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Abstract In activities such as dancing and sports, people
synchronize behaviors in many different ways. Synchroni-
zation between people has traditionally been characterized
as either perfect mirroring (1:1 in-phase synchronization,
spontaneous synchrony, and mimicry) or reflectional mir-
roring (1:1 antiphase synchronization), but most activities
require partners to synchronize more complicated patterns.
We asked visually coupled dyads to coordinate finger move-
ments to perform multifrequency ratios (1:1, 2:1, 3:1, 4:1,
and 5:1). Because these patterns are coordinated across and
not just within individual physiological and motor systems,
we based our predictions on frequency-locking dynamics,
which is a general coordination principle that is not limited
to physiological explanations. Twenty dyads performed five
multifrequency ratios under three levels of visual coupling,
with half using a subcritical visual information update rate.
The dynamical principle was supported, such that multi-
frequency performance tends to abide by the strictures of
frequency locking. However, these constraints are relaxed
if the visual information rate is beyond the critical informa-
tion update rate. An analysis of turning points in the oscil-
latory finger movements suggested that dyads did not rely
on this visual information to stabilize coordination. How
the laboratory findings align with naturalistic observa-
tions of multifrequency performance in actual sports teams
(Double Dutch) is discussed. Frequency-locking accounts
not only for the human propensity for perfect mirroring but
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also for variations in performance when dyads deviate from
mirroring.

Keywords Dynamics - Groups - Perceptual coupling -
Rhythmic movement - Teams

Introduction

Like entropy or gravity, synchronization is a force of nature
that governs the behavior of systems from fireflies to plan-
ets (Strogatz 2003). This force often manifests itself in
humans as an overwhelming tendency to mirror each other.
Mirroring is the simplest form of synchronization (a 1:1
movement relation) that is commonly observed in human
interactions. In social interactions, for example, this force
may play a role in the chameleon effect, wherein people
unconsciously mirror the movements of others (Chartand
and Bargh 1999). Even in simple rhythmic tasks, in-phase
or symmetric coordination (perfect mirroring) is most
common (Amazeen et al. 1998; Kelso 1995) and occurs
spontaneously during both intentional and unintentional
interpersonal coordination (Ouiller et al. 2008; Richardson
et al. 2007; Varlet and Richardson 2015). However, there
are many activities—such as dancing or playing sports—
that require people to coordinate more complicated, non-
mirroring patterns. In this study, we investigate how dyads
coordinate across perceptual channels to perform rhyth-
mic multifrequency patterns in which participants syn-
chronize movements whose frequencies differ (e.g., 2:1
or 3:1). In particular, we seek to determine the role visual
coupling mechanisms play in interpersonal multifrequency
coordination.
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Empirical underpinnings of interpersonal
multifrequency coordination

An everyday example that illustrates the necessity of coor-
dinating non-mirroring movements in the individual is the
act of tying one’s shoelaces. Gorman and Crites (2015)
instructed participants to tie an “experimental shoe” as
quickly as possible and measured synchronization between
their hands. They found that the ability to move the hands
independently (to not mirror) is fundamental to tying and
is presumably practiced from an early age (Albert and Ivry
2009). However, in unpracticed, interpersonal tying (with
each person handling one lace), the spontaneous tendency
to mirror overwhelmed the requirement for differently
timed synchronization and performance suffered. Although
participants intended to produce movement patterns char-
acteristic of individual tying, in a novel interpersonal set-
ting, the need to visually couple their movements was suf-
ficiently strong to induce mirroring between their hands.

Indeed, hundreds of experiments on individuals have
found an overwhelming tendency to produce mirror pat-
terns between their fingers when the only requirement is
to rhythmically oscillate their left and right index fingers
together, either up-down or left-right (Kelso 1984; Ama-
zeen et al. 1998). The most common patterns are in-phase
(perfect mirroring) and antiphase (reflectional mirroring),
the latter of which is performed less often and with less sta-
bility. Other patterns, characterized by some phase offset,
require extensive practice for stabilization to occur (Ama-
zeen 2002; Fontaine et al. 1997; Lee et al. 1995; Swinnen
et al. 1997; Tuller and Kelso 1989; Yamanishi et al. 1980;
Zanone and Kelso 1992a, b, 1997). Similarly, patterns in
which the oscillators are in a multifrequency relation, for
example, 2:1 or 3:1, require practice or visual/acoustic aid
to be performed stably (Amazeen et al. 2001; Gonzalez
et al. 2010, 2014; Hessler et al. 2010; Mechsner et al. 2001;
Peper et al. 1995).

However, there is a growing body of research that dem-
onstrates this preference in interpersonal coordination as
well, in which movements are coupled visually or through
some other perceptual channel, which can be understood
using coupled oscillator theory (Amazeen et al. 1995; Gip-
son et al. 2016; Ouiller et al. 2008; Schmidt et al. 1990;
Richardson et al. 2007). For example, Ouiller et al. (2008)
found that visual coupling (being able to see the other
person’s hand) is sufficient to induce spontaneous 1:1 in-
phase synchronization (perfect mirroring) between dyads’
finger oscillations. However, the role of perceptual cou-
pling in interpersonal multifrequency coordination is rela-
tively unexplored. In this study, we control dyads’ access
to visual information to demonstrate how perceptual cou-
pling modulates intentional multifrequency performance.
Given that interpersonal multifrequency performance is
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coordinated across and not just within individual physio-
logical and motor systems, we based our predictions on fre-
quency locking, which is a general coordination principle
that is not limited to physiological and motor explanations
within the body.

Frequency locking and interpersonal dynamics

Frequency locking describes the stability of any ratio, p:q
(where p and g are integers), where one oscillator (here,
a finger) performs p cycles for every g cycles of another
oscillator (another person’s finger). Frequency locking is
ideal for modeling movement relations because it identifies
regions of stable performance for coupled oscillators mov-
ing in any frequency relation (Bak 1986; Pikovsky et al.
2001). Frequency locking governs the behavior of coupled
physical, chemical, and biological oscillators (Glazier and
Libchaber 1988), but its applicability to interpersonal coor-
dination is unknown. We focus on empirical predictions
from a two-frequency resonance model (Peper et al. 1995)
that can be understood using two graphical representations
called the Arnold tongues and Farey tree (Fig. 1).

Arnold tongues (Fig. 1a) identify regions of stable per-
formance (black tongues) as a function of two parameters:
the ratio of uncoupled frequencies (£2), often manipulated
in experiments as the intended frequency ratio, and cou-
pling strength (K) between the oscillators. An infinite num-
ber of tongues exist between £2 = 0 and €2 = 1, and predic-
tions can be made about all of them, although most ratios
are too unstable to be performed. The combined motion of
coupled oscillators is periodic and closely follows the Farey
sequence (Fig. 1b), which we use to guide selection of spe-
cific ratios for testing.

Performance stability is related to tongue width and
Farey level, such that performance of some ratios (e.g.,
2:1) is predicted to be more stable (less variable) than oth-
ers (e.g., 4:1). Notice also that tongue width increases as
coupling strength increases. We will test the hypothesis
that coupling strength can be operationalized in interper-
sonal multifrequency coordination as visual information
exchange to control the “tongue width” of any ratio (i.e.,
accuracy and stability of multifrequency performance). To
test that hypothesis, we manipulate the amount of visual
information exchange (K) between a dyad performing dif-
ferent intended multifrequency ratios (£2) by periodically
occluding their vision. We manipulate also rate of visual
occlusion to examine these dynamics in the context of an
inherent characteristic of the visual system, namely, the
tendency to “fill in” missing information when there are
small versus large gaps in the visual stream.

In addition, research on perceptual coupling of move-
ment to an oscillatory stimulus (here, another person’s fin-
ger movements) has shown the importance of tracking with
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Fig. 1 a The black Arnold tongues represent the periodic behav-
ior of coupled oscillators in an iterated circle map (6, , =6, + 2
— K27wxsin[2nd,]; O=phase of oscillation), a mathematical model
of the interpersonal behavior examined in this study. The width of
the Arnold tongues corresponds to predicted stability of frequency
ratios as a function of the intended ratio (£2) and coupling strength
(K) between coupled oscillators. b The relative stability of ratios is
depicted in the Farey tree, where higher levels correspond to less sta-
ble ratios. For ease of interpretation, we assume that whole number
ratios (1:1, 2:1, 3:1, etc.) correspond to fractional ratios (1:1, 1:2, 1:3,
etc.) in terms of relative pattern stability. “Simple” ratios, of which
mirroring (1:1) is predicted to be the most stable, are circled because
they are specifically tested (1:1, 2:1, 3:1, etc., up to Farey Level 4) in
this study

the eyes when the stimulus is occluded (Hajnal et al. 2009).
By occluding different phase locations of the stimulus, this
research demonstrates how “turning points” (i.e., when the
stimulus is at either the peak or the trough of its cycle) can
provide privileged visual information that ensures stable
coordination during intentional synchronization. This sug-
gests that intentionally coordinating dyads may be able to
stabilize multifrequency performance by adjusting their
turning points to coincide with un-occluded portions of the
visual stream. To test for this possibility, we measure the
proportion of turning points that occur during un-occluded
portions of participants’ visual stream. If dyads do adjust
their turning points to facilitate coordination, then we
expect a higher-than-random proportion of turning points
to fall within the un-occluded portion of participants’ vis-
ual stream. Alternatively, visual tracking may facilitate
coordination by increasing the overall amount of visual
information that is picked up, rather than privileged turn-
ing points (Varlet et al. 2015). If coordination accuracy and
stability depends on amount of occlusion and not the use of

turning points, then it may provide support for this second
viewpoint.

The current study

According to the model, intended ratio (£2) and coupling
strength (K) control multifrequency performance. In terms
of accuracy and stability (variability) of human perfor-
mance, those model predictions have been supported in
experiments on individuals’ finger oscillations using drum-
mers (Peper et al. 1995), novice participants (deGuzman
and Kelso 1991; Treffner and Turvey 1993), in motor-res-
piratory coordination (Amazeen et al. 2001; Hessler and
Amazeen 2014; Hessler et al. 2010), and in spontaneous
coordination between participants and stimuli (Washburn
et al. 2014). Model predictions have even been shown
to constrain visual perception of multifrequency ratios
(Gonzales et al. 2010). However, these frequency-locking
dynamics have never been tested on intentional perfor-
mance of frequency ratios in visually coupled dyads.

Method
Participants

Forty undergraduates (20 dyads) from Texas Tech Univer-
sity participated for partial course credit. The study com-
plied with the principles of the Helsinki Declaration and
was approved by the Institutional Review Board of Texas
Tech University. Participants’ mean age was M=20.05
(SD=3.11), and 57.5% were female. Four dyads were all
male; seven were all female; and nine were mixed-gender.
One dyad reported knowing each other (classmates) prior
to the experiment. All participants were required to be
right-handed with normal or corrected-to-normal vision
and hearing.

Apparatus

Participants sat facing each other with their right elbow
resting on a table and oscillated their right index finger by
flexing and extending around the first metacapophalangeal
joint (Fig. 2). Participants sat at separate tables situated so
as not to be touching so that participants could not couple
via haptic information. Participants gripped a 2" diam-
eter, 6” long PVC pipe with their other fingers and thumb
to ensure movement of their index finger only. The pipe
was raised 6” above the surface of the table, and the experi-
menter adjusted the arm rest for each participant to ensure
comfortable positioning.

Finger oscillation data were collected using an eight-
camera Vicon MX-T10 optical tracking system running
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Fig. 2 Apparatus and hand placement

Nexus software (100 Hz). Data were collected from 14 mm
reflective markers attached to rubber rings that partici-
pants wore on the end of the right index finger. To remove
unwanted reflections, all surfaces were covered with either
black cloth or black tape.

Participants wore liquid—crystal visual occlusion goggles
(PLATO spectacles; Translucent Technologies) throughout
the experiment to manipulate the amount and rate of vis-
ual information that they had about their partner’s move-
ments. The goggles occluded vision by cycling between
opaque and translucent. Amount of visual information was
manipulated by controlling the percentage of each cycle
that goggles were opaque. Rate of visual information was
manipulated by controlling the length of the period of each
opaque/translucent cycle.

Experiment design

Dyads performed five simple frequency ratios (1:1; 2:1;
3:1; 4:1; 5:1) corresponding to five levels of a within-sub-
jects variable, Intended Ratio, representing the Farey tree
levels shown in Fig. 1b. Although the two-frequency reso-
nance model covers an infinite number of frequency ratios,
we focused on simple ratios because of the ease with which
participants can understand them compared to “complex”
ratios (e.g., 5:4). As the ratio increased, accuracy and sta-
bility were expected to decrease in accordance with the
predicted frequency-locking dynamics of Fig. 1.

Each ratio was performed under three levels of visual
occlusion: 0% (no occlusion), 50% (half of the visual infor-
mation transmitted), and 90% (almost no visual information
transmitted), corresponding to a within-subjects variable,
%Occlusion. These %Occlusion levels resulted in reliable
differences in performance of simple ratios during pilot
testing. Intended Ratio and %Occlusion are manipulations
of 2 and K, respectively.

Prior to the experiment, dyads were randomly assigned
to either a 60 or 1000 ms goggle cycling rate corresponding
to two levels of a between-subjects variable, Information
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Update Rate. The 60 ms rate was identified during pilot
testing as the rate at which participants reported being
unable to identify onset/offset of goggle cycles, and the
1000 ms rate was identified as a rate at which participants
reported that they could identify onset/offset of goggle
occlusion cycles. Because vision was occluded per gog-
gle cycle, %Occlusion was independent of Information
Update Rate. That is, only the presentation rate changed
for the Information Update Rate manipulation, and only
the amount of information changed for the %Occlusion
manipulation. For example, at 50%Occlusion, participants
received exactly half of the visual information about each
other’s movements in both the 60 and 1000 ms Information
Update Rate condition.

The purpose of having these two levels of Information
Update Rate was to examine the human propensity to “fill-
in” occluded information (Ramachandran and Gregory
1991) and experience apparent motion when the visual
presentation is above a critical frame rate (Hochberg 1986)
in the context of the hypothesized coupling dynamics. At
the critical 60 ms rate (16.67 frames/s), images are “fused”
together over occluded portions of the visual information
stream (10 frames/s is the minimum requirement; Card
et al. 1983), and the perception of motion between partici-
pants appears to be continuous. At the subcritical 1000 ms
rate, however, subsequent images cannot be fused, and the
perception of motion appears to be discontinuous with peri-
ods of motion interspersed with periods of no motion. If
accuracy and stability are similar under both rates, then it
means that coupling need not be continuous.

Based on power analyses from previous multifrequency
experiments (Amazeen et al. 2001), we collected data from
10 dyads per between-subjects condition, and data collec-
tion continued until we had complete data records for all
trials for 10 dyads in each between-subjects condition.
Dyads completed 15 1-min randomized trials (i.e., Intended
Ratio crossed with %Occlusion) at either the 60 or 1000 ms
Information Update Rate. Hence, the experimental design
was a 5 (Intended Ratio) X 3 (%Occlusion) X 2 (Information
Update Rate) mixed factorial.

Procedure

Informed consent was obtained prior to participation. Par-
ticipants were separated upon arrival for task training and
preliminary measures. One participant received task train-
ing and performed a baseline trial, while the other partici-
pant completed a demographics questionnaire (not ana-
lyzed here). Participants then switched roles, such that each
had received training, performed the baseline trial, and
filled out the demographics questionnaire before participat-
ing as a dyad.
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Training consisted of familiarizing each participant
with the motion capture room, placement of the reflec-
tive markers, goggles, earbuds, and instructions regarding
how to grip the PVC handlebar and oscillate their finger
in the required manner. Participants were instructed to
oscillate their finger while keeping it as straight as pos-
sible while keeping their finger pointed toward the oppo-
site wall. The importance of attending to their partner’s
finger movements was emphasized by asking participants
to briefly follow the experimenter’s example (using a 3:1
finger movement pattern) to ensure that they understood
the task; however, movements were not recorded at this
time. Following training, the experimenter adjusted the
handlebar and provided elbow padding if necessary.

Participants separately completed a baseline trial
while wearing the marker ring, earbuds, and goggles.
For the baseline trial, participants were instructed to sim-
ply oscillate their finger at a comfortable pace for 1 min.
These data were collected for the purpose of identifying
the naturally faster partner of the dyad. Based on these
data, the naturally faster partner was assigned to be the
“higher number” (faster oscillator), and the naturally
slower partner was assigned to be the “smaller number”
(slower oscillator) in all subsequent experimental tri-
als. Based on pilot testing, this choice minimized fatigue
and elicited a more natural pattern of frequency locking
across dyads.

An experimenter informed dyads of the ratio to be per-
formed before each trial and waited for confirmation from
the dyad that they understood the intended ratio before ini-
tiating data collection. Dyads were also informed that “both
the Low and High number person can adjust their speed
to perform the ratio,” but they could not talk to each other
throughout the experiment. We chose to use this method
because during pilot experiments, amount of occlusion did
not reliably affect multifrequency stability when partici-
pants were externally paced using a metronome for the first
15sec of a trial and instructed to simply watch each other’s
movements when they could (i.e., an unintentional coordi-
nation manipulation; Fig. 3). We believe the problem with
the unintentional manipulation was that when coordination
became difficult (i.e., as amount of occlusion increases; at
higher Farey tree levels), participants did not coordinate
with each other through visual coupling but relied on the
driving stimulus. Essentially, we think the metronome
became a distinct driver of multifrequency performance
that becomes confounded with the desired interpersonal
coupling effects on multifrequency coordination (see also,
Treffner and Turvey 1993). Therefore, we instructed par-
ticipants to mutually adapt their movement frequencies to
maintain an intended ratio (i.e., an intentional coordination
manipulation), though we acknowledge this choice of elic-
iting interpersonal multifrequency performance may have

1.6 00 %Occlusion
O50% Occlusion
090 %Occlusion

T

Externally Paced ("Driven") Ratio

1.2

Variability (SD)

5:1

Fig. 3 Pilot data from Farey levels 2-4 showing the variability of
multifrequency performance as a function of amount of visual occlu-
sion using the externally paced multifrequency paradigm

elevated variability compared to standard multifrequency
experiments that use a metronome.

All trials were initiated and terminated via an auditory
beep that was delivered through the earbuds. The gog-
gles were opaque prior to the start of a trial, strobed at the
specified rate during the trial, and returned to opaque upon
trial completion. Strobing cycles were identical for both
members of the dyad. In all conditions, participants were
instructed to keep their fingers in ready position (point-
ing at the opposite wall and parallel to the table) until the
beep, at which time they began oscillating their fingers.
The experimenter started and stopped trials remotely using
a custom MATLAB (Mathworks, Inc.) script that synchro-
nized data collection across motion capture, goggle cycles,
and start/stop beeps. To minimize distraction, the dyads
were the only people in the room during a trial. Following
completion of the 15 experimental trials, participants were
debriefed and dismissed. Participation lasted approximately
45 min.

Data and measures

Three-dimensional (X, ¥, Z) movement data were streamed
(100 Hz) into a computer using Vicon DataStream SDK
1.1.0 for MATLAB. Participants were instructed to oscil-
late their fingers along the transverse direction (Z-axis).
The coordination of those vertical finger movement data
was analyzed. Data for each trial were smoothed using a
twenty-point running average to remove noise-like fluctua-
tions that were faster than any intentional finger movement.
Based on pilot studies, we removed the first and last 10 s of
each 60-s trial to remove transient variation associated with
the beginning and ending of each trial.

Following the precedent of Amazeen et al. (2001),
we first calculated the movement frequency per cycle
(peak-to-peak) for each member of the dyad and then
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calculated frequency ratio by dividing the faster frequency
by the slower frequency at the reference phase (peak) of the
slower oscillator. The resulting frequency ratio time series
was equal in length to the number of cycles for the slower
oscillator. This approach for calculating frequency relations
was deemed appropriate because it does not assume that
the movement signals are stationary in time.

The proportion of turning points that occurred during
un-occluded portions of the visual stream was measured for
each dyad by calculating the number of movement peaks
(i.e., the frequency-locking stimulus analyzed in this study)
that occurred when the goggles were translucent divided by
the total number of movement peaks in a trial. This meas-
ure was calculated separately for each partner and for the
dyad. The results were similar using all three measures, and
we report the dyad results in this paper.

Results
Preliminary analyses

Figure 4 depicts the smoothed time series of a representa-
tive dyad performing 1:1 and 3:1 in the 1000 ms Informa-
tion Update Rate condition with 0%Occlusion. Not sur-
prisingly, larger-integer ratios required longer cycle times,
resulting in fewer cycles as the intended ratio £2 increased.
Because dyads completed fewer cycles of larger-integer
ratios (e.g., 3:1) compared to smaller-integer ratios (e.g.,
1:1), proportion of cycles performed was used to standard-
ize across this systematic discrepancy.

As expected, the baseline frequency of the faster part-
ner (M=1.27 Hz, §=0.42) was significantly larger than
the baseline frequency of the slower partner (M =0.83 Hz,
§=0.28), t (19)=5.80, SE=0.08, p<0.001, d=1.30, and
the frequencies of the slower and faster partner changed as
a function of Q: 1:1 (Mg, = 1.40 Hz; Sg, = 0.55; M,

= 1.44 Hz; S, = 0.54); 2:1 (Mg, = 1.80 Hz; Sp, =
0.60; Mg, = 0.95 Hz; Sy, = 0.33); 3:1 (Mg, = 2.24 Hz;
Spast = 0.77; Mg, = 0.94 Hz; Sg,, = 0.42); 4:1 (Mg, =
2.59 Hz; Sg, = 0.96; Mg, = 0.91 Hz; Sg,,, = 0.45); and
5:1 Mp,g = 2.81 Hz; Sg, = 1.00; My, = 0.80 Hz; Sq), =
0.41). As instructed, partners mutually adjusted their move-
ment frequencies to perform the intended ratio.

Because the faster partner’s movements became more
variable as the intended ratio increased, it raised the poten-
tial confound that only the faster partner’s movements
accounted for changes in overall ratio variability as the
intended ratio €2 increased. To examine this possibility,
we tested the correlation between overall ratio variability
and the component variability of each partner measured at
each trial in the experiment. Because there was no exact
intended value for individual frequencies, standard devia-
tions were the measure of variability (rather than relative
absolute error) for these correlations. The correlations
indicate that both the faster (» (371)=0.56, p<0.001) and
slower (r (371)=0.31, p<0.001) participant variability
drove overall variability and that the faster partner was only
slightly more influential.

Data visualization

Although frequency locking was observed at both levels of
Information Update Rate, the 1000 ms Information Update
Rate led to results more consistent with model predictions,
perhaps because the human visual system is more affected
by coupling manipulations at that subcritical frame rate
(see below). Therefore, we depict in Fig. 5 relative fre-
quency distributions for each intended ratio at each level of
the %Occlusion coupling parameter for the 1000 ms Infor-
mation Update Rate condition.

Looking first at the 0%Occlusion condition in Fig. 5,
notice how the preference for perfect mirroring (1:1)
appears as a sharply peaked, unimodal distribution. As

Fig. 4 Representative data from one dyad at the 1000 ms Infor-
mation Update Rate with 0%Occlusion (Slow=slower partner;
Fast=faster partner). Arrows indicate cycles performed by the slower
member of the dyad for 1:1 (top) and 3:1 (bottom) intended ratios
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over 10 s. Note that partners had to mutually adjust their movement
frequencies (one speeding up and one slowing down) to perform the
3:1 ratio. As described in the text, performance of 3:1 trials tended to
be less accurate and more variable than performance of 1:1 trials
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Fig. 5 Relative frequency
distributions of performed ratios
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expected, the presence of peaks in the other panels indi-
cates that dyads were able to perform other ratios (2:1,
3:1, 4:1, or 5:1), but a decrease in performance accuracy
and stability was evident as a flattening of the distribu-
tions and, for the larger-integer ratios, the creation of a
second peak. The same effect of %Occlusion is seen
across all three columns: Flatter distributions were indic-
ative of a decrease in performance stability with weaker
coupling strength (i.e., greater %Occlusion).

As captured by the widths of the Arnold tongues and
Farey tree levels in Fig. 1, larger-integer ratios should
be less stable than smaller-integer ratios, which can be
observed in Fig. 5 as the decay of the performance distri-
butions along the vertical dimension of any column. Fur-
thermore, as described by the varying widths of Arnold
tongues, any tongue (any ratio) should become narrower
(less stable) as coupling strength (K) decreases. This
effect can be observed in Fig. 5 as the increasing spread
(variability) along the horizontal dimension of any row.

Intended Ratio (Q)

Accuracy of multifrequency performance

More detailed evidence of how frequency-locking struc-
tures interpersonal performance can be seen in the propor-
tion of cycles performed in the intended ratio, a measure of
accuracy. The proportion of accurate cycles was calculated
as the number of performed ratios within the tolerance win-
dows of the Arnold tongues at K=1 identified by Treffner
and Turvey (1993): 1/1+0.0714 (Level 0); 1/2+0.0396
(Level 1); 1/3+0.0172 (Level 2); 1/4+0.0076 (Level 3);
and 1/5+0.0036 (Level 4); relative to the number of all
performed ratios that could be parsed at any level of the
Farey tree. Because the Treffner and Turvey (1993) toler-
ance windows are taken from the Arnold tongues in the £2
interval [0, 1], we used fractional ratios for this analysis.
The two-frequency resonance model predicts that
intended ratio (£2) and coupling strength (K) parameters
control ratio performance (Fig. 1a). Table 1 depicts those
effects as systematic decreases moving left to right along
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Table 1 Interval estimates

Visual coupling manipu-
(95%) of proportion of cycles prng P

Intended ratio (£2)

. . . lations

performed in the intended ratio

(intentional accuracy) as a Update rate ~ %Occlu- 1:1 2:1 3:1 4:1 5:1

function of visual information sion (K)

update rate and % visual

occlusion 60 ms 0 0.99 (+0.01)  0.65(+0.20)  0.38 (+0.16)  0.23 (x0.17)  0.17 (x£0.17)
60 ms 50 0.98 (£0.03)  0.53 (0.24)  0.52(£0.17)  0.51(x£0.26)  0.23 (£0.15)
60 ms 90 0.99 (£0.01)  0.56 (£0.16)  0.36 (£0.16)  0.18 (0.15)  0.28 (+£0.24)
1000 ms 0 0.99 (£0.02)  0.61 (20.16)  0.59 (£0.18)  0.44 (£0.23)  0.36 (£0.24)
1000 ms 50 0.98 (£0.02)  0.55(£0.20)  0.50 (£0.19)  0.13 (x0.11)  0.13 (£0.13)
1000 ms 90 0.85(x0.19) 036 (20.21) 033 (£0.11)  0.22(x0.18)  0.17 (£0.20)

any row (as £ moves further from 1:1) and moving down »

any column (as K decreases). A _{_—A—‘ .

To assess the effects of our coupling strength and . ' A ‘

intended ratio manipulations, we conducted a 5 (Intended 0.80 4 ——

Ratio) X3 (%Occlusion) X2 (Information Update Rate) Z 060 | ——

mixed ANOVA on the accuracy scores. The main E

effect of Information Update Rate was not significant < 040 -

(»=0.70), indicating that, overall, accuracy was simi- 0.20 4

lar across the 60 ms and 1000 ms update rates. The

three-way interaction was significant, F (8, 144)=2.58, 0.00

MSE=0.04, p=0.012, 5,2 = 0.13, however. The simple 1 z1 ¥4 >t

. . . . L. Intended Ratio

Intended Ratio X %Occlusion interaction was signifi-

cant for the 60 ms Information Update Rate condition, B 00% Occlusion *

F (8, 144)=2.17, MSE=0.04, p=0.033, np2 = 0.10, @50% Occlusion *

but not for the 1000 ms Information Update Rate con- 080 4 190% Occlusion —

dition (p=0.23). This suggests that £ (intended ratio) W

and K (visual coupling) independently controlled mul- g J

tifrequency performance in the 1000 ms condition only 3

(Table 1).

Figure 6a illustrates the main effect of Intended Ratio
on accuracy, F (4, 72)=55.12, MSE=0.09, p<0.001,
np2 = 0.75. In support of model predictions, significant
decreases in accuracy scaled inversely with Farey level as
the intended ratio changed from 1:1 to 5:1. Although the
accuracy decrease moving from 4:1 to 5:1 was not statis-
tically significant, the accuracy decrease two Farey levels
apart, from 3:1 to 5:1, was significant.

The main effect of %Occlusion was significant, F (2,
36)=5.15, MSE=0.06, p=0.011, np2 = 0.22; accuracy
decreased as %Occlusion increased. However, Fig. 6b illus-
trates the interaction between %Occlusion and Information
Update Rate, F (2, 36)=5.50, MSE=0.06 p=0.008, ’7p2 =
0.23. The expected pattern of decreasing accuracy as visual
coupling decreased was evident in the 1000 ms Informa-
tion Update Rate but not in the 60 ms Information Update
Rate condition. If the visual information update rate is
fast enough (i.e., beyond the critical fusion frame rate >10
frames/s; Card et al. 1986), then it is easier for dyads to fol-
low movements over occluded portions of the visual stream
in order to accurately perform the intended ratio.

@ Springer

0.60 -| I
0.40 - J
0.20

0.00

60ms 1000ms

Information Update Rate

Fig. 6 a Proportion of cycles performed in the intended ratio (accu-
racy) as a function of intended ratio (£2) and b the effect of %Occlu-
sion (coupling strength; K) on Accuracy depended on Information
Update Rate (error bars are 95% confidence intervals; *p <0.05)

Variability (instability) of multifrequency performance

As Q increased and K decreased, frequency distributions
flattened around the intended ratio (Fig. 5). To capture
that increasing variability (decrease in performance sta-
bility), we averaged the relative absolute error (RAE) of
frequency ratios across all cycles in each trial (Table 2).
We used RAE as the measure of variability rather than
standard deviation because its calculation does not
directly depend on sample size, which systematically



Exp Brain Res (2017) 235:1209-1221

1217

Table 2 Interval estimates
(95%) of the relative absolute
error (variability) of all

Visual coupling param-
eters

Intended ratio (£2)

frequency ratios for each Update rate ~ %Occlu- 1:1 2:1 3:1 4:1 5:1

intended ratio as a function of sion (K)

visual information update rate

and % visual occlusion 60 ms 0 0.07 (£0.02)  0.15(£0.05) 0.22 (£0.07)  0.23 (£0.08) 0.26 (+0.11)
60 ms 50 0.07 (£0.02)  0.19 (20.08)  0.20 (£0.10)  0.20 (£0.06)  0.20 (+£0.09)
60 ms 90 0.08 (£0.07)  0.19 (20.09) 024 (£0.07)  0.25(x0.09)  0.26 (£0.11)
1000 ms 0 0.07 (£0.02)  0.14 (20.05)  0.15(x£0.07)  0.22(x0.08)  0.27 (£0.11)
1000 ms 50 0.07 (£0.02)  0.20 (£0.08) 021 (£0.10)  0.26 (£0.06)  0.28 (+£0.09)
1000 ms 90 0.20 (£0.07) 033 (20.09) 021 (£0.07)  0.26 (+0.09)  0.34 (£0.11)

increased as the intended ratio became smaller. In sup- A 040 - *

port of model predictions, variability tended to increase ( . \

as Intended Ratio deviated further from perfect mirror- S ’f

ing. This can be seen as increasing variability moving left E ' !

to right across the rows (as £ moves further from 1:1) in E 0.20 -

Table 2. Patterns of variability moving down the columns <

suggest that decreasing K (increasing %Occlusion) tends '_E

to make ratios less stable, which is also consistent with & D

model predictions. ‘ 0.00 11 1 31 o 1

To assess the effects of our coupling strength and Intended Ratio (Q)

intended ratio manipulations, we conducted a 5 (Intended

Ratio)x3 (%Occlusion) X2 (Information Update Rate) B o040 B0% Occlusion .

mixed ANOVA on the variability scores. The main effect _ 050% Occlusion . M

of Information Update Rate was not significant (p=0.36), § 090% Occlusion 1 T

indicating that, overall, variability was similar across the % T T 1 |

60 and 1000 ms update rates. Although the pattern of vari- g 0-20 J [ 1 I |

ability for the 1000 ms Information Update Rate condition 2 I l

appears to be more consistent with model predictions than k-

the 60 ms condition (Table 2), there was no significant = 0.00

Intended Ratio X %Occlusion X Information Update Rate
interaction (p =0.40).

The main effect of Intended Ratio was significant, F' (4,
72)=13.95, MSE=0.02, p<0.001, ’7p2 = 0.44. As shown
in Fig. 7a, the pattern of mean variability scores increased
as ratio increased in support of model predictions. How-
ever, variability for 2:1 was unexpectedly large relative to
the other intended ratios (see Table 2, 1000 ms 2:1 with
90%Occlusion), and, unlike Accuracy, all statistically sig-
nificant increases occurred two Farey levels apart (i.e., 1:1
versus 3:1 and 3:1 versus 5:1).

The main effect of %Occlusion was significant, F (2,
36)=13.41, MSE=0.01, p<0.001, ﬂp2 = 0.43; variabil-
ity increased as %Occlusion increased. However, Fig. 7b
illustrates the significant interaction between %Occlu-
sion and Information Update Rate, F (2, 36)=5.22,
MSE=0.01 p=0.01, np2 = 0.23. As with accuracy, the
predicted pattern of increasing variability as visual cou-
pling decreased was evident for the 1000 ms Information
Update Rate but not for the 60 ms Information Update

60ms 1000ms
Information Update Rate

Fig. 7 a Relative absolute error of performed frequency ratios (Insta-
bility) as a function of intended ratio (€2) and b the effect of %Occlu-
sion (coupling strength; K) on Instability depended on Information
Update Rate (error bars are 95% confidence intervals; *p <0.05)

Rate condition. Like accuracy, if the visual information
update rate is fast enough, then it is easier for dyads to
maintain performance stability over occluded portions of
the visual stream.

In agreement with the accuracy results, results for the
1000 ms Information Update Rate condition appeared to
be more consistent with model predictions (Table 2). As
with accuracy, we think that the propensity of the visual
system to fill in occluded information when it can may
account for discrepancies with model predictions in the
60 ms Information Update Rate condition.
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Turning points

To assess whether the proportion of turning points that
occurred during un-occluded vision accounted for the
observed differences in pattern stability, we conducted a 5
(Intended Ratio) X2 (%Occlusion) X2 (Information Update
Rate) mixed ANOVA on the proportion of un-occluded
turning points in dyads. Because there was no visual
occlusion in the 0%Occlusion condition, only the 50 and
90%Occlusion conditions were analyzed. Only the %Occlu-
sion main effect was significant, F (1, 36)=1396.49,
MSE=0.01, p<0.001, 77p2 = 0.99. This is due to the
fact that half of the turning points in the 50% condition
(M=0.51; SE=0.01), and one-tenth of the turning points
in the 90% condition (M =0.10; SE=0.01) occurred when
vision was un-occluded. However, these proportions corre-
spond to what would be expected to occur by chance when
50 and 90% of visual information is occluded, respectively.
Dyads did not stabilize multifrequency performance by
adjusting their turning points.

Discussion

These results demonstrate how frequency locking accounts
for changes in interpersonal coordination processes across
pattern variation. The model accounted not only for the
preference of 1:1 frequency locking (mirroring) that is
commonly displayed in the psychological literature but cor-
rectly predicted performance across a range of simple mul-
tifrequency ratios beyond 1:1. In this light, interpersonal
multifrequency coordination appears to abide by the same
dynamical principles underlying intrapersonal coordination
in drumming (Peper et al. 1995), motor-respiratory coor-
dination (Hessler and Amazeen 2014), and spontaneous
visual-motor coordination (Washburn et al. 2014). Appar-
ently, social coordination involves not just the intention to
coordinate but dynamical constraints on frequency locking,
just as do other multifrequency phenomena in the physical,
biological, and chemical world.

In accordance with model predictions for the intended
ratio €2, performance of smaller-integer ratios (1:1; 2:1;
3:1) was both more accurate and stable than was per-
formance of larger-integer ratios (4:1; 5:1). This result
is unsurprising and simply demonstrates that the chal-
lenge of coordinating with another individual increases
with increasing frequency differences. Studies are under-
way to test complex ratios (e.g., 3:2; 7:5) in which fre-
quency differences are not as straightforward (Gibbons
et al. 2015). A significant finding was that the amount of
visual information exchange scaled to coupling strength
(K). Regardless of the ratio, performance improvements
were observed as a function of increases in mutual visual
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information. This supports the predictions of the Arnold
tongues (Fig. la), such that increasing the amount of
coupling for any ratio (£2) had the effect of widening its
tongue. This conforms with findings across physiological
subsystems of the body (e.g., motor-respiratory coordina-
tion, Amazeen et al. 2001; Hessler and Amazeen 2014;
Hessler et al. 2010) and within motor subsystems of
the body (Peper et al. 1995; Treftner and Turvey 1993),
as well as the role of vision in unintentional and inten-
tional 1:1 synchronization between people (Ouiller et al.
2008; Richardson et al. 2007). However, this study helps
expand the coupled oscillator theory of human coordi-
nation by accounting for incompatible, non-mirroring
rhythms between people.

As the difficulty of the intended ratio (i.e., Farey level)
increased, both accuracy and stability suffered in spite
of the slower participant becoming slower and the faster
participant becoming faster (i.e., “trading off” speeds),
which presumably simplified the coordination task. To our
knowledge, the predictions of the two-frequency resonance
model do not assume that any of the constituent frequen-
cies remain fixed, only that the ratio of the two frequencies
approximates the intended ratio. Given that the results were
largely consistent with model predictions, we think that
trading off speeds might present an optimal (‘“self-organ-
ized”) solution for interpersonal multifrequency coordi-
nation in the current study, but that overall, the limits on
interpersonal performance were governed by frequency
locking.

Research on 1:1 coordination indicates that turning
points of an oscillatory stimulus may provide privileged
visual information for synchronization to occur. More
specifically, research suggests that turning points, and not
amount of visual information, are the relevant visual infor-
mation for intentional rhythmic coordination (Hajnal et al.
2009). In the present study, turning points played no role
beyond chance levels in stabilizing intentional interper-
sonal multifrequency coordination, although amount of vis-
ual information was directly related to both accuracy and
stability of coordination. This is consistent with the find-
ing that unintentional synchronization depends on amount
of information picked up rather than turning points (Varlet
et al. 2015). We think that when synchronization becomes
more complex than 1:1 (e.g., 2:1; 3:1; etc.), turning points
may not be reliable sources of information for interpersonal
coupling. The present study is limited, however, in that we
did not control visual occlusion by manipulating the phase
of movement that is occluded. Future research should
attempt to determine whether higher-order informational
variables for interpersonal multifrequency coordination
exist by selectively occluding portions of partners’ move-
ments when those movements differ in frequency (i.e., “rel-
ative” turning points).
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When visually coupled individuals intentionally perform
a pattern, the information exchange depends on the visual
system. Therefore, it is important to understand how mul-
tifrequency performance is constrained both by frequency
locking and inherent characteristics of the visual system.
This is demonstrated in the current study as the moderat-
ing effect of rate of visual information presentation on fre-
quency locking. The finding that visual coupling effects
were more pronounced when presented at a subcritical
frame rate (1000 ms) versus a critical rate (60 ms) implies
that humans do, to some degree, fill in missing aspects of
visual information as the signal degrades to preserve per-
formance. This is not anticipated by the dynamical model

Fig. 8 a An experienced Dou-
ble Dutch team; b performance
of a 7:5 (foot:rope) multifre-
quency ratio by the experienced
Double Dutch team

but demonstrates how the inherent characteristics of human
information processing blend with dynamical constraints
to produce novel behavior patterns across coordinating
individuals.

We can see how these ideas start to generalize by
observing how actual teams develop coordinated solu-
tions to novel coordination problems. In collaboration with
the National Double Dutch League, we have conducted
field research to observe multifrequency performance in
the sport of Double Dutch (Fig. 8). As we would expect,
a 1:1 foot-to-rope ratio (mirroring) is the simplest (even
for beginners); however, a highly practiced Double Dutch
team (Fig. 8a) can reliably produce even the most unstable

Left Foot

Right Foot

Left Rope
Marker

Marker

Right Rope

Time (sec)

@ Springer



1220

Exp Brain Res (2017) 235:1209-1221

of ratios. Depicted in Fig. 8b, the jumper produces seven
footfalls for every five rope turns: a 7:5 frequency ratio.
Several cycles of this pattern are depicted, and this pattern
was remarkably consistent, given the difficulty predicted by
the two-frequency resonance model. How do Double Dutch
teams stabilize this pattern, and how is it related to what we
observe in the laboratory?

In one study, participants from the 2014 National Double
Dutch League summer camp were recruited to intentionally
perform both simple and complex movement ratios (foot
falls:rope turn) in a self-paced, intentional manner, similar
to the experiment reported in this paper. Their movements
were recorded on video and later digitized with reference to
the markers shown in Fig. 8a.

Just as the skilled shoe-tier, drummer, or musician must
learn to move the hands independently to break the spon-
taneous mirroring tendency, experienced Double Dutch
teams adjust their patterns by breaking up and modifying
their pattern cycle-by-cycle (Fig. 8b). We have observed
that as they move further from the 1:1 perfect mirroring
pattern, both the jumper and turners mutually adjust their
movement frequency by more closely watching each other’s
movements and counting their rhythm out loud. In other
words, they amplify their most salient forms of coupling to
facilitate performance. The use of multiple forms of cou-
pling—visual, haptic, acoustic—is consistent with what we
observe in the laboratory when we allow participants to use
visual information about each other’s movements to control
their coordination pattern. Hence, our field observations
conform to our laboratory findings suggesting that informa-
tional coupling becomes increasingly important as people
explore coordination patterns that deviate from mirroring.

Conclusion

Although there is an overwhelming tendency in both living
and nonliving systems to define synchronization as perfect
mirroring, because it is observed so often, most tasks peo-
ple perform both alone and in teams require a break from
mirroring towards other forms of synchronization. Defined
as 1:1 frequency-locked coordination, perfect mirroring
and its relative, reflectional mirroring, form only a tiny
subset of possible frequency ratios whose performance is
captured by the parameters of a two-frequency resonance
model. In this study, the intentional performance of sim-
ple interpersonal rhythms (e.g., 2:1; 3:1) was shown to be
constrained both by frequency locking and natural charac-
teristics of the human visual system. The relatively simple
dynamical principle of frequency locking coupled with
inherent properties of human perceptual systems could pro-
vide a parsimonious model of multifrequency performance
in rhythmic human activities such as dancing and sports.
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However, more complex rhythms (e.g., 3:2; 4:3) are more
difficult for individuals to perform (Treffner and Turvey
1993), and it remains to be seen how dyads and teams per-
form these more complex rhythms both intentionally and
unintentionally.

There is a tendency in psychology to focus on neural and
cognitive processes within the individual to explain inter-
personal behavior. However, this study demonstrates the
role that relational parameters and dynamics play in the
formation of novel interpersonal patterns. We think that
interpersonal behavior is defined not just by social, percep-
tual, and cognitive mechanisms within the individual but
by general coordination principles that govern our inter-
actions with each other and the world (Cooke et al. 2013;
Gorman 2014). In this light, the question of how dynamic
relations such as synchronization come to structure thought
and action may be one that is inherently interactive and
relational in origin.
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