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ABSTRACT
Interactional synchrony, the spontaneous coordination of move-
ments during interaction, is increasingly considered important in
research on the development of non-verbal communication by autis-
tic children. There is evidence that interventions using embodied-
interaction technologies to support interactional synchrony are pos-
sible, but we do not have a shared framework in Human-Computer
Interaction (HCI) for designing and evaluating such systems. We
discuss existing measurement and evaluation tools used in experi-
mental psychology and consider how the prevalent approach could
be adapted to naturalistic HCI study contexts, with input from do-
main experts. We report on an exploratory case study evaluating
a full-body interactive musical system with a group of ten autis-
tic children. We provide methodological recommendations for the
evaluation of future systems focusing on interactional synchrony,
highlight limitations of current measurement tools and suggest
mitigations.

CCS CONCEPTS
• Human-centered computing→ Human computer interaction
(HCI); HCI design and evaluation methods.
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1 INTRODUCTION
Existing Human-Computer Interaction (HCI) research on under-
standing and supporting non-verbal communication for autistic
people has examined sequential synchrony (e.g., turn taking in
discussion, imitation) and concurrent synchrony (e.g., joint action,
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mutual gaze) [1]. Recent autism research has suggested that interac-
tional synchrony, i.e., the spontaneous coordination of movements
during interaction, is a key form of concurrent synchrony support-
ing the development of motor, social and cognitive skills [2, 3].
Recent studies [2, 3] have indicated that autistic people display a
lower degree of interactional synchrony and suggest that this find-
ing may offer new pathways for interventions to support them, for
instance using music therapy [4]. However, the construct of inter-
actional synchrony is not yet guiding the design and evaluation of
interactive systems that could be used to support such therapeutic
interventions and their evaluation.

A significant obstacle is the difference in typical settings and
aims between psychology research, which often studies interac-
tional synchrony in tasks where both participants are seated in a
controlled laboratory context; while interventions such as music
therapy often use full-body interaction and may take place in a
variety of settings, from homes to schools [5–7]. The prevalent
tool for measuring interactional synchrony in autism research is
Motion Energy Analysis (MEA), which allows for non-intrusive and
inexpensive movement tracking using a simple camera. MEA is a
video-image analysis software that adopts an automatic procedure
to extract time-series movement data from the video recording, us-
ing the changes in the greyscale pixels between consecutive video
frames [8].

Therefore, we investigate if and how MEA could be adapted
for “in the wild” studies of realistic intervention using a wider
range of movements. This exploratory study is two-fold: we first
interviewed three experts, including the designer of MEA, on the
challenges they would expect in using the tool to measure inter-
actional synchrony in free-movement settings and the potential
mitigations. We then used MEA in a case-study evaluation of a
full-body interaction prototype to further identify implementation
and analysis challenges. The system, called OSMoSIS, is based on
music-therapy interventions supporting autistic people in develop-
ing their social and communication skills [9]. It generates musical
patterns following movements of participants in real-time, provid-
ing means of expression other than traditional instruments which
are sometimes a barrier for autistic children’s participation [10]. It
was designed to increase engagement in music therapy activities
based on imitation and was used successfully for this purpose [10].
We do not know however if increased engagement translates in
higher interactional synchrony, nor whether it is possible to use
MEA to measure it in this context. Our contribution is primarily
methodological, but through the application of the adapted method
in the case study, we highlight opportunities for design and HCI
considering interactional synchrony useful for the IDC community.
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2 BACKGROUND AND RELATEDWORK
In this section, we give an overview of the concept of interactional
synchrony and its implications for the design of interactive systems
to support research and therapy related to non-verbal communica-
tion, with a focus on music therapy for autistic children.

2.1 Interactional Synchrony in Autism
Research

Synchrony, where similar behaviours and movements are observed
in persons interacting, is a ubiquitous mechanism in social be-
haviour and a form of non-verbal communication [11]. Within
synchronising behaviours, interactional synchrony refers to the
multimodal, embodied process, including movements, vocalisations
and visual attention [12–14], which is believed to underlie and
enable the development of mutual understanding, collaboration,
empathy, smoother conversation and social cognition [15–17]. In
the research literature, interactional synchrony is referred to us-
ing a wide range of terms, including interpersonal coordination,
interpersonal adaptation, attunement, mimicry, stress contagion,
emotional contagion, coupling, contingency, reciprocity, mutual-
ity, and dyadic regulation [18]. Its key feature is the concurrent
alignment of comparable processes, such as voluntary movements,
when individuals interact with each other. Parent–child interac-
tions and the interactional synchrony between them play a critical
role in early social and language development [19, 20], with evi-
dence that children and caregivers jointly coordinate movements
and vocalisations in time [21, 22].

A recent study by Zampella [3] showed that autistic children
displayed less interactional synchrony with familiar and unfamiliar
partners, in comparison with non-autistic peers. Beyond group-
level differences, interactional synchrony negatively correlated
with autism symptom severity [3]. Other studies [23, 24] confirmed
that autistic children are less likely than allistic peers to coordi-
nate movements in time with known partners such as caregivers
[25] and unknown partners such as researchers [23, 24]. This latter
study [24] investigated interactional synchrony in structured (i.e.,
non-naturalistic) tasks, in which partners simultaneously rock in
chairs or swing pendulums. Results suggested the association of
reduced interactional synchrony to weaker social skills in autistic
participants, which could explain subsequent difficulties such as
joint attention [23, 24]. Research has also demonstrated that autistic
adolescents display less interactional synchrony, using a periodic
rhythmic task with coupled oscillators connected to the interacting
agents [23]. The authors suggest weaker synchrony resulted in
lower sensitivity and diminished attention to the movements of the
other person, and that their findings concerning specific interac-
tional synchronisation features of autistic people could be used as
an objective, bio-behavioural marker [23].

Another study [26] investigated interpersonal synchronisation
in a naturalistic situation, measuring synchrony between the partic-
ipants and an avatar, and confirming a subtle impairment in autism
compared to their non-autistic peers and children with develop-
mental coordination disorder. The same study associated flawed
interactional synchrony with differences in motor control and pro-
prioception in the autistic group compared to the other groups
[26]. On the same line, other studies [27] suggest differences in

interactional synchrony are associated with differences in motor
skills. In addition, these studies and others [27, 28] provide evi-
dence for atypical interactional synchrony in autistic people and
suggest it may lead to compromised social interaction by reducing
opportunities for social-emotional reciprocity [3].

2.2 Tools and Technologies to Assess
Interactional Synchrony with Autistic
Participants

Measurements of interactional synchrony may be a valuable indica-
tor of someone’s attitude towards the interaction or their interaction
partner. Previous research [22] has especially focused on assessing
synchrony in the interaction between mother and infant, including
manual annotation (e.g., coding events in on video recordings [29])
and computational analysis (e.g., time-series analysis from videos
or sensors data [13]). In this paper we focus only on computational
approaches because manual annotation, whilst accurate, is not scal-
able. Furthermore, it cannot be used in real-time because it cannot
be built into systems to support live feedback.

Computational tools include tools for generating time-series
of multimodal movement data, such as video, wearable devices
or motion tracking sensors [30, 31]; and analysis tools measur-
ing synchrony in and between groups of interacting agents [32].
But previous studies with autistic participants [28, 33] that evalu-
ated interactional synchrony focused on stationary experiments
in controlled environments. There appears to be a lack of work in
experimental contexts where synchrony is measured that allows
for more degrees of freedom of movement.

2.2.1 Generating data: motion tracking and depth sensors, video-
tracking. Methods for generating time-series movement data in-
clude extracting parameters from sensors (motion tracking systems
using depth-cameras or wearable devices [34, 35]), and employ-
ing video-tracking techniques [36–38]. Thus far, most studies of
interactional synchrony measure movement of isolated body parts,
using dedicated motion tracking devices measuring depth and 2D
coordinates placed in the laboratory, measuring e.g., finger motion
[39], eye movement [40], hand motion [41] or leg motion [42]. This
includes the use of Microsoft Kinect or more advanced motion
tracking systems using depth sensors [41]. Wearable sensors often
are body-worn accelerometers [42]. While these methods can be
more accurate than video-based techniques and can be used in
combination with them [43], they have several limitations. Motion-
tracking tools using depth sensors currently are used to generate
data about movements and synchrony at specific body coordinates,
but currently are not integrated with analysis tools to measure
interactional synchrony [43].

Meanwhile, worn sensors are often inappropriate for dynamic
naturalistic settings, especially with children who may not respond
well to their presence. For example, one author [44] calculated the
maximum value of the windowed cross-correlation between the
participants’ head movements, defined using tracking devices con-
nected to the head. It would not be appropriate to consider placing
such a system on autistic participants’ heads as it would also un-
dermine the child’s spontaneity during the study, For the study
of the interaction with autistic people, methods like video-based
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tracking techniques are preferred, having simplicity as their main
advantage. Video footage taken with a single camera is sufficient
for obtaining the time series of bodily movement [13, 45], with
an accuracy similar to depth cameras [46]. There are two main
approaches to generating data based on videos for measuring in-
teractional synchrony: pose estimation, which similarly to motion
tracking tracks a point representing a body coordinates, and frame
differencing i.e., the capture human motion using pixel changes
across a plane or in a region [47].

OpenPose [46], which combines computer vision and deep learn-
ing and automatically detects the joints’ coordinates in the human
body, is a pose estimation tool. It calculates the movement score
after summing the distances between 17 body coordinates (i.e., eyes,
nose, neck, shoulders, elbows, wrists, mid-hip, left hip, right hip,
knees, and ankles) across frames, enabling to measure whole-body
movements and evaluate synchrony. OpenPose software is pre-
trained, so it is not necessary to train the algorithm to estimate
the coordinates of body parts. Although it lacks a graphical user
interface and requires coding skills, its accessibility is significantly
high because it is available for Mac, Windows, and Linux users.

By contrast, MEA, the tool used in this study, uses frame differ-
encing i.e., it captures human motion using pixel changes across
a plane or in a region. Both MEA and OpenPose allow for the
movement of multiple persons to be tracked simultaneously and
OpenPose has the advantage of reduced sensitivity to background
noise and lighting conditions compared to MEA. However, previous
studies show they have a very similar accuracy [48], with MEA
being easier to use due to its graphical interface and its straightfor-
ward integration with analysis tools.

2.2.2 Time series analyses and tools. Time-series analysis tools are
based mainly on statistical approaches. Interpersonal coordination
appears when two or more individuals coordinate their behaviour
in a time series, and it can be analyzed in either time- or frequency
domains [49]. The amount of movement is mapped on the y-axis
while the x-axis corresponds to the timeline in the time domain. In
the frequency domain, instead, the movement is plotted on the y-
axis while the x-axis displays the frequency components. Research
on synchrony has focused on the similarity of rhythm and timing,
which can be interpreted as a frequency-domain event [47]. Hence,
a simple correlation applied to assess time-domain coordination
cannot be employed to evaluate synchrony in the frequency domain.
Automated tools enable objective measurements of the synchrony
between interacting agents throughout the time series.

In past research, once time-series were obtained, particularly in
structured controlled settings, methods like the Fourier transform
were used. But they have severe practical limitations. For example,
Fourier transforms require assuming a stable frequency or repeti-
tive pattern during the entire interaction [50]. Other methods used
in less structured environments include the cross-wavelet trans-
form [50], the simultaneous analysis of two signals in the frequency
and time domain, which require determining a dominant rhythm
before the analysis. However, in unstructured settings such as con-
versational interaction, it was not possible to predict the rhythm
of the conversation. Therefore, using the cross-wavelet transform,
authors employed the pseudo-synchrony experimental paradigm

[51, 52], in which randomly matched time series data are used as a
baseline against which to compare synchronous ones.

Therefore, with this paper, we tested MEA’s usability in dy-
namic full-body interactions between a facilitator and an autistic
child where we investigate MEA’s advantages and limitations in
semi-experimental settings. MEA has been used in the last decade
to measure interactional synchrony in research related to autism
[53, 54]. It is built on two distinct modules: 1) MEA which allows
the computation of movement from video pixel changes and 2)
the rMEA R package [8], which makes available the computation
of synchrony from that pixel quantification data using windowed
cross-correlation. The MEA process consists in recording two video
streams resulting from the interaction between two persons. In
both videos, the movement by the persons detected is measured as
a function of time by an image pixels difference computation (Fig-
ure 1A). Then, the time-lagged cross-correlation between the two
movement functions is computed to establish if the agents move
synchronously [45, 55] (Figure 1B). Comparing these two computa-
tions shows whether the measured synchrony level is higher than
expected by chance.

Since people interacting might not move precisely simultane-
ously, it may result in a brief lag in reaction to each other; this
computation is done many times, comparing each window of each
of the two agents that are within a lag of -5+5 secs. Also, authors
from previous studies [56] introduced ‘randomly shuffled pseudo-
synchrony’(Figure 1D) where the data of one of the two persons
is shuffled around in blocks encompassing more considerable pe-
riods. Calculating the cross-correlations on this shuffled pseudo-
interaction still relates the movements of the same two persons, but
now at two different moments, therefore no longer representing
a real interaction. Interactional synchrony is thus illustrated as
a heatmap (Figure 1C), where in the legend on the right side of
the map, the colour code represents the strength of correlation in
the given time-lag matches, starting from the white meaning no
synchrony, and the red at the top meaning high synchrony.

2.3 Technologies in Autism Interventions and
Research

Previous HCI research has sought to support playful experiences,
within [57] or outside of interventions. Within interventions, tech-
nology has been used for increasing effectiveness, as well as di-
agnosis and evaluation of intervention effectiveness. Technolo-
gies to support behavioural interventions often engage the whole
body, through e.g., the design of smart-home environments [58–
60], interactive multimodal systems [61–63], virtual environments
[10, 64, 65,] and robotics [66].

2.3.1 Designing full-body interaction. Technologies have the po-
tential to support and evaluate therapeutic interventions. Full-body
interaction systems may be especially well suited for use by autis-
tic participants because they allow engagement, free-movement,
exploration opportunities, and social activities, by promoting social
interaction and collaboration in multi-user situations. This section
presents an overview of the full-body interaction systems devel-
oped in recent years in HCI for therapeutic and research purposes.
Theoretical foundations of such systems derive from theories that



IDC ’22, June 27–30, 2022, Braga, Portugal Grazia Ragone et al.

Figure 1: MEA workflow (A: MEA output display with various information and settings areas displayed, included the drawn
ROI’s which is Red for the facilitator andBlue for the child, while interacting; B: plot function of raw data in rMEA to represent
different settings of the synchronisation algorithm; C: Heatmap of synchronisation in the dyad #Participant11, #session 1. The
horizontal axis represents time, one interval for each correlationwindow. The vertical axis represents the various lags, from−5
(facilitator leading) to +5 (child leading), the colour code represents the strength of correlation in the given time-lag matches;
D: The lag-plot of normalized correlations between lags. Social presence (area of superiority of real vs random correlations)
can be observed to be higher in Sounds On than in Sounds Off dyads. The highest correlation in Sounds On dyads is expressed
at about 0 s lag with the facilitator leading the interaction. Similarly, we observe in Sounds Off dyads, high correlation favours
facilitator leading phases.

cognition and communication skills are developed through embod-
ied interaction [67]. HCI researchers have developed virtual agents
[65, 68] or robots [66] that emulate directing attention, conveying
emotion and communicative behaviours.

One of the most used technologies in full-body interaction is
Kinect (for example [69]), which enables to accurately track and
process body gestures for a low cost. Full-body interaction sys-
tems let multiple users interact in the same scenario, permitting
face-to-face communication and movement in exploratory virtual
environments. Examples include Mediate [70], a Multisensory in-
teractive environment for an interface between autistic and allistic
users to allow creative exploration through tactile, visual, and au-
ditory stimuli. Similar research projects are Lightpools or Ball del
Fanalet [71]. Another project is Lands of Fog [72], a collaborative
virtual, full-body interactive environment fostering social inter-
action in high functioning autistic children. GenPlay [73] as the
successor of Land of Fog, was initially developed for two Kinect
cameras and an interactive projection on the floor. The goal was to
create a system that would be portable to classrooms and hospitals,

which would inspire the children’s creativity and collaboration. An-
other project is the Magic Room [74] which encourages interaction
with "smart" objects and the whole space through body movement
and object manipulation, offering various combinations of stimuli.
Full-body interaction can offer multisensory stimuli to keep autistic
children focused through motor-focused therapeutic intervention
[75, 76].

2.3.2 Technologies for music therapy. However, while interactional
synchrony might be an underlying mechanism supporting the de-
velopment of the skills targeted by these systems, and contribute
to explain their success, it is not currently designed for, nor is it
a construct used for their evaluation. Furthermore, little research
focuses on enhancing the interaction with a human facilitator in
motor-focused therapy. One such intervention is music therapy,
which has been shown to be helpful for autistic children to develop
a higher degree of interactional synchrony [77], as well as their com-
municative, motor and social skills [9, 73]. Music-therapy can adapt
to children’s rhythms and emotional needs in a flexible way [78, 79].
Hence, music-therapy can provide a pleasant and non-frightening
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means to stimulate social interactive skills [78]. Some autistic chil-
dren face barriers to actively participate in music-therapy activities,
due to the complexity and fine-motor skills requirements of tradi-
tional musical instruments [80, 81]. Technology can help overcome
motor constraints and enable anyone in creating complex musi-
cal sounds [78]. This includes virtual environments, interactive
multimodal systems, and robots [80].

Interactive multimodal systems adopted in music therapeutic
include a variety of input devices (e.g., fabric-based) [82] or ges-
tures [10] to play and generate musical sounds. Moreover, music
therapy often focuses on collaboration, either with others or with
the therapist, which makes it an especially good area to research
interactional synchrony. But music therapists rarely use quantita-
tive data, especially multimodal data such as information about
movements, in their work. This is in part due to lacking the tools
to do so [80, 83], and further motivates the use of MEA over other
approaches to evaluate interactional synchrony: it could allow close
collaboration with practitioners. The case-study chosen for our ex-
ploratory study of therefore uses a full-body musical interactive
system to support a collaborative activity in music therapy, in a se-
ries of realistic settings. This system appears to increase children’s
engagement [84, 85], which in turn could impact interactional syn-
chrony.

3 EVALUATING INTERACTIONAL
SYNCHRONY IN FULL-BODY
INTERACTION

Given the interest in full-body interaction for both supporting and
assessing the development of motor and social skills in autistic
children, we focus on a realistic task conducted in a non-laboratory
setting. To explore how MEA can be used in this type of context
and HCI researchers can contribute to this knowledge area, we first
gathered the opinion of three experts in autism and MEA about
the challenges and benefits they would expect when using MEA in
this context. We then explored challenges with implementation and
analysis of results through a case-study with a full-body technology
prototype for music therapy with autistic children. We chose an
exploratory case-study approach [86] to identify the empirical fea-
sibility of using MEA in this context, both for collecting, analysing,
and presenting data. It allows to explore in detail how the tool can
be implemented, and key difficulties of which researchers should
be aware.

3.1 Expert survey
We collected the opinion of three experts, two autism researchers
who used MEA for their own studies, as well as the designer and
developer of the MEA tool. This allowed us to identify known
limitations for the use of the tool in a different context and to guide
the design of the case study presented in the following section.

3.1.1 Data collection and participants. The experts were sent the
following questions: 1) In which experimental setups do you think
MEA/ rMEA tools could be used? 2) What limitations/issues with
the data would you expect from using these tools in naturalistic
study contexts with unconstrained participant movement?

They were given the choice of answering them by writing or
orally. When answering orally, they were sent the transcript for
reviewing. The participants were Devyn Glass (DG), a researcher in
the field of autism who has been using MEA and rMEA to examine
social motor synchrony during table-top games played on iPads
[87]; Dr Alexandra Georgescu (AG) who has used MEA to investi-
gate interpersonal coordination differences between clinical groups
[28], and for digitally assisted autism diagnostics based on intra-
and interpersonal coordination [28, 53]; and Dr Fabian Ramseyer
(FR), a psychotherapist and researcher whose focus is the temporal
dynamics of human synchronisation. He is also the programmer
and developer of the MEA software.

3.1.2 Data analysis. Given that the responses were authored and
reviewed by three domain experts, a summary approach to analysis
was most appropriate. We used a basic open-coding approach to
identify the key themes in the responses, which were 1) potential
benefits of using MEA in the context of full-body interaction in
realistic settings; 2) expected differences between the design of
experiments using MEA in autism research traditionally and studies
focusing on full-body movements; and 3) expected limitations or
difficulties the case-study should focus on. We summarised the key
points made by experts according to these three headings, and then
asked them to review our summary for inaccuracies. In the results,
respondents are identified by their initials.

3.1.3 Findings. MEA was designed to capture and analyse sta-
tionary interactions, in fact one of the first steps in the process
is drawing the Region of Interest (ROIs, i.e., specific areas, such
as a single participant or a participant body part) with different
colours to distinguish the agents. In the exploratory study for ex-
ample the child’s ROI was also of the same blue colour, and the
facilitator’s ROI was always red (Figure 1A). The ROI was designed
to be static, imagining a typical stationary setting with, for example,
the client and the therapist sitting on a chair. The limitations of
these studies, however, are that they do not necessarily capture
well the specificities of the movements of autistic people.

Potential benefits of using this tool in the context of full body in-
teraction. DG notes: “autistic children may have more movement
variability than non-autistic children”. This difference may be cap-
tured by allowing freedom of movement through more expansive
spaces where autistic people can move spontaneously: “free-flow
movement will allow us to detect synchronymore accurately for the
autistic group as it provides them the opportunity to move dynami-
cally and naturally”. DG stated MEA is useful in controlled circum-
stances. DG affirmed “MEA can capture spontaneous synchrony in
naturalistic settings; however, it might be best for static activities”.
According to DG measuring interactional synchrony in dynamic
contexts: “would also allow more accurate detection of multimodal
synchrony. This could allow us to examine whether autistic and
non-autistic people synchronise in similar or different ways”. DG de-
scribed an instance where one partner’s arm movements appeared:
“closely coupled with their partner’s hand movements”. Employing
MEA in open full-body interactions or classroom studies: “may be
difficult due to participants crossing over into each other’s ROI,
typical of such dynamic settings”.
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Hence, for the study of interactional synchrony and autism to
progress, researchers could investigate full-body interaction with
systems that enables functions of moving ROI where agents move
freely around the environment. This would allow the distinction
between the agents and, with an advanced system, even the op-
portunity to make distinction of the different body parts which is
something that the last motion tracking devices (e.g., Kinect) would
allow.

Expected differences between the design of experiments using MEA
in autism research traditionally and studies focusing on full body
movements. AG recognizes the great value of the rMEA package: “to
investigate interpersonal coordination with continuous data (pixel
change time series) in a wide range of setups for the experimental
study of nonverbal behaviour”. In particular, a main advantage in
autism research is that it enables the “quantification of movement
without the need of wearable technology”. This is helpful, given
the sensory sensitivity in autism”. However, AG recognizes lim-
itations in using rMEA in a dynamical setting. For example, she
notes: “one of the most potential issues stems from the fact that the
ROI definition with MEA is done manually and the ROIs are not
dynamic. They need to be carefully drawn to include only the area
of interest but the entire range of movement for the entire length
of the analyzed clip”. This is not always easy, will result in ROIs of
varying sizes and there can be many instances of region crossing
(e.g., one person’s leg enters the ROI of the other). She continues:
“Differences in the size of the drawing of regions of interest, how-
ever, can be addressed through standardisation or rescaling of the
data in rMEA”.

We support the idea from Glass and Yuill [88] that tailored stud-
ies, where children are engaged in motivating activities (e.g., with
music or related to preferred interests), autistic participants can
be observed in a more natural, semi-experimental setting. Such
setups could potentially counter previous findings that highlighted
poor interactional synchrony in autistic children. Hence, traditional
stationary studies on interactional synchrony may be limited in the
exploration of such a complex phenomena.

Expected limitations or difficulties the case-study should focus on.
FR confirms the recognition of a range of potential difficulties in
different domains using MEA. He adds: “the inability of the system
to differentiate between interaction partners, if they move in front
of each other”. This means that in processing the raw data, certain
limitations of MEA must be considered and kept in control. Also,
FR adds that there is a “qualitative limitation such that MEA usually
will not account for the type of body-part involved in movement
dynamics”. In the setting of the full-body interaction, there will
be no differentiation into body parts or moving parts. “This is a
limit, but on the other hand, MEA will capture the dynamics of
movement, and the quantification of synchrony in these dynamic
aspects may also be viewed as a potential plus”. According to FR,
MEA allows capturing the “co-regulation and coordination at an
abstract level which is highly relevant in itself, looking at dynamics
and not merely movement quality, capturing a much more deeply
based type of attunement between child and interaction partner”.
In addition, capturing the coordination at an abstract level of move-
ment is difficult to detect for an observer, simply relying on the
visual input provided in real-time. Thus, the time-series generated

with MEA will open up an avenue into a quality (movement dy-
namics) that is difficult to "see" without the aid of information
technologies. FR argues: “Using MEA in dynamic settings, there
are certain limitations about the type of data you will get with
MEA, it will only be possible to extract information on movement
dynamics, not on the direction, body-part, expression, etc., of how
these movements are performed”. According to FR, MEA shows
limitations of movement’s representation from a technical perspec-
tive, deriving motion in the 2-dimensional plane. It results in a
“potential bias in the direction concerning the camera”. It will un-
derestimate movements, fundamental in full-body interaction, “in
the sagittal plane (towards or away from the camera) compared to
activities in the other planes”. Furthermore, low amounts of bias
could be introduced if participants wore highly different types of
clothing. Given that MEA operates on frame-differences, higher-
contrast clothing will over-estimate movement while low-contrast
will under-estimate movement. Such a potential bias may be taken
care of by analyzing and controlling for subjects’ grey-scale val-
ues and background. Ideally, such aspects should be stable across
recordings.

In summary, while the three experts were interested in the use
of MEA in realistic full-body interaction such as therapeutic con-
texts, expected difficulties include the static function of ROI, and
limitations such as the inability to differentiate between interacting
partners when moving in different ROI and between body’s parts
when the agents are in different areas.

3.2 Exploratory Case-Study
In this section we present and discuss in more detail how we im-
plemented MEA and examined its viability as a method to measure
interactional synchrony in a full-body interaction context. We con-
ducted an empirical study of the use of a system called OSMoSIS
with 10 participants who were engaged in tasks involving their
observation and reproduction of four selected movements with and
without the association to selected sounds. The case-study was
designed to explore how MEA could be used for evaluating inter-
actional synchrony in a naturalistic, free-movement setting. We
present the findings from using MEA in this setting and highlight
the challenges and resulting limitations for each step of our study.

3.2.1 System. OSMoSIS (Figure 2) is an interactive musical system
that tracks bodymovements and transforms them into sounds using
the Microsoft Kinect v2 [69] motion capture system. The system
uses bespoke software that processes and transforms into sounds
the data stream generated by the Kinect system as it captures the
body movements of one or more individuals and detects interacting
movements. It is designed for use in a music therapy setting, with
the sounds intended to encourage synchronous movement between
an autistic child and a facilitator. The system’s design was inspired
by previous findings showing that music is a relative strength of
autistic people [89], and the movement sonification [90, 91] was
intended to promote the multisensory integration to perception
and self-motion.

3.2.2 Participants. A total of 10 children (8 boys, 2 girls) aged
5-11 (M age = 8.27; SD =1.42) were recruited through a Special
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Table 1: Session design

Warm-up First Condition Second Condition Conclusion
5 minutes 10 minutes with sounds OFF 10 minutes with sounds ON Farewell

Educational Needs (SEN) school, a mainstream school, and a family-
support group. They all had a previous diagnosis of an Autism
Spectrum Condition. Participants were voluntarily enrolled in the
study, and their legal caregivers gave informed consent to the study
(Details of research ethics approval reference hidden for review).
The participants did not receive any compensation for their atten-
dance. All participants were invited to take part in four sessions, but
seven participants were only able to take part in three, because in-
coming COVID-19 restrictions preventing them from attending the
last session, resulting in 33 sessions. Four sessions were determined
as appropriate based on short termmusic therapy intervention prac-
tices and represented a good compromise for data validation and
to meet the needs of the participants, their families and teachers.

3.2.3 Study Design and Procedure. The study was designed to in-
vestigate whether having the OSMoSIS system sounds turned on
led to greater interactional synchrony between the participant and
the facilitator than when the sounds were off, with MEA used
to measure interactional synchrony. We conducted the study in
two different locations, according to how the participants were
recruited. The first location was a typical teaching room of a main-
stream school, with all the tables and chairs put apart, allowing
the child and the facilitator to move freely without obstacles. The
second location was a playroom of a parent-support group located
in a local library. Most of the participants (9 out of 10) were not
familiar with OSMoSIS prior to the study or to similar music thera-
pies. The conditions of Sounds On and Sounds Off were balanced.
In each condition four sounds associated to four movements were
proposed. Each sound/movement lasted 3 minutes. The design of
each session for this study observed the structure of Sounds On
always following Sounds Off. After the warm-up where the facilita-
tor welcomed each child with a welcome song including the name
of each child, the Sounds Off were designed with the facilitator
proposing the same four movements proposed in Sounds On., but
without sounds (OSMoSIS deactivated). At the end of each session,
the facilitator waved to the child, singing a farewell song, again
including the name of the child. All the four sessions had the same
structure. The sounds produced in real time by the OSMoSIS system
in response to the child and facilitator’s movements were expected
to motivate children to interact with the facilitator and to result in
greater interactional synchrony. Participants were asked to either
move freely or imitate the facilitator who proposed four simple
activities, inspired by music therapy exercises, like (1) hopping,
(2) rolling onto floor, (3) marching and (4) moving arms with OS-
MoSIS software active (when responding in real-time with sounds
to participants and facilitator’s movements) or inactive (with no
sounds). When the software was active, each sound elicited a spe-
cific movement. The study presented two different conditions 1)
with sounds (Sounds On) elicited from the software and 2) without
sound (Sounds Off). Thus, we analysed a total of 66 sessions (with

two sub-sessions for each of the 33 sessions). The procedure for
each session is shown in Table 1.

3.2.4 Data collection. Description: First, we video recorded all
the sessions positioning a Go PRO camera in one of the corners of
the room out of children’s view. The camera was placed out of view
to avoid distracting the children. The workflow of video editing
(Figure 2) took a significant amount of time to watch, examine and
crop videos when issues like artefacts or crossover were present.

Cross-correlations were transformed (Fisher’s Z), and their ab-
solute values were combined, generating one global value of syn-
chrony for each session’s interaction. The function of the funda-
mental values allowed both positive and negative cross-correlations
to be added to the synchrony measure, including the anti-phase
correlations, which is possible to visualize on a heatmap (Figure
1C). These values resulted as dependent variables in our analysis.
The rMEA package provides a function to control coincidental syn-
chrony (Figure 1B), computing pseudo interactions for each real
one and then to compare both. To compute the pseudo synchrony,
we shuffled the real-time series with pseudo one (Figure 1D). This
procedure kept the time structure of the real data permuting only
the temporal location of the segments 30s, yielding a distribution
of pseudo synchrony values for each real dyad.

Challenges and limitations: We estimate that around 10 per-
cent of data was lost in each session considering the sum of
crossover, noise in time series and instances of one of the agents
(child or the facilitator) away from the camera. Indeed, the per-
spective of the camera position can cause self-occlusion (Figure 3)
or cause the loss of movement data due to the crossover between
therapist and child. Looking at our experience with MEA, we found
a few limitations, which stemmed from spending a great amount
of time decreasing the issues and assuring data validity.

3.2.5 Data processing. Description: The researcher followed a
systematic procedure to process the video recorded before using
MEA (Figure 2), in order to minimize possible causes of error that
can bring in artefacts in the data. The resulted 75 videoclips were
imported into MEA software and for each one, we selected a ROI for
each participant (including head and body. See Figure 1A). Absolute
changes in grayscale values detected from the ROI of each individual
were recorded separately as a stream of data, generating two (the
facilitator and the child) continuous time series measuring the
amount of movement in each region interacting. Subsequently,
with an open-source R package (rMEA), we imported, filtered, and
analyzed dyadic time-series of nonverbal behaviour generated by
the MEA software.

Challenges and limitations: The biggest challenge in data
processing was the frame difference in videos where children or
the facilitator were performing quick and often overlapping move-
ments. The rMEA could not differentiate time-series in those cases,
showing then loads of zeros that needed to be taken out. We had
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Figure 2: Videos preparation workflow

Figure 3: Examples of crossover and self-occlusion.

to remove those data to the detriment of the richness of data in-
teraction. As raised in the expert interviews regarding the use of
MEA in dynamic contexts, occurrences of the ‘crossover’ (Figure
3), where the two participants intersected in the camera view were
a significant issue in the free-movement setting.

We had to split each video into multiple clips to make our analy-
sis as accurate as possible in targeting interactional synchrony and
remove unfiltered keyframes, video noise or rapid rhythmic pat-
terns in behaviour quite common in full dynamic body-interaction.
One of the issues we encountered was of scale with the interaction
of the facilitator and the child, both not in a steady position. If
one person appears closer to the camera, slight movements will
change the significant pixel value [92]. On the other hand, if a
person farther from the camera recreates the same action, MEA
will quantify this as less movement because fewer pixels change.
In most cases, we overcame these issues by dividing each video
session into several video clips (Figure 2) and using different sized
Regions of Interest (Figure 1A) and z-transforming (standardising)
the data. Some data, as results of the agents’ interaction, were lost,
including important details of the interaction.

3.2.6 Data Analysis. Description: The rMEA package (Figure 1B)
provides an interface for assessing interactional synchrony. The
synchrony was measured through a windowed cross-lagged correla-
tion of the motion energy time series of the child and the facilitator
in every 5-minutes interaction. The resulting correlation measures
the similarity of the two-resulting time-series as a function of the
displacement (lag), putting each one with the other. Time lags of
up to +/- 5s are applied in steps of 10 seconds. Thus, the time series
are shifted by 10 seconds and then correlated (Figure 1B). Also, an
important function is the graphical representation of the various
lags in the vertical axis of the heatmap (Figure 1C) representing
from −5 the facilitator leading and to +5, the child leading.

Challenges and limitations: One limitation of using MEA is
that it may be challenging to perform motion tracking for multiple
individuals at once [36, 93] because the ROIs are likely to overlap,

Figure 4: Boxplot of difference between conditions.

particularly when the target agents are located near each other.
It can be addressed using either multiple cameras or methods of
simultaneous tracking segmentation of different body parts in a
bottom-up fashion [94].

Findings on interactional synchrony: To examine within
participants difference in interactional synchrony score between
the two conditions of Sounds On and Sounds Off, we first tested
the distribution of each condition, finding that the data in each
condition were normally distributed. Then we tested the distribu-
tion homogeneity and found an equal variance [F (1,64) p = 0.30].
Paired-samples Welch Two sample T-Test were used to compar-
ing means between Sounds On and Off conditions. These tests
showed that there was a significant main effect on the interactional
synchrony score (t = -3.096, df = 62.354, p = < .05) between the
two conditions and Sounds On shows a larger distribution. We
ran a repeated-measures analysis of variance (ANOVA) and found
significant differences, as within-participant factors by conditions
when OSMoSIS On (M=0.307, SD=0.0582) compared to OSMoSIS
Off (M=0.266, SD=0.0494) (4).

4 DISCUSSION
In this section we discuss the use of MEA to evaluate interactional
synchrony between dyads interacting while using a full-body inter-
action system. Although the approach shows some limitations and
inaccuracies when used for full-body interaction in a naturalistic
system, we argue that gains in ecological validity and a potential
gain for autism research supports the use of MEA for future re-
search on interactional synchrony, as well as hopefully encouraging
the design of new systems to support interactional synchrony.
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4.1 Addressing issues with data collection and
processing

The crossover between participants, which required the cutting
of some videoclips, implied the inability to process and visualize
some of the key moments during the full-body interaction. While
the chosen method is automatic, the constraints on the physical
setup (camera position and movement of the child and facilitator)
of the recordings needed to be strict to result in reliable measure-
ments. One could argue that this reduces the ecological validity
of the measure. It would be helpful to expand the reasons in HCI
for developing tools enabling quantifying synchrony in a larger
perspective, with dynamic ROIs for example which would include
other qualities of the dyad’s interaction. MEA’s approach would
be a good starting point for a new (maybe multi-modal) method
where interactional synchrony can be measured regardless of the
stationary or dynamic agents’ movement. Video observation still
results as the best option in a dynamic context to support a great
degree of action of autistic agents. However, we need to consider
the other problems that technology would need to predict, such as
the occlusion or the sudden change of position in the space (Figure
3). Furthermore, these findings confirmed that interactional syn-
chrony is a complex construct, difficult to detect when it manifests
at micro-level. Because of its social significance, accurate measures
result as a potentially important pathway for understanding the
social difficulties, in autism research and beyond.

4.2 Implications for the design of systems to
support interactional synchrony

A major difficulty for the design of technologies to support autistic
people is the large variations in the difficulties they face [95]. If,
as suggested by recent research [27, 94], difficulties with motor
skills contribute to explain difficulties in other domains and could
impact their severity, then systems supporting synchronous motor
activities with a facilitator could improve the support offered to
many in this group. Large scale systems are ideally suited for this
purpose, and systems like MEA could be used as a standardised
tool to compare the impact of different designs on interactional
synchrony and ultimately relate it to gains in the area of motor
skills.

Discussing the findings in detail is beyond the scope of this pa-
per; however, being able to identify differences in interactional
synchrony between conditions confirms MEA can be used for iden-
tifying the impact of systems on the activity. Moreover, our study
suggests that autistic children responded well to musical stimuli,
confirming previous research findings [9, 61, 80] on music therapy
for autistic children. We hope that this will encourage further re-
search into supporting music therapists, as well as research into the
design of new instruments using technologies. These have the po-
tential to be especially customisable, thereby addressing the needs
or musical sensitivity of individuals who may not be able to use
traditional musical instruments [80, 81].

4.3 Future research
The latest advancements in depth-sensing, which consists of a wide
range of technologies such as active or passive triangulation, time-
of-flight, and ultrasound, offer researchers in the field of no verbal

communication a wide range of opportunities. For example, issues
like crossover might be solved using more sensors located in dif-
ferent corners in the environment. The vast selection of machines
generated a dynamic field of research, with ongoing innovation
and motivating the development of many applications across sev-
eral technical areas. Systems we used in our exploratory study like
OSMoSIS can benefit from these technologies and implement in
their software the function of measuring interactional synchrony
through data extracted from the Kinect SDK. Future research should
investigate autistic children’s experiences and perspectives about
the musical stimuli, from a qualitative and quantitative perspec-
tive. Given the potential importance of interactional synchrony for
autistic children, this paper suggests that other means for measur-
ing autistic children’s interactional synchrony should be explored.
Our suggestions for future work will provide us with a deeper un-
derstanding of how-to best support, through measurement’s tools,
the autistic children’s verbal and non-verbal interaction, in turn,
how this support can be implemented in an environment such as
schools or homes. This study represents an essential guideline for
HCI since nonverbal communication is central to social interaction
[96, 97] in general and in particular for autistic users. Hence, the
result of this study supports the idea that computational methods
to study interactional synchrony could provide automatic and ob-
jective tools to investigate interactive skills in several conditions
other than autism.

5 CONCLUSION
We demonstrate that assessment of interactional synchrony is chal-
lenging in free-movement study settings. Interactional synchrony
is an important aspect to investigate in autism research, which is
at the crossroad of several disciplines. In fact, the interdisciplinary
expertise resulted from the consultation of the three expert users
in this study highlighted new insights useful for researchers and
designers in the HCI community to develop new tools or imple-
menting existing ones for assessment and interventions. The HCI
and IDC community can benefit from this paper to evaluate other
systems and contribute for example on the development and valida-
tion of new tools or techniques to automatically assess incidence of
synchrony and shape interactive patterns.With autistic participants
the use of non-obtrusive sensors is likely to be the best approach
in allowing freedom in movements and expression with the emer-
gence of interactional synchrony as a multimodal phenomenon in
nonverbal communication.

ACKNOWLEDGMENTS
The technical assistance provided by Dr Johann R. Kleinbub and
NSPE Gregorio Baldari during data processing with MEA and rMEA
was greatly appreciated for the finalisation of the data analysis.

SELECTION AND PARTICIPATION OF CHILDREN
Ethical approval for this study was obtained from the University

of Sussex Sciences & Technology Cross-Schools Research Ethics
Committee. A total of 10 children (8 boys, 2 girls) aged 5-11 were
recruited through a local Special Educational Needs (SEN) school,
a mainstream school, and a family-support group. They all had
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