonal in-phase syn-
chronization can be facilitated by the mutual ability to predict the other’s subsequent action.
Similar to Konvalinka et al. [16], Noy et al. (2011) [27] have also shown the importance of pre-
dicting their partner’s actions in relation to the timing of synchronization. Specifically, they
investigated improvised movement using a synchronized lever swinging task, in which syn-
chronization was defined as obtaining a small, mean relative difference in velocity and timing
between zero-velocity events. They replicated this phenomenon using a computational model
with reciprocally coupled controllers that react to and predict another’s action.

Considering the spontaneity of social entrainment [5], social synchronization may occur
without any of the predictors suggested by the studies mentioned above [16,27]. To test this
possibility, we developed a behavioral experiment that to the best of our knowledge, satisfies
the factors that were missing in all of the previous studies. We collected time series data for
postural sway of two individuals standing face to face. We controlled the participants’ visual
input. One’s vision is known to control his or her standing posture by generating postural reac-
tions that help to stabilize the individuals with respect to the visual world (see [28] for anterior-
posterior (AP) axis; see [29] for left-right (LR) axis). Compared to the situations in which indi-
viduals’ eyes are closed, the amount of postural sway is reduced by half when their eyes were
open [30,31]. This indicates the prominent influence of visual input on one’s postural control.
Since the natural and unintentional postural sway of an individual is fed back to the partner
through his or her vision, the experimental setting of the present study (see below) is ideal to
evaluate the reciprocal inter-personal interaction with minimum task effort.

Our hypothesis was that a reciprocal and equivalent influence between visuo-motor linkages
between two individuals induces “lag-0 synchronization” of unintentional, non-rhythmic
behavior (i.e., postural sway). Lag-0 synchronization is achieved when there is no time lag in
matched behaviors between pairs of individuals. To test our hypothesis, cross correlation was
applied as an analysis method to look into the relation between the timing of the synchroniza-
tion of postural sway and the exchange of the type of visual input between paired individuals.
To further test our hypothesis we dissociated the influence between paired participants using
autoregressive (MVAR) model estimation and a causality analysis [32–34]. Finally, the time
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series of postural sway of the two individuals were simulated based on the estimated MVAR
model. The results of the present study support our hypothesis, suggesting the significance of
timing to individuals engaged in reciprocal interaction for lag-0 synchronization of postural
sway.

Materials and Methods
The aim of the present paper is to investigate whether or not postural sway is subject to lag-0
synchronization between two individuals and if so, to determine its underlying mechanisms.
To this end, 1) a behavioral experiment, and 2) a model simulation with the use of a multivari-
ate autoregressive model, were conducted.

Participants
A total of 44 females (mean age ± standard deviation = 25.0 ± 7.4 years old) participated in a
behavioral experiment that investigated postural sway between two individuals. All partici-
pants had normal hearing and normal or corrected-to-normal vision. None of the participants
had a history of neurological, psychiatric, or sleep disorders. Each participant was randomly
paired with another participant, resulting in a total of 22 pairs. Prior to the experiment, we
ensured that pairs were not mutually acquainted. The study was approved by the ethical com-
mittee of the National Institute for Physiological Sciences, Japan and conducted according to
the Declaration of Helsinki. All participants gave written informed consent before the experi-
ment started.

Procedures
Pairs of participants were instructed to wear glasses and stand upright face to face in the middle
of a square, sound attenuated room (310 cm × 310 cm). Using a 2 × 4 design with the first fac-
tor DISTANCE (Near, Far) and the second factor VISUAL INTERACTION ((Eyes-)Open-
Open (OO), Blindfold-Open (BO), Open-Blindfold (OB), Blindfold-Blindfold (BB)) (see Fig
1), each pair of participants stood either 20 cm (Near) or 70 cm (Far) away from each other
(Note: The individual that appears in Fig 1 in this paper has given written informed consent, as
outlined in PLOS consent form, to publish the figure). The glasses worn by the participants
had either a frame without lenses to enable their vision (Open condition) or opaque lenses
attached to the frame to block their vision (Blindfold condition). If participants wore glasses in
their daily lives and brought them with them, they wore their own glasses for the Open condi-
tion. For the Blindfold condition, these participants wore the experimenter-provided glasses
with opaque lenses. Participants were asked to remain silent and wear ear plugs to reduce any
ambient noise. Each trial lasted 60 seconds, during which participants stood facing their part-
ners in a manner dictated by one of the four conditions of VISUAL INTERACTION. Eight
counter-balancing lists constructed based on the VISUAL INTERACTION conditions were
pseudo-randomized in blocks based on the DISTANCE conditions and randomly assigned to
each pair of participants. Each paired participants completed a total of 32 trials, consisting of
16 trials of the Near DISTANCE condition and another 16 trials of the Far DISTANCE condi-
tion. During the experimental session, participants were instructed to look at their partner’s
eyes for the Open condition or to look in the direction of their partner’s eyes for the Blindfold
condition. Participants were asked not to close their eyes, except for blinks, for both Open and
Blindfold conditions. Also, they were told to move or not to move their body and to hold still
the position of their head as much as possible. In addition, while standing face to face, they
were asked to think about their partner, not something else. They were explicitly asked not to
count in their heads or think about the duration of the elapsed time. More than a half of the
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participants (i.e., 12 of 22 pairs) filled out the optional questionnaire asking whether they were
aware of their own postural sway or that of their partner. They were also asked if they recog-
nized whether their postural sway was either synchronized or asynchronized with that of their
partner, and whether they intentionally attempted to either synchronize or asynchronize their
postural sway with that of their partner. An experimental session lasted approximately 90 min-
utes, including instructions, optional questionnaire, and debriefing. A short break was pro-
vided if needed.

Recording Device
The experimental room was equipped with eight infrared cameras with a light source
(MCU240, Qualisys AB, Sweden). Cameras were suspended from the ceiling of the room at an
approximately equal distance from one another, enabling the upper body of the participants to
be captured. Five markers attached to the participants’ glasses (at the center of the frame and
both upper left and right corners of where each of the lenses would appear in regular glasses)
recorded their head position and movement. The markers were used as rigid identifiers for the
head position of the participants. Using analysis software (Qualisys Track Manager, Qualisys
AB, Sweden), participants’ head position and movement were calculated. We treated the
recorded position of the participants’ head as the recorded position of their body. The three
spatial axes of the motion capturing fields were calibrated before each experimental session.
Following previous studies (e.g., [35,36]), only the data for the spatial position along the

Fig 1. Test conditions for behavioral experiment. (A) In the behavioral experiment, pairs of female participants were instructed to stand upright, in silence,
facing each other at a toe-to-toe distance of 20 cm (Near) or 70 cm (Far), with their vision enabled (Open) or blocked (Blindfold). (B) Participants wore
examiner-provided glasses with no lenses for the Open condition (left panel) or opaque lenses for the Blindfold condition (right panel). Glasses were
equipped with a motion capture system (5 gray markers) so that on-going changes in participants’ head position (i.e., postural sway) were recorded while the
task illustrated in (A) was performed. (C) Paired participants (x, y) carried out the task illustrated in (A) with four VISUAL INTERACTION conditions for each
DISTANCE condition (Near, Far) (not shown here; see (A)): Open-Open (OO), Blindfold-Open (BO), Open-Blindfold (OB), and Blindfold-Blindfold (BB).

doi:10.1371/journal.pone.0137126.g001
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anterior-posterior (AP) and left-right (LR) axes, but not the rostro-caudal (RC), i.e., vertical,
axis, were analyzed, as postural sway does not usually occur along the RC axis. (Note: For the
reader interested in the signal amplitude of postural sway, see S1 Table.) All data were recorded
with a sampling rate of 200 Hz.

Data Analysis
Motion captured time series data for participants’ postural sway were analyzed using three dif-
ferent analysis methods: 1) a cross correlation analysis, and 2) a causality analysis with a multi-
variate autoregressive (MVAR) model, and 3) a single regression analysis. The cross
correlation analysis allowed us to examine the relation between paired participant’s postural
sway and the time lag (ms) in the synchronization of postural sway in each of the VISUAL
INTERACTION conditions. The causality analysis enabled investigation of the degree to
which participants exerted influence on their partner’s postural sway. The analysis was based
on the estimation carried out by computing how much of the noise variance (i.e., the noise that
was estimated as residual or “driving” noise for the MVAR model) lies in each participant’s
postural sway and how much the noise variance of each participant contributes to the postural
sway of the paired participants. Finally, a single regression analysis was performed for any time
lag calculated in the cross correlation analysis and the degree of bidirectional influence calcu-
lated in the causality analysis. This comprehensive analysis examined the relation between the
degree of influence between paired sighted participants and the time lag in synchronization of
the postural sway.

Cross correlation. For the present study, the Eq in (1) was used. In Eq (1), �x and �y , and σx
and σy indicate the mean and standard deviation of the time series signals, x(t) and y(t), respec-
tively. Nt (Number of time points) was 12000 (60 seconds × 200 Hz). Using the Eq in (1), for
each VISUAL INTERACTION condition (see above), cross correlation was calculated for each
trial for each data set of the two time series signals, x(t) and y(t) before the correlation values
were averaged over all trials for all the data sets.

RxyðtÞ ¼
1

Nt � 1

XNt�t

t

ðxðt þ tÞ � �xÞðyðtÞ � �yÞ
sxsy

ð1Þ

The linear trend of time series signals (x(t) and y(t)) was excluded using the “detrend” func-
tion of MATLAB (The MathWorks Inc, USA) and the signals were filtered using Hanning win-
dows of the same size as the data length before their cross correlation was calculated (the
MATLAB’s “detrend” function computes the least-squares fit of a straight line to the data in
question and subtracts the resulting function from the data). A correlation value for the two
signals was obtained for each shift of a time point of τ. For the three VISUAL INTERACTION
conditions (OO, BO, OB), in the Near DISTANCE condition, the maximum values of correla-
tion were mainly found around 0 second time lag, i.e., from-1 to 1 second. Therefore, the data
analyses conducted in this paper were focused on the time points ranging from-1 to 1 second.
Here “0 second” refers to “lag-0” or full synchronization between the paired participants, i.e.,
no delay in the timing of postural sway between the paired participants. Likewise, “-200 (or
200) milliseconds” is interpreted to mean that the postural sway of one of the participants pre-
ceded (or was followed by) that of her partner by 200 milliseconds. Data for postural sway were
analyzed separately for AP and LR axes. Analyses were carried out using “xcov (cross-covari-
ance)” included in the Signal Processing Toolbox of MATLAB. The time lag (ms) with respect
to lag-0 synchronization detected by the cross correlation curves was tested against 0 ms (i.e.,
lag-0) for the OO condition with one-sample t-tests. The time lags in the BO and OB condi-
tions were tested against those in the OO condition with paired t-tests using Bonferroni
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correction (number of comparisons = 2). Finally, only effects that approached significance
(p< 0.05) are reported in the Results section.

Multivariate autoregressive model estimation and causality analysis. Using an MVAR
model, we computed the noise contribution ratio (NCR), an index representing the degree of
influence between two participants [32–34]. From the analysis options available to us that
result in the same computational output (i.e., the Granger causality test with the recent devel-
opments, e.g., [37]), we chose Akaike causality (see Ozaki, 2012 [33] for the comparison
between the two analysis methods). We did so because this analysis method takes the power
spectrums into account and is focused on computing the degree of influence between the vari-
ables we are interested in. We use the term “causality” with the following strict definition in
this paper: Causality refers to the degree to which one time series data can predict another time
series data. This analysis is useful because it allows us to infer the relation between two time
series data. An MVAR model, specifically, a bi-variate AR model such as the one used in this
study, is a mathematical model of two time series data that can be estimated using the linear
sum of the history of the two time series data with the Eqs in (2) and (3). ai, bi, ci, and di indi-
cate AR coefficients and ux(t) and uy(t) indicate residual noise. Prior to model estimation, time
series data were resampled to 5 Hz (40-point down-sampling using the “decimate” function of
MATLAB to have appropriate time intervals of the estimation (the MATLB’s “decimate” func-
tion applies a 30th order, low-pass finite impulse response (FIR) filter to the original time series
for data resampling). The linear trend of the data was excluded using the “detrend” function in
MATLAB (see above for the information of MATLAB’s “detrend” function). The AR order
(N), which indicates the time length of the history, was selected by minimizing the AIC
(Akaike’s information criterion) in the range from 1 to 20. At the next step, the AR was set to 3
to exclude its effect on the statistical evaluation and avoid overfitting; the averaged AIC change
in the AR order from 3 to 4 was less than one-tenth of the averaged AIC in the AR order from
1 to 2 and therefore, we considered the AR order 3 to be sufficient for the purpose of the pres-
ent analysis. Based on the MVAR model, the power spectrum of the two time series data was
estimated by the sum of the contribution of the x-specific noise (i.e., |α(f)|2σux

2) and that of y-
specific noise (i.e., |β(f)|2σuy

2). NCRy!x(f) was calculated by the Eq in (4) where α(f) and β(f)
are frequency response functions, derived from Fourier transformation via an impulse
response function, using a set of AR coefficients. σux and σuy were noise variance of ux(t) and
uy(t), respectively. NCRx!y(f) was calculated by the Eq in (5) where γ(f) and δ(f) represent the
frequency response functions similar to α(f) and β(f). The NCR was mathematically integrated
by a trapezoidal numerical integration and produced one SNCR value (see the Eq in (6)). (See
[33] for the details of the analysis method and equations adopted here.)

xðtÞ ¼
XN
i¼1

aixðt � iÞ þ
XN
i¼1

biyðt � iÞ þ uxðtÞ ð2Þ

yðtÞ ¼
XN
i¼1

cixðt � iÞ þ
XN
i¼1

diyðt � iÞ þ uyðtÞ ð3Þ

NCRy!xðf Þ ¼
jbðf Þj2suy

2

jaðf Þj2sux
2 þ jbðf Þj2suy

2
ð4Þ
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NCRx!yðf Þ ¼
jgðf Þj2sux

2

jdðf Þj2suy
2 þ jgðf Þj2sux

2
ð5Þ

X
NCRy!x ¼

Z fs=2

0

NCRy!xðf Þdf ð6Þ

The SNCR was analyzed with three-way repeated measures ANOVAs with factors
SENDER (Open, Blindfold), RECEIVER (Open, Blindfold), and DISTANCE (Near, Far). The
first two factors, SENDER and RECEIVER, represent the direction (the start and end point) of
visual information flow, with both SENDER and RECEIVER being either eyes open or blind-
folded. This statistical design was adopted since, as mentioned, the causality analysis investi-
gates the degree of influence on postural sway from one person to another, and importantly,
we were interested in testing whether or not the degree of influence changes depending on the
direction of visual information sent or received between the paired participants (i.e., SENDER,
RECEIVER). The statistical analyses were conducted for AP and LP axes, separately.

Single regression analysis of the results in cross correlation and causality analysis. We
investigated whether the degree of the causal influence between two participants (e.g., one par-
ticipant contributing more than the other) is related to the occurrence of the time lag of the
synchronization for postural sway. To investigate this, we focused on the OO condition, and
the relationship between the SNCR difference of paired participants and the time lag in the
synchronization was assessed across all pairs of participants using a single regression analysis
(Eq (7)).

Yn ¼ B0 þ B1Xn ð7Þ

In the Eq in (7), Xn and Yn is the difference in SNCR and time lag of the synchronization
for each pair of participants, respectively. B0 and B1 indicate the intercept and slope of the
regression, respectively.

Model simulation. Virtual postural sway between virtually created paired participants
(xsim(t) and ysim(t)) was simulated using empirically pre-estimated AR coefficients obtained
from the OO, BO, and OB conditions in the reported behavioral study (see above) and artificial
noise input (Fig 2). This was done to further investigate the relationship between interpersonal
influence and the time lag of postural sway synchronization. Importantly, such a simulation
allowed us to systematically evaluate the validity of our proposed model with a wider range of
input. The artificial noise input was made from a white noise wi(t) (i.e., w1(t) and w2(t) in Eqs
(8) and (9)) produced by the MATLAB’s function, “randn” (the MATLAB’s “randn” function
generates random numbers in a normally distribution with the mean = 0 and standard devia-
tion = 1). The virtual postural sway (xsim(t) and ysim(t)) was computed using the different pairs
of artificial noise input for each of the three conditions of VISUAL INTERACTION (OO, BO,
and OB) (Eqs (8) and (9)). The simulation was repeated 40 times for each of the virtually cre-
ated paired participants, for the same number of trials and conditions as the actually conducted
behavioral experiment. An analysis of cross correlation was performed for the simulated data,
just like the behavioral experiment (see the Eq in (1) above). The mean cross correlation was
calculated and the time lag of the virtual postural sway synchronization was detected. For each
of the three conditions of VISUAL INTERACTION (OO, BO, and OB), we checked the rela-
tionship between the time lag of behavioral data and that of simulated data using a single
regression analysis (Eq (7), with X and Y, the time lag of simulated and those of behavioral
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data, respectively). Then, the results of time lag of simulated data in the OO condition was
tested against 0, using a one-sample t-test. The time lag results of simulated data in the BO and
OB conditions were tested against those in the OO condition using paired t-tests. In both single
regression analysis and t-tests, p-values were Bonferroni corrected (p-values in the results indi-
cate corrected p-values unless otherwise noted).

xsimðtÞ ¼
XN
i¼1

aixðt � iÞ þ
XN
i¼1

biyðt � iÞ þ w1ðtÞ ð8Þ

ysimðtÞ ¼
XN
i¼1

cixðt � iÞ þ
XN
i¼1

diyðt � iÞ þ w2ðtÞ ð9Þ

Results

Questionnaire Results Supporting the Performed Behavioral Task
Of the 24 participants that filled out the optional questionnaire, almost all (23 out of 24) were
aware of their own postural sway, and 75% (18 out of 24) were also aware of their partner’s pos-
tural sway. However, none of these participants noticed that their postural sway was

Fig 2. Simulation procedures. The upper figures show a model estimation process for a bi-variate AR
model (upper right figure) based on the time series data of paired participants’ postural sway (i.e., their head
position) obtained in the behavioral experiment (upper left figure). “x” and “y” represent each of the paired
participants in the behavioral experiment, and “x(t)” and “y(t)” correspond to the time series data of their
postural sway. The lower figures show a model simulation process to generate simulated postural sway data
(lower left figure) using the bi-variate ARmodel (lower right figure). “xsim(t)” and “ysim(t)” represent simulated
time series data for the postural sway of paired participants. During the simulation process, the residual noise
(ux(t) and uy(t)) incurred as a result of the model estimation of the AR-model (upper right figure) was replaced
with artificial noise (w1(t) andw2(t)) (lower right figure). The artificial noise was used as driving input to
generate the simulated data of postural sway of paired participants. The simulation process was repeated 40
times with 40 different sets of artificial noise over the model parameters based on four trials, each with four
VISUAL INTERACTION conditions (see Fig 1), carried by 22 paired participants in the behavioral
experiment.

doi:10.1371/journal.pone.0137126.g002
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synchronized with that of their partner. All participants that filled out the questionnaire
reported that they did not attempt to either synchronize or asynchronize their postural sway
with their partner. These results suggest that the experiment was conducted as we intended
and support the findings that the synchronization of postural sway between pairs of partici-
pants occurred unintentionally.

Time Lag of the Postural Synchronization Revealed by Cross
Correlation
Postural coordination of an AP axis for the Near DISTANCE condition showed a time lag in
the OO condition of 78 ± 239 ms (mean ± SD). This result was not significantly different from
0 ms (p = 0.140). In contrast, for the same axis (AP) and DISTANCE (Near) conditions, both
BO and OB conditions showed a significantly and systematically different time lag (Open par-
ticipants delayed) from that in the OO condition (BO: -220 ± 529 ms, p = 0.016; OB: 448 ± 254
ms, p< 0.001) (see Fig 3). These results imply that lag-0 synchronization (i.e., no time lag in
postural sway synchronization between two participants) occurred when two participants both
had their eyes open. They also suggest that when one of the participants was blindfolded (BO
or OB condition), postural sway of the blindfolded participants preceded that of their sighted
partners. Postural sway along the LR axis for the Near DISTANCE condition showed results
similar to those of the AP axis: Time lag in the OO condition was not significant against 0 ms
(OO: 51 ± 201 ms, p = 0.244) and the time lag in the BO and OB conditions was significantly
different against that in the OO condition (BO: -305 ± 491 ms, p = 0.013; OB: 309 ± 390 ms,
p = 0.033). The Far DISTANCE condition for both AP and LR axes showed the patterns of
results similar to those of the Near DISTANCE conditions (see S1 Fig); however, nothing
approached significance, and the condition-specific time lag differences were not clear (For
AP, OO: 19 ± 446 ms, p = 0.843; BO: 115 ± 784 ms, p = 0.617 (uncorrected); OB: -62 ± 692 ms,
p = 0.645 (uncorrected); for LR, OO: -15 ± 428 ms, p = 0.873; BO: -130 ± 534 ms, p = 0.425
(uncorrected); OB: 57 ± 718 ms, p = 0.720 (uncorrected)). (See S1 Table for the signal variance
of postural sway in all conditions.) For the full datasets of postural sway, see S1 Data (for the
Near Distance condition) and S2 Data (for the Far Distance condition).

Interpersonal Influence on Postural Sway Synchronization
A three-way repeated measures ANOVA with factors SENDER (Open, Blindfold), RECEIVER
(Open, Blindfold) and DISTANCE (Near, Far) was carried out for LR and AP axes, separately
(for the statistical results, see Table 1; for the results for an AP axis, see Fig 4). For both AP and
LP axes, there was a significant interaction between SENDER and RECEIVER and between
RECEIVER and DISTANCE (see Table 1(A)). Because of the significant interactions, two-way
repeated measures ANOVAs with the factors DISTANCE and SENDER were conducted for
Open and Blindfolded RECEIVER for both AP and LP axes. For the AP axis, effects of
SENDER and DISTANCE were significant for Open RECEIVER (see Table 1(B)). The signifi-
cant effect of SENDER found here implies that paired participants being OPEN, i.e., both
receiver and sender being sighted, exert great influence on each other in postural sway synchro-
nization. As for the significant effect of DISTANCE, such a result suggests greater importance
for the receiver role (i.e., the receiver’s contribution to postural synchronization) in the Near
DISTANCE condition than in the Far DISTANCE condition, for open, as opposed to blind-
folded, sender. This pattern of the results was also supported by the results of a simple regres-
sion analysis between the difference in SNCR for paired participants and the time lag in their
postural synchronization (see Fig 5). (Note: For the LR axis, the Blindfolded RECEIVER
showed a significant interaction with SENDER and DISTANCE. This effect seems to be a
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random effect, considering all other results reported in this paper. However, it should be noted
that further investigation is needed.)

Relation between Participants’ Bi-Directional Influence and Time Lag for
Postural Sway Synchronization
A simple regression analysis between the difference in SNCR for paired participants and the
time lag in postural sway synchronization was carried out. The analysis was conducted for the
OO condition (i.e., when both participants were sighted) in the Near DISTANCE condition
(see Fig 5 for the results). The difference in SNCR between paired participants showed a

Fig 3. Cross correlation results for participants’ postural sway. The figure shows grand averaged cross correlation curves for participants’ postural sway
data for each of the VISUAL INTERACTION conditions (OO, BO, OB, and BB) (see Fig 1 for the test conditions). Curves are plotted for postural sway along
an Anterior-Posterior (AP) axis and for the Near DISTANCE condition only. The x-axis represents “time lag (ms)” centered around 0 up to ± 5000 ms, and the
y-axis represents the “correlation value”. The solid lines indicate the means of each condition and the pale color areas standard error of the mean (SEM).
Colored crosses over the lines indicate the peak of the curves at the time point around 0 ms, before and after 0 ms, with respect to the lag-0 time point (0 ms)
for the OO, BO, and OB conditions, respectively. The horizontal line of the cross indicates SEM for the time lag of the peaks. The vertical line of the cross
indicates SEM for the amplitude (correlation value) of the peaks. This suggests full synchronization of postural sway (with no time lag) between paired
participants when they both had their eyes open (the OO condition). When only one of the paired participants had her eyes open, postural sway was
synchronized, but occurred slightly earlier (the BO condition) or later (the OB condition) than the lag-0 time. The BB condition had no apparent peak in the
correlation curve, showing that postural sway did not synchronize when paired participants were both blindfolded. (See S1 Fig) for the results for the Near
DISTANCE condition along a Left-Right (LR) axis as well as the results for the Far DISTANCE condition along both AP and LR axes).

doi:10.1371/journal.pone.0137126.g003
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significant positive slope with the time lag in postural sway synchronization (B1 = 68.71,
t = 2.956, p = 0.008) but not for its intercept (B0 = 56.86, t = 1.291, p = 0.212). This result dem-
onstrates that equivalent influence on participants induced lag-0 synchronization, and that the
more the participants were influenced by their partners, the longer the time lag.

Simulation Based on a Multivariate Autoregressive Model
The experimental results of the time lag in postural sway along the AP axis for the Near DIS-
TANCE condition were replicated in our simulation. The time lag of postural sway synchronization
in the simulated data was correlated with that in the behavioral data across pairs of participants
in the OO, BO, and OB conditions (OO: B1 = 1.23, t = 6.866, p< 0.001; B0 = -6.37, t = 0.206,
p = 0.839 (uncorrected); BO: B1 = 1.20, t = 5.912, p< 0.001; B0 = 61.07, t = 0.723, p = 0.478; OB:
B1 = 0.68, t = 4.700, p< 0.001; B0 = 178.26, t = 2.586, p = 0.018). In addition, the time lag in the
OO condition was 68 ± 163 ms (mean ± SD). This result was not significantly different from 0ms
(p = 0.061). The time lag in both BO and OB conditions was significantly different from that in the
OO condition (BO: -235 ± 353 ms, p< 0.001; OB: 397 ± 271 ms, p< 0.001) (see Fig 6). These sim-
ulated results are consistent with the results of the behavioral experiment reported above and rein-
force our proposal about lag-0 synchronization of postural sway between two individuals.

Discussion

Lag-0 Synchronization
We found lag-0 synchronization in the postural sway of sighted individuals who were standing
face to face. In previous studies, synchronization has been observed in the postural and manual

Table 1. Statistical results for the integrated noise contribution ratio (ΣNCR).

A Three-way ANOVA (AP) Three-way ANOVA (LR)

Effect df F-value p-value ηP
2 df F-value p-value ηP

2

SENDER 1,43 2.95 . 093 . 064 1,43 7.93 . 007** . 156

RECEIVER 1,43 133.14 <.001*** . 756 1,43 101.89 <.001*** . 703

DISTANCE 1,43 87.18 <.001*** . 670 1,43 51.39 <.001*** . 544

SENDER×RECEIVER 1,43 4.29 . 044* . 091 1,43 9.68 . 003** . 184

SENDER×DISTANCE 1,43 <1 . 856 . 001 1,43 <1 . 774 . 002

RECEIVER×DISTANCE 1,43 73.51 <.001*** . 631 1,43 53.25 <.001*** . 553

SENDER×RECEIVER×DISTANCE 1,43 <1 . 420 . 015 1,43 3.73 . 060 . 080

B Following two-way ANOVA (AP) Following two-way ANOVA (LR)

RECEIVER: Open

Effect df F-value p-value ηP
2 df F-value p-value ηP

2

SENDER 1,43 4.34 . 043* . 092 1,43 10.88 . 002** . 202

DISTANCE 1,43 93.39 <.001*** . 685 1,43 60.28 <.001*** . 584

SENDER×DISTANCE 1,43 <1 . 730 . 003 1,43 <1 . 403 . 016

RECEIVER: Blindfold

Effect df F-value p-value ηP
2 df F-value p-value ηP

2

SENDER 1,43 <1 . 755 . 002 1,43 <1 . 974 <.001

DISTANCE 1,43 <1 . 567 . 008 1,43 <1 . 892 <.001

SENDER×DISTANCE 1,43 1.52 . 225 . 034 1,43 6.13 . 017* . 125

(A) Global ANOVAs for postural sway along anterior-posterior and left-right axes. (B) Post-hoc ANOVAs for the RECEIVER condition for Open and

Blindfold.

***, ** and * in the tables indicate p-values < 0.001, < 0.01, and < 0.05, respectively. Partial eta-squared (ηP
2) represents the effect size.

doi:10.1371/journal.pone.0137126.t001
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Fig 4. Magnitude of influence on participants’ postural sway and its relation to visual state. (A) The
figure illustrates the design of the analysis conducted. (Note: Only two factors (SENDER vs. RECEIVER,
each with Open or Blindfold, are shown. The third factor, DISTANCE is not). SENDER and RECEIVER
correspond to the direction of the exchange of visual information (participants serving the role of sending
visual information and the role of receiving it, respectively). For each role, the participants were either sighted
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movements of individuals participating in cooperative tasks [27,38] and rhythmic movements
(e.g., [5,14,15,26]). More recently, Yun et al. (2012) [39] reported lag-0 synchronization of
non-rhythmic movements when paired participants pointed and held their index fingers

(Open) or blindfolded (Blindfold). (B) ΣNCR (%) along the y-axis shows the magnitude of influence on
postural sway between paired participants. The direction of the exchange of visual information (SENDER vs.
RECEIVER) for the four experimental conditions is indicated on the x-axis (see (A)). The left side of each of
the paired visual states separated by slashes corresponds to SENDER and the right side RECEIVER (e.g., in
case of Blindfold/Open, the SENDER is blindfolded and the RECEIVER is sighed). The dark bars show the
results for the Near DISTANCE conditions and the light bars the results for the Far DISTANCE conditions.
The results are plotted for the postural sway along the anterior-posterior axis only. The figure illustrates a
significant interaction between the direction of information flow (SENDER vs. RECEIVER) and DISTANCE
(Near vs. Far). The amount of influence the RECEIVER received was significantly larger when the SENDER
had eyes Open than Blindfolded (compare the left two cases, i.e., Open/Open and Blindfold/Open against the
right two cases, i.e., Open/Blindfold and Blindfold/Blindfold). In addition, participants showed the
aforementioned postural sway influence to a larger degree in the Near DISTANCE conditions than in the Far
DISTANCE conditions (compare the dark bars in the left two states against the corresponding light bars). See
Table 1 for the statistical results.

doi:10.1371/journal.pone.0137126.g004

Fig 5. Relation between participants’ influence and time lag for postural sway synchronization. Each
dot in the figure represents the average of all trials for each of the paired participants. The data are plotted in
the following way. X-axis values represent differences in paired participants’ influence on one another’s
postural sway (estimated by ΣNCR difference (%)), and y-axis values represent the time lag (ms) that
occurred when postural sway was synchronized. These data come from the Open-Open condition (see Fig 1
for the test conditions) and account for postural sway along an anterior-posterior axis only. As the figure
shows, when the time lag is closer to 0, the ΣNCR difference (%) is closer to 0, i.e., the level of influence that
paired participants exerted on one another was close to the same. This observation was supported by the
regression analysis between the two factors (see the regression line included in the figure).

doi:10.1371/journal.pone.0137126.g005
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towards one another. As the pointing was done consciously, the participants in this study can
be viewed as having shared a common goal. In our study, lag-0 synchronization of postural
sway occurred unconsciously (without intent) and without any shared goal or cooperative task.
(As noted earlier, no explicit instruction concerning the performed task was given to the partic-
ipants; they were not instructed to move or not to move their body during the experiment.) In
addition, the present study demonstrated that the reciprocity of visual information is critical
for lag-0 synchronization, i.e., lag-0 synchronization occurs between sighted pairs of individu-
als. In other cases, either a time lag in the postural sway synchronization or no synchronization
of postural sway occurs. Similar to our study, Noy et al. (2011) [27] showed the importance of
the reciprocity of visual information for lag-0 synchronization. In their study, joint improvisa-
tion by expert actors and musicians created complex motions that were synchronized to less
than 40 ms. To account for the observed phenomenon, they proposed a mirrored reactive-pre-
dictive controller system, in which two controllers, each of which tracks the leader’s input and
output and the follower’s movement. Their system was configured like a mirror such that the
output velocity of one controller served as the input for the other. While the single controller
system showed some jitters (overshooting and undershooting of the output compared to the
input), the mirrored configuration resulted in synchronized joint motion with no jitters. The
gist of their proposal is that synchronized joint motion is a result of an implicit agreement
between individuals that can predict their partner’s future motion. Different from our proposal,
their proposal requires the presence of a reactive-predictive controller and its learning process.
As discussed below, the reciprocal feedback system proposed in this study is simple yet cap-
tures synchronization that is unpredictable and is a result of the task performed by individuals
unintentionally.

Mechanism for Lag-0 Synchronization and Its Evidence
We proposed a reciprocal visuo-motor feedback system that accounts for lag-0 synchroniza-
tion. The essence of our proposed system lies in the crucial relation between time lag in pos-
tural synchronization and the amount of visual information which individuals receive from
their partners. To test our proposed system, both a behavioral experiment and a simulation
with a wider range of input were carried out. The results of the reported behavioral experiment
showed that the difference in the NCR calculated for each pair of the participants was positively
correlated with the time lag in the postural sway synchronization (see Fig 5 above). In support
of our proposal, the balanced relation in the amount of visual influence on paired participants
led to lag-0 synchronization. The causality evaluated by the NCR represented the dynamics of
the real-time mutual interaction between the persons standing face to face. It has been stressed
that “with any phenomenological time series model, we should not jump into any conclusion
without confirming the whiteness and mutual independence of the driving noise” [33]. There-
fore, we conducted a simulation by reconstructing the time series data and utilizing the esti-
mated AR parameters with newly generated paired, white and driving noises, which were
independent to each other. This simulation replicated the findings of the reported behavioral
study (see Fig 6 above).

Non-Linear Interaction
The postural sway, observed as a result of the reported experiment, showed that the degree of
influence calculated by means of the NCR differed between participants who were both sighted
(i.e., SENDER and RECEIVER being both Open) and mixed blindfolded/sighted pairs (i.e.,
SENDER and RECEIVER being either Blindfold/Open or Open/Blindfold) (see Fig 4 and
Table 1). Specifically, the feedback system involved in the postural sway synchronization in
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Fig 6. Simulated results for time lag in synchronization. The figure illustrates the relationship between the synchronization time lag for the simulated and
the behavioral data (for the simulation procedures, see Fig 2). The colored dots, green, red, and blue, in the figure correspond to the results for the Open-
Open, Blindfold-Open, and Open-Blindfold conditions, respectively. The same color was used for the regression line for each of the conditions. The slope for
each regression line was significantly higher than 0, suggesting a positive relation between the simulated and behavioral data.

doi:10.1371/journal.pone.0137126.g006
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this study was more efficient, triggering lag-0 synchronization, when both participants were
sighted, compared to the cases in which one of the participants was blindfolded. This finding
indicates that the feedback system operating in postural sway is non-linear in a sense that the
degree of influence on sighted participants (i.e., Open/Open) cannot be explained by the sum-
mation of the degree of influence on the sighted participants in the conditions in which only
one of the participants was sighted (i.e., Blindfold/Open and Open/Blindfold). The non-linear-
ity described here may be interpreted as a result of the individual’s unconscious sensitivity to
another individual’s postural sway. Such sensitivity to one’s partner’s postural sway might have
contributed to the increased efficiency of the feedback system in the two sighted partner case.
The non-linearity observed in the present study results may be related to contingency detection
between one’s own behavior and a consequential social event, which is often absent in disor-
ders such as autism spectrum disorder [40,41]. Another possibility might be that in postural
sway, which is subjected to higher variability [30,31], the blindfolded person might have less
impact on her sighted partner. These and other possible accounts should be investigated.

Functional Implication of “Causality”
We suggest the maintenance of personal space likely plays a role in one’s postural sway. Specifi-
cally, the maintenance of one’s personal space seems to have a significant impact on the syn-
chronization of postural sway along the AP axis. In the reported behavioral experiment, when
one of the paired participants swayed forward, her partner swayed back, and vice versa. This
suggests that maintaining an appropriate degree of personal space [42] may be one of the driv-
ing forces of the causality. This interpretation is supported by the fact that causality was larger
in the Near DISTANCE condition than in the Far DISTANCE condition. In the Near DIS-
TANCE condition, the personal space of participants was more closely co-located, and so pos-
sibly more “repulsive force”.

It is well documented that movement of visual surroundings induces body displacement in
the same direction as that of the visual stimuli [29,43–45]. Visual surroundings may also serve
as one of the driving forces for the causality. The postural sway along the LP axis, though not
restricted to the LP axis, may be a good example here. In the left-right axis, postural sway
occurred in the same direction between paired participants. In other words, the postural sway
of the paired participants occurred in a mirror image, i.e., one of the paired participants moved
to her right and then her partner to her left, and vice versa. Since visual proprioceptive infor-
mation is generally more sensitive if the person is facing a nearby object [44], in the face to face
standing condition, visual input signaling the partner’s body or head position perhaps plays a
direction-specific role in the unconscious (or unintentional) control of postural sway. This
applies to the synchronization of postural sway along both AP and LP axes. Interesting future
research includes questioning whether and if so how factors such as personal space and sur-
rounding visual input modulate the synchronization of postural sway in more dynamic social
interactions between individuals.

Conclusions
This paper demonstrated that reciprocal exchange of visual information results in lag-0 syn-
chronization of the postural sway between sighted participants standing face to face. The
experimental paradigm reported in this paper provides an empirical method for exploring the
physiological basis for lag-0 synchronization. In addition, the present study showed that an
MVAR model, specifically Akaike causality, serves, as a useful tool for quantifying the degree
of contribution of individuals taking part in synchronized postural sway. We believe that the
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findings in the reported experiment and the proposed mechanism for lag-0 synchronization
can be extended to other synchronized movements and events that are observed in daily life.

Supporting Information
S1 Data. Full datasets for the postural sway in the behavioral experiment (Near Distance
condition). The file includes the postural sway data (in MATLAB format) for all participants
for the Near Distance condition in the reported behavioral study.
(ZIP)

S2 Data. Full datasets for the postural sway in the behavioral experiment (Far Distance con-
dition). The file includes the postural sway data (in MATLAB format) for all participants for
the Far Distance condition in the reported behavioral study.
(ZIP)

S1 Fig. Cross correlation results for participants’ near distance postural sway along a left-
right axis and both near and far distances along both anterior-posterior and left-right axes.
Three figures above show grand averaged cross correlation curves for participants’ postural
sway for each of the VISUAL INTERACTION conditions (OO, BO, OB, and BB) (see Fig 1 for
the test conditions) for the Near DISTANCE condition along a Left-Right (LR) axis (see (A))
and the results for the Far DISTANCE condition along both AP and LR axes (see (B) and (C)).
See Fig 3 for information about how the figures were plotted.
(TIF)

S1 Table. Signal variance of postural sway. The units used in the table are mm. AP, LR, and
RC stand for Anterior-Posterior, Left-Right, and Rostro-Caudal axes, respectively. Near and
Far correspond to Near and Far DISTANCE tested in the reported experiment. The notation
used for the conditions works as follows: "O (with partner: B)" means the signal variance (or
the amplitude) in the postural sway for the (Eyes-)Open participants when their partners were
blindfolded.
(TIF)
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