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Abstract

Body movement is a primary nonverbal communication channel in humans. Coordinated social
behaviors, such as dancing together, encourage multifarious rhythmic and interpersonally coupled
movements from which observers can extract socially and contextually relevant information. The inves-
tigation of relations between visual social perception and kinematic motor coupling is important for
social cognition. Perceived coupling of dyads spontaneously dancing to pop music has been shown to
be highly driven by the degree of frontal orientation between dancers. The perceptual salience of other
aspects, including postural congruence, movement frequencies, time-delayed relations, and horizontal
mirroring remains, however, uncertain. In a motion capture study, 90 participant dyads moved freely
to 16 musical excerpts from eight musical genres, while their movements were recorded using optical
motion capture. A total from 128 recordings from 8 dyads maximally facing each other were selected
to generate silent 8-s animations. Three kinematic features describing simultaneous and sequential
full body coupling were extracted from the dyads. In an online experiment, the animations were pre-
sented to 432 observers, who were asked to rate perceived similarity and interaction between dancers.
We found dyadic kinematic coupling estimates to be higher than those obtained from surrogate esti-
mates, providing evidence for a social dimension of entrainment in dance. Further, we observed links
between perceived similarity and coupling of both slower simultaneous horizontal gestures and pos-
ture bounding volumes. Perceived interaction, on the other hand, was more related to coupling of faster
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simultaneous gestures and to sequential coupling. Also, dyads who were perceived as more coupled
tended to mirror their pair’s movements.

Keywords: Full-body coupling; Entrainment; Convex envelope; Time-frequency analysis; Time-delay
analysis; Mirroring

1. Introduction

Body movement has been regarded as a paramount nonverbal means of human commu-
nication. Indeed, it has been shown that body movements can help observers extract robust
information about actions, intentions, emotions, or traits such as sex or personality (Dahl &
Friberg, 2007; Frith & Frith, 2007; Knoblich & Sebanz, 2006). This kind of information can
be conveyed through human movements even when these are reduced to relative motions of
few high-contrast light points attached to moving bodies (see Johansson, 1973). When observ-
ing coordinated social behaviors, such as walking or dancing together, there is information
available about both individual motor control and mutual adjustment between the actions
of two or more individuals: jointly performed movements carry rhythmic and social aspects
of coordination, two facets that are inherently intertwined in the perception of social cou-
pling (Dumas, Laroche, & Lehmann, 2014). The question remains as to what specific aspects
of jointly performed movements can communicate the extent of interpersonal coupling to
observers. Given that dance encourages a wide variety of individual rhythmic and coordi-
nated social movements, the study of joint dance and its perception can provide rich insights
into social cognition.

Dance is a human behavior known in all cultures, often appearing in social contexts and
in conjunction with music. As an energetically expensive activity, this prevalence suggests
that dance may have provided fitness benefits to early humans (Christensen, Cela-Conde,
& Gomila, 2017). Various accounts have posited a number of evolutionary roles for human
dance, including its ability to communicate credible social information (Fink, Bldsing, Rav-
ignani, & Shackelford, 2021), facilitate group functioning during times of social transition
(Cross, 2001), stimulate neurohormonal pathways associated with social cohesion (Tarr, Lau-
nay, & Dunbar, 2016; Wiltermuth & Heath, 2009), and support cognitive and brain plas-
ticity (Muifios & Ballesteros, 2021). Laland, Wilkins, and Clayton (2016) have suggested
that dance may have evolved as an exaptation of imitative motoric behavior, which has been
shown to have bidirectional benefits within cooperative social interactions, as in the so-called
chameleon effect (e.g., Chartrand & Bargh, 1999; Lakin, Jefferis, Cheng, & Chartrand, 2003).
Ravignani and Cook (2016), however, have argued that the precisely timed motoric interac-
tions that characterize dance and other social behaviors could reflect a species-general timing
mechanism for social interactions arising from competition rather than cooperation.

Regardless of the ultimate evolutionary cause, a key aspect of dance, as it occurs in social
settings, is the complex motor coupling' that arises between dancers moving together in time
to the same music. A large body of research has described humans’ ability and tendency to
synchronize bodily movements, such as the tapping of a finger, to auditory signals (Repp,
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2005; Repp & Su, 2013). In the presence of periodic auditory (isochronous) stimuli presented
with interonset intervals between approximately 100 and 2,000 ms, humans are not only capa-
ble of highly precise motoric entrainment but often do so even without conscious intention.
Motoric entrainment is therefore afforded by music with a periodic pulse or beat, particularly
music with tempi of around 2 Hz (120 BPM), which corresponds to the average spontaneous
tempo of locomotion in humans (MacDougall & Moore, 2005; Merker, 2014). Visual-motor
coupling has also been observed with stimuli such as a pulsing light or the rhythmic move-
ments of another person (Grahn, 2012). The latter condition has been described by Phillips-
Silver and Keller (2012) as social entrainment. Trained dancers have been shown to be more
effective at visual-motor coupling in tasks that involved motor coordination with another actor
(Washburn et al., 2014), suggesting a relationship between the interpersonal motor coupling
that occurs in dance and in everyday life. For the purpose of this study, coupling could be
defined as a manifestation, or outcome, of rhythmic entrainment (a stimulus-driven, auditory
process of synchronization to an acoustic signal) and social entrainment (a mostly interper-
sonal and visual process of coordination).

Dance represents an especially complex example of naturally occurring rhythmic-social
entrainment, which has not yet been studied to the same extent as more simplified exam-
ples, such as finger tapping. Research on individual dance movement has demonstrated that
entrainment occurs simultaneously at different time scales as per multiple musical beat lev-
els; that is, a dancer may bounce vertically in time with each beat and simultaneously sway
mediolaterally every four beats (Toiviainen & Carlson, 2022; Toiviainen, Luck, & Thomp-
son, 2010). In a social context, visual and auditory modalities may be tightly intertwined;
that is, there is likely to be both individual entrainment to the music as well as entrainment
between the dancers based on mutual exchange of visual information. A useful paradigm
for understanding these related influences on behavior comes from Kenny’s (1996) model of
nonindependence, which distinguishes partner effects, mutual influence, and common fate.
In the case of dance, the former two constitute one- and two-way exchange of visual infor-
mation between partners, while auditory information from the music represents a common
fate that may result in behavioral similarity regardless of social influence. When dance move-
ments are spontaneous rather than pre-determined by choreography (i.e., the type of dance
which often occurs in contexts such as clubs or parties), this situation is further complicated
as entrainment occurring between dancers based on visual information may not result in iden-
tical movements. Recent findings on the influence of visual and auditory coupling upon syn-
chrony in choreographed dance have led to the interpretation that vertical movements are
more prone to synchronize to discrete auditory events such as musical beats, whereas move-
ments in the horizontal plane are more likely to match visual stimuli (Chauvigné, Walton,
Richardson, & Brown, 2019). However, it is neither known whether similar insights could be
derived from free dance movement contexts, nor whether these possible relations influence
the visual perception of dance. Understanding this point would help to pinpoint what specific
body movements influence the perception of social interactions and, more specifically, to bet-
ter grasp the possible impact of direction and speed of coupling on the perception of rhythmic
and social entrainment in dance.
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The role of visual information in dance suggests perceptual research on synchrony as a
useful means of exploration. When rating observed coordination or rapport, observers seem
to pay attention to various kinds of information, including social factors such as skin tone
similarity (Lumsden, Miles, Richardson, Smith, & Macrae, 2012; Macpherson, Fay, & Miles,
2020). Noteworthy, work on visual and auditory perception of simulated dyads walking side
by side (Miles, Nind, & Macrae, 2009) has shown that also the manner in which behav-
ior is coordinated, that is, whether interpersonal coordination modes are stable (i.e., in- or
antiphase) or not, seems to have an impact upon perceived interpersonal rapport. Such a cor-
respondence between observed quality of social exchanges and the bistability condition pre-
dicted for slower coordinated movement by the Haken—Kelso—-Bunz (HKB) model (Haken,
Kelso, & Bunz, 1985) is a clear example of the perceptual impact of higher-order structures of
interpersonal engagement called interpersonal synergies (see, e.g., Riley, Richardson, Shock-
ley, & Ramenzoni, 2011).

Back to dance research, relatively few systematic studies have been conducted on dance
perception. While this research has, until recently, been mostly limited to individual danc-
ing (Chang et al., 2016), two research pathways to study relations between perceived and
kinematic motor coupling between dancers can be identified. The first one entails experi-
mental manipulation, such as the use of choreography to create alignment or misalignment.
Lee, Launay, and Stewart (2020), for example, have shown that perception of social closeness
and powerfulness is higher for temporally aligned performances than for experimentally mis-
aligned performances. This corroborates previous findings that, when choreography or silent
disco has been used to facilitate or inhibit entrainment between dancers, participants who
were entrained subsequently report greater social closeness (Tarr et al., 2016) and perform
better on social memory tasks (Woolhouse, Tidhar, & Cross, 2016) and vice versa. Disad-
vantages regarding ecological validity have led to a second research pathway focusing on
the perceptual validation of kinematic coupling features from naturalistic movement. Main
findings derived from this research paradigm suggest that mutual gaze plays a role on per-
ceived coupling in dyadic dance: the extent to which dancers are horizontally oriented toward
each other is an important predictor of perceived coupling (Carlson, Burger, & Toiviainen,
2019; Hartmann et al., 2019). However, the kinematic correlates of perceived coupling in
dyads that are highly oriented toward each other remains an important empirical question.
While it seems clear that proxemic behaviors such as interpersonal orienting can overper-
form interpersonal synchrony in the prediction of subjective evaluations of social interactions
(Lahnakoski, Forbes, McCall, & Schilbach, 2020), the specific contribution of synchrony to
subjective kinematic evaluations still requires investigation. Tackling this issue would allow to
go beyond the current understanding of dance coupling by elucidating percepts beside mutual
gaze that observers would pay attention to when rating perceived dance coupling.

While the terminology used may vary somewhat among researchers and across disciplines,
studies on kinematic coupling quantification often make a distinction between interpersonal
synchrony and behavorial imitation (Crone et al., 2021; Hu, Cheng, Pan, & Hu, 2022; Lakin,
2013). The difference between these two notions—whether the coupling is time delayed or
not—might be quite relevant from a perceptual viewpoint: unison choreographies can be
very dissimilar to leader—follower relations or turn-taking patterns. Further insights have been
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gained through the study of these forms of coupling and their possible links with perceptual
coupling dimensions—such as similarity and interaction between dancers. It has been shown,
for dyads dancing to pop music, that perceived similarity was mainly predicted by features
describing spatiotemporal coupling (i.e., synchrony) whereas perceived interaction related
more to the extent to which the dancers were facing toward each other while coupling, which
could be deemed as favoring imitation (Hartmann et al., 2019). It is thus plausible to expect
relationships between similarity and simultaneity on one hand, and between interaction and
sequentiality on the other hand. However, this issue has not yet been addressed in the litera-
ture. A better understanding of possible similarity—simultaneity and interaction—sequentiality
interconnections might help to develop insights on the relationship between passive similarity
and active communication, which have been regarded as two interrelated “faces of the coin of
coupling” (Dumas & Fairhurst, 2021) and, specifically, to unravel differences between—and
develop predictor measures of—judgments of similarity and interaction in joint dance.

Besides the dichotomy between sequentiality and simultaneity, it is possible to distinguish
modes of coupling that are clearly associated with gestures (directional movements) to those
that involve body posture (Feniger-Schaal & Lotan, 2017). Among the relatively few postu-
ral features that can be found in dance movement research, we shall highlight those related
to Laban and Ullmann’s (1966, p. 10) notion of personal space or kinesphere (“the sphere
around the body whose periphery can be reached by easily extended limbs without step-
ping away from that place which is the point of support when standing on one foot”), onto
which polyhedra are overlaid to construct a net of orientation points. Elliptic, rectangular, and
polyhedral geometric descriptors have not only been used in studies on dance performance
evaluation (Hachimura, Takashina, & Yoshimura, 2005) and emotion perception (Camurri,
Lagerlof, & Volpe, 2003), but also in human action recognition (Ramezanpanah, Mallem, &
Davesne, 2020) and expressive motion recognition (Ajili, Ramezanpanah, Mallem, & Didier,
2019) literature (named “Contraction Index” in Camurri et al., 2003, and “Shape Flow” in
the other articles). To the best of our knowledge, this feature has not been investigated in
the context of interpersonal coupling. Studying the simultaneous matching between dancers’
bounding volumes might shed light on whether people pay attention to posture similarity
when rating perceived coupling in dance. This is a corollary question to that of the types
of coordination that are used as a means of communication, which can have implications to
evolutionary accounts of music and dance (see, e.g., the coalition strength signaling theory
proposed by Mehr, Krasnow, Bryant, & Hagen, 2021).

Another relevant issue is the role played by hand movements in the coupling process. In line
with research showing the importance of hand gestures in spoken communication (Bernardis
& Gentilucci, 2006; Krauss, Chen, & Chawla, 1996; Skipper, Goldin-Meadow, Nusbaum, &
Small, 2007), Carlson et al. (2019) found that dancing dyads who move their hands faster
tend to be perceived as more interactive, and vice versa. Unresolved issues regarding hand
movements in dance include whether they make a unique contribution to full body coupling
and whether they outperform it. Answering these questions might allow for increased insights
into the relative importance of local and complex gestures as opposed to more global and
simpler gestures (such as bouncing) upon dance movement coordination and its perception.
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It is also possible that partner-facing dancers tend to mirror each other’s movements. For
instance, one dancer might extend her left arm to her left as the other dancer would extend her
right arm to her right, producing a mirror-reversed copy of the observed movement. Recent
research on social interaction has found behavior matching (posture mirroring) to be a predic-
tor of empathic accuracy (Fujiwara & Daibo, 2022). Previous dyadic dance studies, however,
disregarded the phenomenon of horizontal mirroring between dancers. On a more general
note, to the best of our knowledge, the effects of horizontal mirroring upon estimates of
“pairwise coupling” (i.e., coupling between corresponding body parts and movement direc-
tions) are yet to be investigated. Clarifying these issues can help to understand the influence
of mirroring upon estimated coupling, give hints on its contribution to perceived coupling,
and more generally provide new insights on the relative impact of interpersonal mirroring
upon joint action observation.

A question that arises in social interaction research is the extent to which the quantified
synchrony involves an exchange of information between agents. Psychological studies on
nonverbal dyadic synchrony have compared videos with actual dyads and artificially coupled
dyads (Bernieri, Reznick, & Rosenthal, 1988) and, more recently, applied surrogate data gen-
eration methods to differentiate synchrony from pseudosynchrony (i.e., spurious) estimates
(Moulder, Boker, Ramseyer, & Tschacher, 2018). However, to the best of our knowledge,
dyadic dance studies have not explored the possible effects of an artificial matching of dyads
upon coupling estimates. It would be important to clarify whether synchronous coupling out-
performs pseudosynchronous coupling in this context to help unravel the relative contribution
of social entrainment upon dyadic dance coupling. This can also help to grasp the interplay
between individual rhythmic and coordinated social movements and their effects upon sub-
jective judgments of interpersonal coupling.

There is also a need to develop richer computational methods to quantify coupling (Dumas
& Fairhurst, 2021). Specifically, movement coupling dynamics can be characterized in various
application domains by two types of temporal phenomena. First, assuming that visual-motor
coupling between dancers occurs simultaneously at same and different temporal scales, mul-
tiscale analytical approaches are necessary to capture the full extent of social entrainment in
this context. Second, coupling involves not only synchronous but also time-delayed responses
(Konzack et al., 2017); that is, a distinction between concurrent (or synchronous) and sequen-
tial entrainment is necessary (Wass, Whitehorn, Marriott Haresign, Phillips, & Leong, 2020).
Both phenomena have been largely understudied in the social dance context. Finally, multi-
variate approaches are fundamental for this endeavor, because different body parts and move-
ment directions can exhibit variation in extent and modes of coupling.

The current study arose from the basic premise that observers will be able to distinguish
highly from weakly coupled dancers even when all dancers are oriented toward each other.
A second premise was that synchronous and imitative dance coupling are multidimensional
phenomena: coupling occurs simultaneously at multiple movement instantaneous frequencies
(multiple musical beat levels) and sequentially at multiple time intervals. The aim of the
current study is therefore to unravel the contribution of coupling frequency and sequentiality
to the prediction of perceived coupling between dyads highly oriented toward each other. The
following research questions were addressed in the current study:
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e RQI1: What coupling modes (i.e., synchronous, imitative) are associated with judg-
ments of coupling between partner-facing dancers?

e RQ2: What is the contribution of different movement directions, body parts, and mir-
rored movements to the perception of coupling between partner-facing dancers?

Based mainly on previous studies, we proposed the following hypotheses regarding dyadic
coupling in itself and in relation with its perception:

e HI: Perceived coupling mainly relates to vertical coupling at a 1-beat level and to
horizontal coupling at a wider range of beat levels and lags, following the “auditory-
vertical, horizontal-visual” association (see Chauvigné et al., 2019).

e H2: Perceived similarity is more associated with simultaneous coupling, whereas per-
ceived interaction and leader-followership better relate to sequential coupling (see gen-
erally Hartmann et al., 2019).

e H3: Compared to other body parts, hand movements make a relevant contribution to
the prediction of perceived coupling from full body kinematic estimates (see Carlson
etal., 2019).

e H4: Coupling estimates yield increased prediction accuracy after horizontally mirror-
ing the movement data by switching opposite body parts to match body sides.

e H5: Real dyads exhibit more kinematic coupling than artificially matched dyads.

To address these issues, we carried out an online study in which participants were asked to
watch silent stick figure animations of dancing dyads and rate the degree of coupling between
them. The animations were derived from data collected as part of a naturalistic motion cap-
ture study in which participants danced in dyads to different musical styles. Three kinematic
features were extracted from the movement data to quantify the degree of kinematic coupling
between each dyad and subsequently correlated with the perceptual responses.

This study is a follow-up to Hartmann et al. (2019), which focused on the kinematic pre-
diction of perceived dyadic dance coupling using latent space variables. Comparing both pub-
lications, Hartmann et al. (2019) presented dyadic animations with a large variance in frontal
orientation between dyad members, whereas this study focuses only on front-facing dyads to
explore what aspects beside mutual gaze are paid attention to when judging perceived dyadic
dance coupling. Further, the current study reports results based on a larger number of dyadic
animations presented to observers (128 vs. 59), larger number of observers (432 vs. 83).

2. Materials and methods

The motion capture study described below took place at the Department of Music, Art and
Culture studies of the University of Jyviskyld. An online perceptual experiment was designed
at the Department of Music, Art and Culture studies and the Faculty of Information Technol-
ogy of the University of Jyviskyld and published as a set of questionnaires in SurveyMonkey
(Momentive, San Mateo, California; https://www.surveymonkey.com/).
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2.1. Ethical approval and informed consent

All experiments were performed in strict accordance to guidelines and regula-
tions of the National Advisory Board on Research Ethics in Finlasnd (TENK, see
https://www.tenk.fi/sites/tenk.fi/files/ethicalprinciples.pdf) relating to research in the humani-
ties and social and behavioral sciences, which the University of Jyviskyld Ethical Committee
adheres to. According to these guidelines and regulations, ethical permission was not required
for this research.

Participation in the motion capture study and the online perceptual experiments was com-
pletely voluntary and was organized and supervised by study authors. The key experimental
procedures were explained to participants in advance. Participants gave their written consent
for participation in the experiments and for further use of the collected research data in this
research project and on potential follow-ups. Participants were informed that they could with-
draw from the research at any time. While the general purpose of the motion capture study and
the perceptual experiments was communicated to them, they were not informed at any point
about the research hypotheses. Finally, participants were debriefed as to study objectives.

2.2. Motion capture study

Free dance movement data were collected from participants in a dyadic setting using nat-
uralistic (i.e., commercially available) musical stimuli (see Hartmann et al., 2019 for a more
thorough description of this study).

2.2.1. Participants

Participant recruitment for the motion capture experiment was done through social media
and university e-mail lists. Seventy-three (52 female) participants, aged 19-40 years (M =
25.75, SD = 4.72), completed the experiment. Participants were of 24 different nationalities
and received two movie ticket vouchers as a token for their participation.

2.2.2. Apparatus

A 12-camera optical motion capture system (Qualisys Oqus 5+) was utilized to record par-
ticipants’ movements. Three-dimensional tracking of 21 reflective body markers attached to
each dyad member was performed at a frame rate of 120 Hz. Marker locations are shown
in Fig. 1A. Musical stimuli were randomly presented to participants using four Genelec
8030 A loudspeakers and a subwoofer. Synchronization between the motion capture data and
the musical stimuli—which was required for further data trimming—was possible by jointly
recording, using ProTools software, the direct (line-in) audio signal of the playback with the
synchronization pulse transmitted by the Qualisys cameras during data capture.

2.2.3. Procedure

Participants were instructed to move freely in dyads to the musical stimuli, as they might
in a dance club or party setting. The stimuli, ranging from 97 to 132 BPM, comprised 16
excerpts from 8 musical genres: Blues, Country, Dance, Jazz, Metal, Pop, Rap, and Reggae
(two stimuli per genre). These stimuli, chosen automatically based on social tagging data, are
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(b)

Fig. 1. Stick figure illustrations of marker and joint locations. (A) Anterior view of the original marker locations.
(B) Anterior view of the locations of the reduced secondary markers/joints used in animation and analysis of the
data.

highly representative of the chosen genres (as fully described in Carlson, Saari, Burger, &
Toiviainen, 2017).

2.2.4. Stimuli processing and animation

A total of 1440 movement recordings from 90 dyads were processed in MATLAB R2021a
(Natick, Massachusetts) using the Motion Capture (MoCap) Toolbox (Burger & Toiviainen,
2013). After trimming to match the exact duration of the musical excerpts, gaps in the data
were linearly filled and resampled to 60 Hz. Data were then trimmed a second time to the
length of the shortest recording (24.5 s), and finally, the last 8 s of each excerpt were selected
for further preprocessing (i.e., from 16.5 until 24.5 s). This duration, which was chosen to
avoid experimental fatigue, had been previously tested in a pilot experiment. Following this,
the data were transformed into a set of 40 secondary markers, subsequently referred to as
joints, of which there were 20 per dyad member (see Carlson et al., 2019 for a more thorough
description of this transformation). The locations of these 20 joints are depicted in Fig. 1B.

Subsequently, we measured the extent to which the dyad members were front facing each
other using a feature called Orientation (Carlson et al., 2019; Hartmann et al., 2019; see
Bamford, Burger, & Toiviainen, 2023 for a similar measure). The purpose of this procedure
was to select, for the perceptual experiment, a set of 8§ dyads having maximal mean torso
orientation across the 16 musical stimuli. The mean orientation of the selected dyads across
the 16 recordings varied between .93 and .97, while the value of this feature ranges between
—1 (perfectly oriented in opposite directions) and 1 (perfectly oriented towards each other).
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Next, silent animations of the movement data were generated at a rate of 30 frames per
second and rendered in color such that one dyad member was animated in green and the
other in red. Animations were created without audio so that observers would focus on cou-
pling between dancers rather than on synchronization to the music. Before generating the
animations, the movement data were processed to maximize the similarity between different
animations by making the stick figures of each recording appear to have the same average size
in the image plane and ensuring that they did not overlap with each other. First, the position
of the dyad in the horizontal dimensions was mean centered based on the mean horizontal
coordinates of the root markers. Next, the data were rotated so as to set the slope between
these coordinates to zero. To avoid the possibility that the position of the dancer on the left
or right would affect participants’ perceptions, spatial reversal was applied to a randomly
selected half of the animations.

2.3. Perceptual experiment

The motion capture data animations were presented to participants in an online experiment
on visual perceptions of interpersonal coupling in music-induced movement (Fig. 2). This
experimental procedure has been adapted from previous studies on dyadic coupling in dance
(Carlson et al., 2019; Hartmann et al., 2019).

2.3.1. Stimulus selection

The selected partner-facing dyads (two male—female dyads, six female—female dyads) were
based on 11 dancers (10 females), five of whom danced in two of the selected dyads. Dancers
were of nine different nationalities (two Finnish, two French, one Chinese, one Ethiopian, one
Iranian, one Lithuanian, one Scottish, one Turkish, and one Vietnamese) and their mean age
was 26 years (SD = 2.53).

The movement data (16 musical stimuli x 8 dyads) were allocated without replacement
into four partitions following a Latin rectangle combinatorial design. The purpose of this par-
titioning was to keep the duration of the experiment sufficiently short (~26 min) to minimize
fatigue. Fig. 3 shows this design, where the partitions are distinguished using different colors.
Within each partition (N = 32), each dyad appeared four times and each musical stimulus was
danced to twice.

After giving their consent for participation, participants joining the online experiment were
randomly redirected to one of four versions of the same experiment, each of which corre-
sponded to a different partition of the animation dataset. From the dataset of 128 animations,
a unique subset of 32 was utilized for each version of the experiment.

2.3.2. Participants

Participant recruitment for the online study on dance movement was done through social
media and e-mail lists. From a total of 518 questionnaire responses across all four partitions,
432 responses (269 females; 108 participants per partition) were kept for further analysis
after excluding outliers and matching raters from different partitions based on gender and age
(see below). Selected participants were of 60 different nationalities, primarily from United
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* These dancers are dancing similarly to each other

Strongly disagree Strongly agree

* These dancers are interacting with each other

Strongly disagree Strongly agree

* Is one of the dancers leading and the other following?

The left dancer is leading Neither dancer is leading The right dancer is leading

How would you describe the way these dancers are moving and interacting? Further comments? (optional)

2/3 @@ > 6%

Fig. 2. Perceptual study self-guided interface.

States (163), United Kingdom (37), Germany (21), Finland (19), Belgium (15), France (10),
and Italy (10), and their mean age was 34.64 years (SD = 10.84); see Table 1 in Results for
summary statistics per partition and across partitions over several variables. In exchange for
their participation, raters had the option to enter a prize draw for one of 40 €25/$30 vouchers
from a worldwide retailer.

2.3.3. Procedure
The main part of the online survey, which largely follows previous work (Carlson et al.,
2019), consisted of an interface with 34 pages: a training page, 32 pages (one per animation)
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Musical stimulus
i 2 383 4 5 6 7 8 9 10 11 12 13 14 15 16

Dyad
[o2] ~ o] [¢)] » w N

Fig. 3. Allocation of the 128 dyadic animations (16 musical stimuli x 8 dyads) into four partitions (each repre-
sented with a different color) for the online study.

presented in random order, and a final page with a brief questionnaire including demographic
questions (age, nationality, gender, musical training, dance training). On the training page,
participants were informed about the task as they went through a practice trial. Once partic-
ipants felt ready to continue with the study, they moved to the actual experiment, in which
they were presented a stick figure animation at a time. For each animation, which was played
in loop mode, they were asked to use sliders to rate the extent to which they would agree or
disagree with the following statements: “These dancers are dancing similarly to each other”
and “These dancers are interacting with each other.” In addition, they were asked to rate with
sliders the extent to which one of the dancers was leading and the other was following. Here,
the extremes of the slider were labeled as “the [left/right] dancer is leading,” while the middle
referred to “Neither dancer is leading.” Finally, raters were asked to provide further optional
comments, for example, on the way the dancers were moving and interacting.

2.3.4. Processing of perceptual ratings

To balance the loss of control from not having participants in the lab, it was necessary
to pay careful attention to participant data quality and to ensure balanced participant sam-
ples across different experiment partitions. Following concerns regarding studies involving
online or unsupervised participant samples (Thomas & Clifford, 2017), we utilized a number
of exclusion criteria to strengthen the validity of our study. As an initial step, we discarded
38 participants whose responses included spurious information, such as nonexistent national-
ities. Next, within each partition, participants whose mean intersubject correlation for either
similarity or interaction were more than two standard deviations below the grand mean were
considered outliers and were discarded; this resulted in the removal of 13 participants across
all partitions. Our next step involved matching raters from different partitions based on gen-
der and age in order to obtain comparable partitions of equal sample size (N = 108), that is,
equal to the size of the smallest partition. To do this, we applied the optimization procedure
that is described in the Appendix (A.1.1). Final steps in the processing of the perceptual data
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Fig. 4. Overall design of the study.

included computing partition-wise internal consistency (Cronbach’s alpha) for each percep-
tual variable, and mean averaging the perceptual ratings across raters to get one average rating
of each variable per animation.

2.4. Kinematic feature extraction

Three dyadic kinematic features were utilized in the study for prediction of perceived cou-
pling (see Section 2.3.1); these features were used to quantify postural synchrony (Volumet-
ric Matching), gestural simultaneous coupling (Synchrony), and gestural sequential coupling
(Imitation). Additionally, another kinematic feature (Orientation) served for stimulus selec-
tion. A flowchart of the study design, with a focus on the investigated kinematic coupling
features, is provided in Fig. 4. For the computation of the gestural coupling features (syn-
chrony and imitation), we considered various possible methodological pipelines in order to
ensure the stability of the results under variation and better understand observers’ perceptual
judgments. In this paper, we present a pipeline based on parameters that are validly applicable
to both synchrony and imitation, ensure comparability between them and retain implementa-
tion simplicity. As regard our postural coupling feature (volumetric matching), we considered
different implementations, such as approximating body size invariance by taking into account
dancer height in the feature computation, but obtained optimal results with a more conven-
tional approach based on previous work (e.g., Hachimura et al., 2005).

2.4.1. Orientation measure
A measure of frontal orientation between dyad members was computed for the full dataset
of 1,440 recordings (after trimming the data to 8 s) to describe the degree to which the dancers
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were facing each other. The purpose of this step was to select 128 recordings from 8 dyads
with high orientation for the perceptual study (see Section 2.3.1). Orientation was extracted
from horizontal position data of dancers based on the calculation of the angles between the
torso direction of each dancer and the torso position of the other dancer (see Hartmann et al.,
2019 for a thorough description of the algorithm). Dyad-wise maximum torso orientation
estimates across time were obtained using a 2-s moving window with half overlapping to
provide a trade-off between resolution and localization given the length of the data.

2.4.2. Movement data rotation

A global coordinate system was employed to best record the trajectories of the individual
markers affixed to the dancers; see Appendix (A.1.2) for an elaboration on this point. Due to
horizontal rotations produced by the dancers’ movements, a coordinate system transforma-
tion was applied such that dancers’ corresponding movement directions could be effectively
compared. Each dancer was rotated so as to have a frontal view in each frame; that is, we
defined the mediolateral axis to be parallel to the segment joining the hip markers.

2.4.3. Horizontal mirroring

We investigated whether dancers mirrored each other’s dance movements (see H4), assum-
ing that observers would pay attention to these mirrored forms of coupling. This was oper-
ationalized by swapping joints along the sagittal plane and changing the sign of the medio-
lateral component for one of the dyad members (see Fujiwara & Daibo, 2022 for a similar
procedure in a 2D space). This resulted in coupling estimates that were based, for example,
on comparisons between the left arm of one dancer and the right arm of the other dancer.
Main analyses were conducted with and without horizontal mirroring in order to estimate its
relative importance.

2.4.4. Volumetric Matching measure

A rotation and translation invariant geometric descriptor was devised to quantify the degree
of simultaneous postural coupling between the dancers (see H2 above). Using the MATLAB
boundary() function, the convex envelope (or convex hull) volume enclosing the set of joints
from each dancer’s position data was calculated at each time point, following previous work
(e.g., Ajili et al., 2019; Hachimura et al., 2005). Subsequently, the absolute difference in
volume between dyad members was calculated at each time point. Finally, a temporal mean
was obtained and the result was multiplied by —1 to describe similarity instead of dissimilarity
between dancers; hence, the feature is bounded between —oo (no Volumetric Matching) and
0 (perfect Volumetric Matching or isovolumetry).

2.4.5. Synchrony measure

A time-frequency analysis method for estimating simultaneous dyadic coupling at multi-
ple temporal scales (see H1 and H2 above) was applied to velocity data extracted from the
128 selected movement recordings; see Appendix (A.1.4) for an elaboration on the velocity
computation. Synchrony is a vector of average coupling estimates across time at different
movement frequencies.
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The calculation of the generalized cross-wavelet transform involved a resampling of the
frequency axis of the wavelet transforms to a beat-relative scale (ranging between half- and
four-beat levels) as a means to obtain comparable synchrony estimates across stimuli of dif-
ferent tempi. To reach the largest beat level for the stimulus with the lowest tempo (97 BPM),
we prepended 40 extra frames (%5 of a second) to its corresponding movement data. Next,
synchrony was obtained based on the calculation of a wavelet transform separately for each
data channel (i.e., each combination of the three movement directions and 20 body parts,
such as mediolateral torso) using default Matlab parameters in the cw#() function. A gen-
eralized cross-wavelet transform was obtained via comparisons between corresponding data
channels; subsequently, the temporal mean of generalized cross-wavelet transform magni-
tudes was obtained, thus yielding a multivariate, plurifrequential measure of frequency lock-
ing between dancers; see Appendix (A.1.5) for an elaboration on the parameters applied to
compute synchrony.

2.4.6. Imitation measure

To quantify the degree of sequential coupling between the dancers (see H1 and H2 above),
imitation estimates were extracted from each dyadic movement recording. This time-delay
analysis method provides information on the relationship between corresponding body parts
and movement directions (i.e., channels) in the velocity data of the dancers at different abso-
lute time lags. The approach is based on multidimensional cross-recurrence quantification
analysis (MdCRQA, see Wallot, 2019); its major difference from MdCRQA is that imitation
is based on a cross-similarity matrix instead of a cross-recurrence matrix, and thus, prescinds
from a thresholding parameter for its calculation.

To compute imitation, a time-by-time cross-similarity matrix of dot products between the
velocity data of the two dancers is first obtained. Next, the sum of each diagonal in the cross-
similarity matrix is computed to obtain a time series describing the sum of cross-correlations
between corresponding data channels, where each point represents the relationship between
the dancers at a given time lag. Next, corresponding negative and positive lags are summed
in order to obtain an estimate of sequential coupling between dancers for time delays rang-
ing between O and 8 s. Finally, to make stimuli with different tempo comparable, imitation
estimates were resampled to a beat lag scale ranging between 0 and 4 beats. A mathematical
description of the imitation feature is provided in the Appendix (A.1.6) along with some of
its properties.

2.5. Exploration of kinematic coupling estimates

As a preliminary step to the computation of correlations between perceived and kinematic
coupling, we obtained summary statistics (i.e., mean and standard deviation) on the extracted
features mainly to verify their similarity across partitions. Moreover, the same analysis was
performed over an artificial set of coupling estimates. This set was generated by comput-
ing coupling estimates from each possible combination of dyad members dancing to the same
stimulus. In addition, we separately examined full body coupling and the specific role of hand
(i.e., wrist and finger) movements, following previous work that underscored the importance
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of hand movements on interaction and communication (Carlson et al., 2019; Goldin-Meadow,
2006). Analyses based on full body coupling were compared with those in which hand move-
ments were removed before coupling estimation (see H3); this choice was motivated due to
similarities in coupling magnitudes between full body and “no hands” coupling, thus more
easily facilitating visual inspection than using the complementary “hands-only” option.

For gestural features, we conducted separate analyses for vertical and horizontal coupling
(see H1), after previous work suggesting that body movements in different directions can
simultaneously manifest diverging metrical levels in the music (Toiviainen et al., 2010) and
that different coupling modalities such as visual and auditory might be displayed through dis-
tinct movement directions (Chauvigné et al., 2019). Also, we further examined the variation
of the gestural kinematic features (synchrony and imitation) at different beat levels and lags.

Subsequently, nonparametric tests were carried out to investigate possible differences
between coupling estimates from genuine and pseudodata (see HS above; see Fujiwara &
Daibo, 2022) and to estimate the contribution of hand movements to coupling.

2.6. Correlation between perceived and actual coupling

Pearson correlations were computed in order to understand the relationship between
observers’ judgments of coupling and the kinematic coupling estimates. Analyses were sepa-
rately carried out for full body and “no hands” coupling (see H3 above). For gestural features,
these analyses were performed separately at different beat levels and beat lags, and for verti-
cal and horizontal directions (see H1 above); in addition, hand coupling (see H3 above) and
the effects of horizontally mirroring the movement data (see H5 above) were explored. Non-
parametric Mann—Withney U-tests tests were used to examine possible differences between
similarity and interaction with respect to their correlations with the coupling features. For
gestural coupling, possible effects of beat levels and lags upon the correlations were also
investigated through nonparametric tests.

3. Results

3.1. Perceptual study sample and ratings

Demographic characteristics of the sample of participants selected from the perceptual
study are presented in Table 1 separately for each partition and also across partitions. Internal
consistency analyses reached values usually considered acceptable (Taber, 2018) for similar-
ity and interaction, but not for leadership. Therefore, the leadership variable was left out of
the analysis. According to mean ratings across the data from all partitions, the highest rated
variable was Similarity, closely followed by Interaction. A strong correlation was observed
between similarity and interaction, #(126) = .72, p < .001.

3.2. Kinematic coupling estimates

Computational coupling estimates were analyzed through summary statistics and corre-
lations with perceptual ratings. For gestural coupling, our analyses focused mainly on beat
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Fig. 5. Mean coupling estimates for full body and “no hands” analyses of volumetric matching, vertical and hor-
izontal synchrony, and vertical and horizontal imitation. Coupling estimates were calculated for 128 real (green)
and 1792 artificial (red) dyads. Filled areas denote £1 SD.

levels and lags associated with the musical metrical structure, namely, 1-, 2-, and 4-beat lev-
els for synchrony and 0-, 1-, 2-, and 4-beat lags for imitation. Except when otherwise stated,
dancer’s joints were horizontally mirrored before computing gestural coupling features (syn-
chrony and imitation). Supporting Information Table A1 presents summary statistics per par-
tition and across partitions for all the extracted descriptors. Correlations between coupling
estimates (synchrony, imitation, and volumetric matching) are presented in Supporting Infor-
mation Table A2 (vertical gestural coupling) and Supporting Information Table A3 (horizontal
gestural coupling).

Summary statistics of the kinematic coupling measures were obtained to verify similarity
in kinematic coupling across different partitions. Additionally, they allowed to compare cou-
pling between real and artificial dyads, and for gestural coupling features, to estimate whether
the coupling tended to be in- or antiphase, whether it followed the musical meter, to under-
stand the impact of hand movements upon coupling, and to describe coupling at different
movement directions, beat levels, and lags of interest.

Fig. 5 shows mean and standard deviation volumetric matching, synchrony (between 4-
and %—beat levels), and imitation (between 0- and 4-beat lags) for both real dyads (green) and
artificial dyads (red). One-tailed Mann—Whitney U-tests were computed to determine whether
median full body coupling feature values were significantly higher for real dyads than artifi-
cial dyads. For gestural features, these tests were computed for vertical and horizontal direc-
tions and at beat lags and levels of interest. Regarding imitation, since it is a signed measure
carrying information about phase differences between dyad members, absolute values were
calculated to obtain unimodal distributions for this test. We observed higher full body mean
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(Fig. 5) and median (Supporting Information Table A4) coupling for real dyads than for artifi-
cial dyads, with the exceptions of median vertical and horizontal synchrony at a 4-beat level.
Imitation magnitudes yielded significant differences at various beat lags, especially for hor-
izontal coupling. For both movement directions, we observed cosine-like Imitation profiles
(Fig. 5), indicating that dyadic coupling was generally in-phase; for artificial dyads, these
profiles were closer to zero, denoting lower, and more antiphase, coupling between dancers.
For gestural features, mean feature values tended to increase around beat levels and lags of
interest regardless of whether the dyads were real or artificial. Full body synchrony peaks
were largest at 1-, 2-, and 4-beat levels. As regards full body Imitation, mean values across
dancers were highest at integer beat lags for vertical coupling and at 0- and 4-beat lags for
horizontal coupling.

To inspect the specific contribution of hands upon full body coupling, full body analy-
ses were compared with those in which the hands were removed. For postural coupling
(Fig. 5), according to a two-tailed Mann—Whitney U-test, volumetric matching was signif-
icantly higher for “no hands” (Mdn/10” = —2.93) than for full body analyses (Mdn/107 =
—3.45), U/10° = 0.11, p < .001; this result was expected because limb movements increase
the number of degrees of freedom of the estimated volumes. As regards gestural coupling
(Supporting Information Table AS), estimates were higher for full body than for “no hands”
analyses, reaching statistical significance in all cases except for 1-beat-level horizontal syn-
chrony. While these differences can be attributed to larger velocity magnitudes for hand move-
ments than for other body parts, it can be noted that the largest observed differences, observed
at 2-beat-level synchronous vertical coupling, are most likely due to patterns of interlimb cou-
pling, whereby reciprocal, out of phase hand motions are maintained throughout the dance.

3.3. Correlation between coupling estimates and perceptual ratings

The relationship between kinematic and perceived coupling was studied to understand the
prediction ability of the proposed features and their relative accuracy with respect to other
coupling measures, and to examine the relative impact of different perceptual variables upon
the prediction accuracy. For gestural coupling features, these analyses also helped to assess
the contribution of different coupling time scales and delays, hand movements, and horizontal
mirroring to prediction.

Correlations between perceptual variables and coupling features are presented as nine anal-
yses in Fig. 6. A percentile bootstrapped method with 10,000 iterations was applied to gen-
erate a 95% confidence interval (shown with error bars in Fig. 6). The majority of these
correlations reached statistical significance (at least at one-tailed p < .05), based on both
one-tailed hypothesis testing using Student’s z-distribution and on nonparametric bootstrap-
ping. Regarding correlations between volumetric matching and the perceptual features, larger
effect sizes were obtained for similarity than for interaction. Correlations between full body
volumetric matching and similarity were the largest observed in this study for that perceptual
variable, r(128) = .40, one-tailed p < .001; in contrast, no relationship was found for Inter-
action, r(128) = .14, one-tailed p = .11. The “no hands analysis” yielded some prediction
increase for both perceptual variables, that is, r(128) = .41, one-tailed p < .001 for Similarity

85U801 7 SUOWILLOD BAIE81D) 8 [dedljdde au Aq pauseno afe SejoiLke O ‘SN JO Se|nJ 40y ARq18UlUO AB|IA UO (SUOTIPUOD-PUR-SWBI WO A8 1M Ale.q 1 [put|Uoy/:Sdny) SUoRIPUOD pue swie | au 88S *[£202/S0/9T] Uo Ariqiauliuo AB(IM ‘ARiqiTeIAseAAr JO AisieAun Aq T8ZET SBOO/TTTT OT/I0p/W0D A8 | IM Aig 1 jpuljuo//:Sdny wolj pepeojumod ‘v ‘€202 ‘60L9TSST



20 of 32 M. Hartmann et al. / Cognitive Science 47 (2023)
Synchrony Imitation
Full Body No Hands Full Body No Hands
0.6 Y E——
s 04 !
[ Similarity o
[ Interaction E 0.2 i [ . il R . - - i
o T -
-0.2
4 2 1 2 1 1 2 4 1 2 4
Volumetric
Matching

0.4

-0.2

Full Body No Hands

Horizontal

-0.2

06 fm=—s—

Jidl B

Beat Level

Beat Level

Beat Lag

Beat Lag

Fig. 6. Pearson correlations between perceptual variables (similarity and interaction) and coupling estimates (vol-
umetric matching, synchrony, and imitation). Correlations with gestural features (synchrony and imitation) are
presented at horizontal and vertical movement components and at selected beat levels and beat lags. Error bars
indicate bootstrapped 95% confidence intervals (10,000 iterations). Dashed lines indicate, from bottom to top,
one-tailed p < .05, p < .01, and p < .001 significance levels (uncorrected for multiple comparisons). N = 128.

and r(128) = .19, one-tailed p < .05 for Interaction. As regards gestural features, synchrony
yielded relatively high correlations for both similarity (#(126) = .39, one-tailed p < .001 for
full body horizontal coupling at a 4-beat level), and interaction (r(126) = .46, one-tailed p <
.001 for full body vertical coupling at a 1-beat level), outperforming, together with volumet-
ric matching, state-of-the-art and baseline coupling measures (Supporting Information Figure
Al). Correlations with Imitation were, in contrast, lower for Similarity (peaking at r(126) =
.30, one-tailed p < .001 for full body vertical coupling at a 2-beat lag) but reached compa-
rable values for Interaction (#(126) = .42, one-tailed p < .001, also for 2-beat lag full body
vertical coupling).

Next, we investigated possible differences between the obtained correlations (Fig. 6). For
volumetric matching, we compared the perceptual features based on their correlation with
the kinematic coupling estimates (significant differences shown with black horizontal seg-
ments). Correlations with similarity were significantly higher (one-tailed p < .05) than those
obtained with interaction. For gestural features, two types of comparisons were performed to
assess differences between correlations in each analysis: different perceptual variables were
compared at a same beat level/lag (significant differences shown with black horizontal seg-
ments) and different beat levels/lags were compared for a same perceptual variable (signifi-
cant differences shown with colored segments). In all cases, vertical coupling exhibited higher
prediction for interaction than for similarity (as shown in Fig. A2, this was also observed for
a larger sequence of beat levels and around integer beat lags, that is, those associated with
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in-phase coupling). For the “no hands” analysis, these differences reached statistical signif-
icance around a 2-beat level (ranging between ~1.5 and ~3, see Fig. A2). This direction of
results (i.e., higher prediction for interaction than for similarity) was also observed with hori-
zontal Imitation at a O-beat lag and at a 4-beat lag, reaching statistical significance (one-tailed
p < .05) in the latter (“no hands” analysis). In contrast, horizontal synchrony yielded signifi-
cantly higher (one-tailed p < .05) correlations with similarity than with interaction; this was
observed both for full body and “no hands.”

Regarding differences between beat levels/lags of gestural features, correlations with verti-
cal synchrony tended to be significantly higher at faster beat levels (1 and 2) than at the 4-beat
level. For horizontal synchrony, correlations with Similarity were significantly higher at the
4-beat level than at other beat levels of interest. Correlations with interaction, in contrast, were
highest at the 2-beat level, reaching significant differences between 2- and 4-beat levels for
the “no hands” analysis. As regards imitation, correlation profiles at beat lags of interest were
rather constant for vertical trajectories, whereas in the horizontal plane, these were dependent
on the beat lag, exhibiting significantly larger coefficients at O- and 4-beat lags than at other
lags.

Regarding the prediction of similarity, two simultaneous coupling features yielded best
results, namely, volumetric matching (r(126) = .40, one-tailed p < .001) and full body hor-
izontal synchrony (r(126) = .39, one-tailed p < .001) at a 4-beat level. A multiple linear
regression was calculated to predict similarity from these two coupling features (Similarity ~
1 4 Volumetric Matching + 4-beat level Horizontal Synchrony). This calculation was moti-
vated by the low correlation observed between the independent variables (r(126) = .19, p
< .05), ruling out collinearity between them. A significant regression equation was found
(F(2,125) = 21.755, p < .001) with an R? of .258 (adjusted R* = .246). Standardized beta
coefficients were similar for both predictors (volumetric matching 8 = .34, 4-beat-level hori-
zontal synchrony B = .32), suggesting a similar contribution of both predictors to the model.

3.3.1. Hand coupling

As shown in Fig. 6, the removal of hand movement data from the analysis did not make
a relevant impact on the aforementioned correlations between the perceptual variables and
the kinematic features. For volumetric matching, the correlations for the “no hands” analysis
were slightly higher, suggesting that hand movements decrease the accuracy of the postural
coupling estimates. For gestural features, the removal of hand movement data did not make
a clear difference in the correlations at beat levels and lags of interest. Comparing “hands
only” with “no hands” analyses (see Supporting Information Figure A3), however, higher
correlations were observed in the “hands only” analysis for synchrony at around the %—beat
level, especially with interaction. Apart from this, correlations were either similar or lower for
“hands only” compared to “no hands” analyses. For vertical imitation, correlation decreased
at odd beat lags for the full body (Supporting Information Figure A2) and “hands only”
(Supporting Information Figure A3) analyses; these were expected due to alternating 2-beat
hand movement patterns.

It should be noted that horizontal synchrony reached a correlation peak at around a 1.5-beat
level (Supporting Information Figures A2 and A3); an additional investigation revealed that
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Fig. 7. Beat-level and lag-wise Pearson correlations between perceptual variables (similarity and interaction)
and gestural coupling estimates (synchrony and imitation) for horizontal and vertical movement components at
selected beat levels and beat lags. Solid and dashed colored lines refer to correlations with coupling estimates
based on mirrored and unmirrored body parts, respectively. Dashed gray lines indicate, from bottom to top, one-
tailed p < .05, p < .01, and p < .001 significance levels (uncorrected for multiple comparisons). N = 128.

the peak gets flattened if not only fingers and wrists but also elbows are removed (other than
that, no salient differences were found between results obtained from “no hands” and “no
arms” analyses). This peak is likely to be associated with variability in velocity periods and
amplitudes of the limbs, which make a relatively large contribution to the coupling estimates
due to larger velocity magnitudes.

3.3.2. Mirroring effects

The effect of horizontally mirroring the dancers’ movement data prior to the computation
of gestural coupling features (synchrony and imitation) was examined. As shown in Fig. 7,
correlation profiles for synchrony were highly similar. For imitation, in contrast, the mirrored
analysis yielded higher correlations at beat lags 0 and 2, whereas the opposite is found at beat
lags 1 and 3. This pattern suggests that dyads perceived as highly coupled tend to mirror their
movements more and vice versa: as is to be expected for dyads mirroring their movements,
increased correlations are observed at even beat lags due to in-phase relations between the
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compared body parts, whereas the correlation decreases at odd lags due to antiphase coupling
between the dancers’ corresponding bilateral body parts.

4. Discussion

Our investigation focused on the prediction of judgements of perceived coupling between
partner-facing dancing dyads using postural and gestural kinematic estimates describing
synchronous and sequential coupling. Perceptual ratings obtained from observers watching
silent stick figure animations of dancing dyads were predicted using three coupling features,
namely, volumetric matching, synchrony, and imitation, which were extracted from the cor-
responding kinematic data. Volumetric matching is a postural measure based on differences
in the instantaneous convex envelope of the dancers. It offers a rotation and translation invari-
ant description of dyadic coupling based on the degree of simultaneous congruence between
dancers’ postures. Regarding gestural measures, synchrony is a set of simultaneous coupling
estimates at a spectrum of temporal scales, whereas imitation involves both isochronous and,
mainly, time-delayed estimates of coupling. Synchrony, as a period locking spectrum, makes
it possible to assess the relative contribution of different movement frequencies to dyadic
coupling, helping to understand whether the dancers are mainly coupled through slow sway-
ing, fast bouncing, or a combination thereof. Imitation, on the other hand, can help to iden-
tify leader—follower relationships or reciprocal exchanges of information; previous work has
utilized similar features to quantify dance synchronization using parameterized (binarized)
accounts of coupling between dancers (Crone et al., 2021), whereas our implementation is
parameter-free. The main methodological contribution of this study was to carry out a per-
ceptual validation of these three features.

The results of this study yielded either full or partial support for most of our stated hypothe-
ses. Regarding H1, we did observe vertical coupling to be concentrated at faster frequencies
and horizontal coupling to be more distributed along different time scales, but correlations
with perceptual ratings only followed the expected results for vertical coupling. Following
H2, we observed relationships between both simultaneous coupling features and similarity,
on one hand, and between sequential coupling and interaction, on the other hand; regarding
gestural features, the former relationships were observed only for horizontal coupling, while
the latter were exhibited by both horizontal and vertical coupling. We failed to find support
for H3, since we obtained similar prediction accuracy regardless of whether hand coupling
information was removed or not from a full body coupling analysis, with the caveat that hands
seemed to contribute to higher correlations with interaction at faster beat levels. In contrast,
our findings supported H4, because dyads who were horizontally mirrored with each other
were given higher ratings of similarity and interaction, and vice versa. Finally, H5 could be
supported, since real dyads exhibited higher coupling than artificially matched ones, espe-
cially for horizontal imitation.

In addition to the above, gestural coupling analysis yielded two other relevant findings.
First, we found links between interaction and faster coupling, and between similarity and
slower coupling. Specifically, interaction was mainly related to faster (especially vertical)
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synchrony, and accurately predicted by both simultaneous and sequential gestural coupling
features; further, for vertical coupling, interaction was better predicted than similarity regard-
less of the gestural coupling algorithm used. Similarity, in contrast, was better predicted than
interaction only with slower horizontal simultaneous coupling. Another noteworthy finding
was that real dyads exhibited higher mean coupling than artificially generated dyads for all
the analyzed coupling features. This result shows that while entrainment to the music has
a large impact upon coupling, social entrainment also makes a contribution to postural and
gestural (especially sequential and synchronous horizontal) coupling.

The observed results are generally in accordance with our first hypothesis. As shown in
Fig. 5, mean vertical coupling seemed to be mainly associated with 1- and 2-beat move-
ments (i.e., at frequencies closer to the musical tactus level), possibly as a manifestation of
the discrete musical beat signal, whereas mean horizontal coupling followed a somewhat less
localized pattern (i.e., more distributed along multiple temporal scales), even after removing
hand movement data from the analysis. Also, as shown in Fig. A2, correlation profiles reached
a ceiling with vertical synchrony between around 1- and 2-beat levels, whereas correlations
with horizontal synchrony yielded various local peaks at diverse beat lags. Overall, these
results resonate with previously suggested relations between vertical movements and entrain-
ment to discrete information (auditory beats) and between movements on the horizontal plane
and entrainment to continuous (visual) information (Chauvigné et al., 2019).

Our second hypothesis proposed simultaneity—similarity and sequentiality—interaction
associations. In accordance to this hypothesis, volumetric matching was found to be more
highly associated with similarity than with interaction, suggesting that people pay attention to
postural synchronous coupling when rating similarity. In partial accordance with the hypoth-
esis, expected results were observed for gestural coupling estimates (Fig. 6), yet in the hor-
izontal plane. According to these results, when rating similarity, people’s perceptions may
have been influenced by horizontal simultaneous coupling, whereas when rating Interaction
these may have been influenced more by horizontal sequential coupling. Regarding vertical
coupling, however, both synchrony (especially faster synchrony) and imitation yielded max-
imum correlations with interaction. It should be noted here that the maximum correlations
between synchrony and similarity, which highlight faster vertical coupling and slower hori-
zontal coupling, are consistent with previous findings underscoring the hierarchical structure
of spontaneous dance movement, and specifically the relations between vertical movement
and musical tactus and between horizontal movement and slow metric levels (Burger, Lon-
don, Thompson, & Toiviainen, 2018; Toiviainen et al., 2010).

The synchrony coupling measure yielded one of the clearest results in the study, which
is the association between fast vertical coupling and Interaction on one hand, and between
slow horizontal coupling and Similarity on the other hand. Indeed, significant differences in
Fig. 6 suggest for synchrony a link between interaction and faster vertical coupling (i.e., up to
around 2 beats), and an association between similarity and slower horizontal coupling (espe-
cially around the 4-beat level). This relationship between fast vertical simultaneous coupling
and interaction suggest that people pay attention to short mutual exchanges of information
when rating interaction; in contrast, the link between slow horizontal simultaneous coupling
and similarity might mean that similarity refers to a longer term stability in the coupling
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between dancers—this latter point being reinforced by the observed relationship between
Volumetric Matching and Similarity. It should be highlighted at this point that similarity
and interaction are correlated variables, which had already been noted in previous work
(Hartmann et al., 2019). Our results provide new insights into the nuances between these
perceptual dimensions.

A number of remarks could be made regarding Imitation. First, significant differences
between selected beat lags were observed on the horizontal plane (Fig. 6), highlighting its
slower periodicity and the relative importance of horizontal coupling through swaying over
shorter anteroposterior and mediolateral movements. Second, while leadership had to be
dropped from the analysis due to low internal consistency, this was not the case for inter-
action, which yielded relatively high correlations with imitation. While observers may not be
able to distinguish leaders from followers in free dance movement, it is reasonable to wonder
whether perception of reciprocal, bidirectional exchanges of information might be at stake,
whereby dancers would constantly engage in mutual adaptation (Gallotti, Fairhurst, & Frith,
2017). A third remark is that time-delayed relationships (i.e., at lags other than 0) between
perceived and kinematic coupling were for some analyses stronger than immediate relation-
ships (i.e., at 0 lag), as shown in Supporting Information Figure A2 for both similarity and
interaction; this can be clearly seen for horizontal imitation, where 4-beat lag correlations are
higher than those at 0-beat lag. These results support the notion of nonsynchronous action mir-
roring (see Crone et al., 2021) and that observers paid attention to these aspects when rating
Interaction. Further, they recall von Zimmermann, Vicary, Sperling, Orgs, and Richardson
(2018) finding that distributed (time-delayed) coordination rather than unitary coordination
predicted group bonding between dancers.

The role of hands in dyadic coupling remains unresolved. Although previous work sug-
gested that people pay attention to hands when rating perceived synchrony (Carlson et al.,
2019), our findings suggest that hand coupling did not make a clear impact on the prediction
of perceived coupling and do thus not support the third hypothesis. However, we found hand
mirroring to be more frequent among dancers who exhibit higher coupling, and vice versa
(see below). Also, significant differences between interaction and similarity in their correla-
tion with synchrony at beat levels between ~1.5 and ~3 for “no hands” analyses (Supporting
Information Figure A2) are noteworthy. Since these differences seem to mainly relate to an
increase in the correlations with similarity for the “no hands” analysis, these results could
suggest increased attention from raters toward hand synchrony when rating similarity than
when rating interaction. It shall be noticed too that the “hands only” analysis yielded higher
correlations with interaction at faster (especially vertical) beat levels, suggesting that hand
coupling plays a role in the association between interaction and faster vertical coupling (Sup-
porting Information Figure A3). It is also worth pointing out that, comparatively, there is
a greater variety of possible and likely hand and upper limb movements dancers could be
making compared to other parts of the body, making it difficult to fully explore their percep-
tual influence in a single study. Overall, the contribution of hand movements on perceived
coupling deserves further investigation in order to clarify these mixed results.

Regarding mirroring effects, and in connection with our fourth hypothesis, correlations
with imitation and with horizontal synchrony (Fig. 7) suggest that dyads who tended to mir-
ror at least some of their movements—hand movements in particular—were given higher
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coupling ratings. Hence, these results suggest that people pay attention to horizontal mirror-
ing when rating dyadic coupling. Associated with this result, according to the sign of mean
feature values for Imitation at integer beat lags (Fig. 5), in-phase coupling is more common
than antiphase coupling. Hence, the mirroring effects for sequential coupling are evident both
through the correspondence between bilateral body parts and the overall pattern of phase
relations. Finally, it is interesting to note that for vertical synchrony, there is no clear effect
of mirroring (Fig. 7). This suggests that simultaneous vertical coupling is a relatively weak
descriptor of social entrainment, an interpretation that is reinforced by the relatively low dif-
ferences between artificial and real dyadic coupling estimates for vertical synchrony (Fig. 5).

Disentangling nonsocial rhythmic entrainment from social entrainment to understand their
relative contributions to perceived coupling is a challenging problem that pervades the joint
action literature (Marsh, Richardson, & Schmidt, 2009). In this respect, our results show that
the predictability of perceived dance coupling from kinematic dance coupling increases when
the latter is evaluated at temporal scales that follow the structural hierarchy of the music
danced to. Indeed, repetitive movements following the musical tactus, such as bouncing,
might be important predictors of perceived coupling even if these could be, for instance,
better characterized as self-imitation than as other-imitation. However, rhythmic entrainment
does not suffice to explain the perceptual responses, as suggested by the higher coupling
(significantly higher for sequential coupling) estimates obtained from real dyads than from
artificially coupled ones, which are in accordance with our fifth hypothesis. In other words,
the dyadic movement coupling studied here cannot be reduced to the incidental similarity
between dancers sharing a similar representation of a task (rhythmic entrainment to music);
more importantly, it reflects the activity of a higher level structure (i.e., an interpersonal syn-
ergy) that is supported by the, for example, visual coupling of the dancers’ degrees of free-
dom (see, e.g., Dale, Fusaroli, Duran, & Richardson, 2013; Fusaroli, Raczaszek-Leonardi, &
Tylén, 2014; Riley et al., 2011; Schmidt & Fitzpatrick, 2016). In this respect, previous work
has found that joint movements can be truly coordinated, reciprocal actions, and not just the
result of executing similar yet independent motor programs due to shared task representations
(Riley et al., 2011).

Although our results help to clarify the differences between nonsocial rhythmic and social
entrainment, perceptual ratings of dancing pseudodyads would be needed for a thorough
investigation of the perceptual impact of social entrainment in dance. This approach, intro-
duced by Bernieri et al. (1988) but rarely reported in the literature, would allow to understand
whether—and under what conditions—pseudointeractions are perceived as less coupled than
their associated real interactions. Such an investigation could be enriched by including explicit
leader-followership roles to elucidate the distinction between synchronous and sequential
social entrainment.

The results of this study underscore the importance of multivariate methods for the study
of human motoric coupling, which is multidimensional in nature. At least in dance research,
both individual rhythmic entrainment and social coupling studies have often been based on the
analysis of a single marker (Brown & Meulenbroek, 2016; Ellamil, Berson, Wong, Buckley,
& Margulies, 2016; Shimizu & Okada, 2021; Solberg & Jensenius, 2019; von Zimmermann
et al., 2018) or a single-body region (Sato, Nunome, & Ikegami, 2014) per dancer. However,
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different types of multivariate approaches, including latent space (Hartmann et al., 2019) and
time-frequency analysis (Toiviainen & Hartmann, 2022) methods, have shown to outperform
univariate ones such as correlations between vertical head velocities. Moreover, it must be
stressed that multivariate (and multiscale) methods are important for the study of multiple
coupling modalities (such as movement, respiration and heart rate, and gaze) and their inter-
actions (Dale et al., 2013); current logistical and technical challenges to data collection are
likely to be solvable, and costs are likely to reduce. The rarity of whole-body (Chang et al.,
2020) and multimodal perspectives integrating behavioral, cognitive, and contextual factors
sets an agenda for future research.

A potential limitation of this study is its explanatory power, which suffers from the sum-
marization of perceptual ratings. The applied procedure aimed to obtain equal-sized, age- and
gender-balanced groups to avoid possible confounders but might have failed to accommodate
differing baselines and ranges of ratings from participants or participant groups. As a sugges-
tion for further research, the contribution of variables of interest such as gender and age of
observers to the prediction of perceived coupling could be accounted for and understood by
means of multilevel modeling approaches.

Another goal for further research would be to understand the possible contribution of fine-
grained movements, such as those conveyed via facial and hand expressions, to dyadic dance
coupling and its perception. Novel pose estimation techniques that do not require the use of
motion capture markers (e.g., Cao et al., 2017) might help in clarifying the unique contribu-
tion of these subtle yet significant gestures.

To conclude, this study tackled the issue of perceived similarity and interaction in dance.
While previous studies on the subject highlighted the importance of mutual gaze upon per-
ceived dyadic coupling (Carlson et al., 2019; Hartmann et al., 2019), we focused on front-
facing dyadic animations and proposed novel kinematic features to assess the contribution of
other factors. According to our results, similarity seems to relate to both gestural synchrony
(specifically, to simultaneous slow horizontal sway) and to postural synchrony (specifically,
to similar bounding volume dynamics), whereas interaction is more associated with faster
gestural synchrony and with Imitation. As a methodological contribution, we have percep-
tually validated three novel approaches to model kinematic coupling, which is a complex
dynamical process whose lack of standardized quantification methods (Ayache et al., 2021)
is shared with neighboring research realms (Cliff, Lizier, Tsuchiya, & Fulcher, 2022). Multi-
variate analysis techniques can help to clarify the perception of movement coupling and other
issues both inside and outside the realm of music-induced movement. The present study rep-
resents a step further in the understanding of perceived similarity and interaction in dance
coupling and opens up new avenues for explaining the distinction between rhythmic and
social entrainment. In conclusion, the free dance paradigm can provide significant insights
into human perception and joint action.
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Note

1 The term “coupling” is chosen here as it denotes fewer connotations than, for example,
“coordination” and does not necessarily imply an exchange of information between indi-
viduals (Dumas & Fairhurst, 2021). This usage of the term should not be confused with
the coupling parameters used in dynamic models of movement coordination, such as the
HKB model (Haken, Kelso, & Bunz, 1985).
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