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Figure 1: Participants completed social tasks in instrumented physical and virtual environments. Left: Participants complete
conversations in pairs in a virtual environment, seen from within Meta Quest Pro. Centre: Participants play a game of charades
as a team of three, seen from within Project Aria device. Right: Participants were photographed virtually playing two truths
one lie in the physical environment, each wearing a Meta Quest Pro.

Abstract

Immersive realities enable social interactions that are radically dif-
ferent from traditional communication technologies, but how we
experience immersion together is not yet indistinguishable from
face-to-face interactions. Some social signals are not stable across
realities, may change in semantics, or are missing all together. Un-
derstanding how social signals impact behaviours and experiences
of social connection in immersive environments is key to creat-
ing experiences that are meaningful, satisfying, and productive.
We completed a lab study where 6 groups of 6 participants (N=36)
completed co-located social tasks in an instrumented face-to-face
environment and its digital twin, creating a rich open dataset of 1.8
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million rows across 45 columns. Our quantitative results demon-
strate the stability of position as a social signal, measure lower
social synchronisation in XR compared to face-to-face, and propose
a method for bench marking XR against face-to-face interactions.
This enables direct quantitative comparisons between experiences
of co-located physical and virtual interactions for the first time.
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1 Introduction

Immersive realities (collectively called XR) allow us to connect with
each other beyond the possibilities of traditional communication
technologies [4], but what happens when we try to transpose our
social interactions into immersive spaces? While XR opens up new
forms of social connection, we do not yet fully understand how our
face-to-face communications are changed or lost when we inter-
act together in XR. This paper explores the differences between
interactions face-to-face versus in XR by creating a novel dataset
of social interactions in directly comparable instrumented physi-
cal and virtual environments during co-located experiences. This
new approach to instrumenting behaviour lays a foundation for
understanding how we transpose ourselves into social XR.

Harnessing the power of XR as a social technology is a growing
area of research and innovation. Researchers have explored how
we collaborate together in virtual environments [6, 11, 21], how
we move through virtual spaces [17, 25, 42], and how we establish
norms and social groups [12, 38, 43]. Commercial investments in im-
mersive social worlds, like Meta Horizon 1, Spatial 2 and Bigscreen
3 are creating products that bring people together in immersive
environments on a growing scale. The opportunity for connection
and experience is immense, but there are still many unknowns for
how we can best experience immersive realities together.

Social signals from face-to-face interactions provide a funda-
mental baseline that can inform how we can experience, design,
and augment social signals for XR. A lifetime exposure to social
encounters makes us experts at picking up subtle social cues and
adopting the right verbal and non-verbal behaviour to maintain
successful interactions [18]. Groups arrange themselves spatially
in a seamless manner depending on occasion, relationships, and
spatial environment [29]; individuals negotiate conversations by
sharing the speaking floor and taking turns according to complex
yet highly integrated social rules and patterns of behaviour [52],
and we give and perform joint attention through mutual gaze [55].
Behavioural and psychological sciences have explored these pat-
terns of behaviour, and provide us with a wealth of knowledge and
models to describe behaviour and infer information about individu-
als, dyads, or groups during interaction. Our work explores these
observable social signals and their stability across realities, aiming
to identify how social signals translate across realities, which ones
change, are missing, or break down in other ways, and how inter-
action difficulties can be observed in social signals. For example,
detailed facial expressions are often missing or of a lower fidelity
(compared to face-to-face interaction) in XR. What impact does
this have on the social signals we do have available in XR, like
conversational fluency?

To explore how our face-to-face interactions are transposed into
social XR, we completed a lab study to directly compare face-to-
face and XR-mediated interactions. We recruited six groups of six
participants (N=36) to complete social tasks in fully instrumented
physical and virtual environments. In the face-to-face condition,
participants completed social tasks while using the Project Aria
device [14]. The Project Aria device is a wearable sensing device in

1Online Virtual World Meta Horizon: https://horizon.meta.com/
2Online Gaming Platform: https://www.spatial.io/
3Social Entertainment Experiences: https://www.bigscreenvr.com/experiences
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a glasses form factor which replicates the sensors typically available
on XR headsets, including spatial, hand, and gaze tracking. In the XR
condition, participants are physically co-located and completed the
same social tasks in a digital twin of the face-to-face environment
using a Meta Quest Pro headset. The Quest Pro is a head mounted
display which includes spatial, hand, gaze, and face tracking.

The resulting dataset is composed of over 1.8 million rows at 30
FPS of rich spatial, gaze, and hand tracking data for groups of six
people and a facilitator interacting face-to-face and XR. This dataset
is the first of its kind to enable direct comparisons between real-
ity and virtuality for co-located individuals, and lays a foundation
for additional comparisons in different configurations (for exam-
ple, fully remote interactions [58]), different hardware affordances
(for example, rich facial tracking [33]), and design interventions
(for example, visualising conversation balance [35]). Our results
expose new insights into designing more successful, satisfying,
and productive social interactions in XR. We found that position
[31, 56-58] is a notably stable signal between realities, but there
is an experience gap because individuals do not feel like they are
using space the same way between realities. We also measured
social synchronisation [13, 29, 41, 59], and demonstrate lower so-
cial synchronisation in XR versus face-to-face, highlighting the
challenges people face when building rapport in XR. We link the
challenges in social synchronisation to conversational metrics like
cross-talk, conversational equity, and silence to demonstrate that
lower synchronisation leads to less fluent conversations. We dis-
cuss the implications for these results in how we can design more
successful interactions in XR and additional future directions for
using this approach to analyse more social signals, more types of
social interactions, and more configurations of social experiences.

This paper makes the following contributions:

e A novel evaluation where participants (N=36) completed
conversational social tasks in directly comparable and highly
instrumented face-to-face and XR-mediated conditions.

e Analysis of social signals in XR, identifying and measuring
signal stability and social synchronisation across realities
for co-located interactions.

e An open source dataset and suite of analysis tools for analysing
new social metrics from a standard data schema, which is
the first open dataset of its kind and readily extensible.

2 Background
2.1 Being Social in XR

One of the core promises of Social XR is to enable “familiar, meaning-
ful, and strategically heightened social interaction [7]” Bailenson
highlights that social XR is a radical change from traditional digital
communication technologies because there is a significant differ-
ence between seeing and doing [4]. Social XR experiences promise
to enable users to remotely engage with one another, communicate
and socialise as if it were (or augmenting) a normal face-to-face
situation. Core to this goal is enabling users to rely on familiar
social cues, including verbal and non-verbal signals reproduced on
avatars embodying users in the XR environment. 6-DoF headsets
enable users to move and orient themselves, facial tracking enable
to reproduce audio-visual speech (lip-sync), facial expressions of
emotions and gaze; hand tracking enables to reproduce complex
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gestures on avatars. Such features of Social XR immersive experi-
ences are meant to reproduce some of the most nuanced and highly
integrated aspects of our daily social face-to-face experiences in the
XR medium. Does a social interaction in XR feel like a face-to-face
social interaction? Does a virtual smile observed in XR, generated
by picking up on a user’s facial expressions through facial tracking
and reproducing it on an XR avatar in real-time, convey the same
meaning as the original smile?

Social interaction is a complex, nuanced and coordinated activ-
ity. Much research, such as the pioneering works of Goffman [19],
Kendon [30] and Argyle [2], have examined the many functions and
patterns of behaviour in face-to-face social interactions. With the
possibility of Social XR thus comes the central research question
of whether patterns of face-to-face social behaviour reproduce in
XR settings. Some of the earliest studies on the topic examined this
very question. For instance, Bailenson reproduced Argyle’s "Equi-
librium Theory" [5] in VR: this theory postulates that comfortable
levels of intimacy are negotiated by individuals through a balance
of mutual gaze and interpersonal proximity [5]. An interesting ten-
sion arises here as XR becomes both an experimental tool to study
social interaction, and an object of study in itself. The first position
requires the strong assumption that social behaviour is stable in XR
compared to face-to-face, but opens up great possibilities for psy-
chological and behavioural research; the second position questions
this assumption. Han et al. conducted an eight-week study using
the ENGAGE VR platform, incorporating 192 unique immersive
environments [24]. This approach provided a rich understanding of
behavioural adaptation over time. The study highlighted how avatar
design and environment influenced experiences: uniform avatars
felt “costume-like,” enhancing fun but reducing realism, while per-
sonalised avatars increased self-presence and self-consciousness.
Head-motion synchrony decreased over time, with panoramic en-
vironments showing the greatest improvement. Miller et al. also
explored interaction and behaviour over time [40], showing dif-
ferences in personal distance and gaze over time, demonstrating
increased personal space and mutual gaze as participants gained
more experience interacting together in XR.

Collaboration in XR comes with its own set of challenges regard-
ing social interaction compared to face-to-face situations. Quality of
social interaction in XR can be affected by the sense of presence (e.g.,
the feeling of being in the virtual environment) and co-presence
(e.g., the sense of being with others in the virtual environment)[23].
The type and quality of users’ avatars can impact social presence:
avatars with realistic behavioural features can enhance social pres-
ence [44]. Emotionally expressive avatars further contribute to
a higher sense of presence, leading to greater engagement and
improved task performance [15]. In contrast, avatars lacking non-
verbal cues, such as postural, gestural, or facial expressions, may
result in a weaker sense of social presence in XR, affecting individual
behaviour and social interaction compared to real-life collaborative
situations. A key challenge for social interaction in XR is to provide
the behavioural cues that foster the social presence and allow the
user to interact in the same state as in a face-to-face situation. An
important question is then to define which indicators and in which
format are relevant and necessary for social interaction in XR.
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2.2 Communication and Collaboration

Collaboration in virtual spaces can be classified using the Time Ma-
trix framework [27], which categorises collaborative activities based
on whether they are performed synchronously or asynchronously
and whether individuals are co-located or distributed. Asynchro-
nous or distributed collaborative context limits verbal and non-
verbal signals, thereby affecting team efficiency [16]. Within this
continuum, XR emerges as a valuable tool, enabling people to gather
in the same space, both spatially and synchronously allowing them
to collaborate and have direct exchanges. This makes XR a powerful
medium for fostering interaction with others [9], and enhancing
social interactions by facilitating spontaneous group discussions
and interactions with the virtual environment [23].

In social settings, interactions can be broadly categorised into
two types: focused and unfocused. Unfocused interactions occur
when people are co-present but not engaged in a shared activity,
such as wandering about during a networking event. These inter-
actions are primarily non-verbal, with individuals managing co-
presence by displaying cues through posture and facial expressions
to indicate availability for interaction [20, 30]. Focused interactions
involve groups engaged in coordinated activities, such as convers-
ing as a group or listening to a presentation [20]. This category
covers a spectrum of social activities, some with highly formal rules
around access, turn-taking, attention, and participation, and others
that are less structured [20].

Compared to traditional interfaces, XR has a direct impact on
fostering direct social communication and enhancing user presence
and co-presence; however, although XR fosters communication
and collaboration compared with other virtual media, how do XR
experiences compare with real-life collaborative situations? Some
aspects of immersive experiences in XR such as the quality of user’s
avatars, can play a critical role in collaboration and communication.

In this context, communication is a key component of the col-
laboration in XR, acting in conjunction with other dimensions on
the success or otherwise of the collaborative activity, especially in
tasks that rely on conversation. Metrics commonly used to assess
communication include both speech content (e.g., dialogues, verbal
discourse) and communication dynamics (e.g., equality, speaking
time participation, proportion of silence and overlap of speech,
turn-taking events, etc.).

2.3 Digital Proxemics and Quantitative
Behaviour Analysis

To understand how individuals “synchronise” during social inter-
actions, various methods analysing both verbal and non-verbal
cues have been employed. Two foundational studies explored the
concept of interactional synchrony, referring to how people natu-
rally match their movements, gestures and expressions with oth-
ers during social interactions [13, 29]. Using high-speed film and
polygraph recordings of interactions between speakers and listen-
ers, Condon and Ogston saw a correlation between body motion
and speech in speakers, and that listeners’ reactions exhibited syn-
chronised patterns. This revealed that communication involves a
complex exchange of verbal cues and physical responses, able to be
characterised into predictable patterns and systematically analysed
[13]. Kendon’s work focused on how body movements correlate
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with speech patterns through time-motion analysis. His study high-
lighted that listeners’ body movements often mirror the speakers’,
and more synchrony suggested better engagement and attention
[29, 30].

High fidelity body-tracking technologies have made analysis of
behaviour easier to conduct. Using Microsoft Kinect technology,
Won et al. explored nonverbal synchrony in collaborative settings
[59]. They were able to accurately track body movements among
dyads with real-time data on the positions of users’ arms, legs,
torsos and heads. A synchrony score was calculated by analysing
and correlating the timing, coordination and mirroring of body
movements between participants. This was further refined with
machine learning algorithms to predict interaction patterns and
assess synchrony. A key finding was that higher synchrony in body
movements between pairs was associated with more harmonious
interactions, with increased understanding and mutual engagement
[59].

Krell and Wettmann studied nonverbal synchrony in the con-
text of VRChat [34] using qualitative methods to assess how body
synchronisation affects user experience. Interviews and field notes
revealed that through alignment with their avatars’ movements,
VR interactions evoked heightened emotional engagement similar
to real-life intimacy. This “corporeal synchronisation” enables prac-
tices such as virtual cuddling and holding hands, effectively repli-
cating real-world intimacy despite physical separation [34]. Their
findings demonstrate how nonverbal synchrony in virtual environ-
ments impacts social dynamics and emotional engagement, align-
ing with Goffman’s theories on social interaction and co-presence
[19]. This research illustrates how platforms like VRChat can foster
meaningful social interactions and intimacy, turning digital spaces
into venues for human connection.

Spatial social behaviour studies in the VR game Second Life
demonstrate that users adjust movements based on avatar proxim-
ity, emphasising the significance of spatial context [17]. Research
on co-presence in walkable shared VEs shows that physical co-
location enhances the sense of being together and social presence,
with task nature and gender influencing social dynamics [45]. Build-
ing on this research Williamson et al. introduced "digital proxemics,'
which examines how social proximity affects interactions within
virtual environments (VEs). Unlike physical settings, VEs allow
for dynamic manipulation of space, voice accentuation, and user
representation, offering unique opportunities to study and influ-
ence social cues [58]. The study of proxemics in VEs also faces
challenges, such as the absence of traditional social and environ-
mental constraints, and the difficulty of incorporating olfaction
and haptics, which are critical in physical proxemics. Furthermore,
auditory experiences through HMDs differ from real-world per-
ceptions [54]. Despite these challenges, VEs offer the intriguing
potential to manipulate proxemic cues to shape virtual social dy-
namics effectively. Recent work on the injectX prototype [51] shows
how behaviour augmentation can improve XR interactions. InjectX
tracks and adjusts users’ body movements, facial expressions, and
gaze to make virtual interactions feel more natural and real. This
new approach builds on earlier avatar systems and adds more so-
phisticated, real-time behaviour modifications, offering new ways
to create meaningful social connections in immersive realities.

Léchappé et al.

2.4 Open Challenges for Social Signals Across
Realities

We aim to study how social interactions in XR differ from those in
the real world, focusing specifically on social signals that charac-
terise these interactions. Previous research has identified key as-
pects of face-to-face interactions, such as proxemics [22, 37, 58] (spa-
tial arrangements and proximity), social synchronization [41, 59],
conversation dynamics [1], and joint attention [40, 55], all of which
influence social interactions depending on individual and contex-
tual factors. Building on this, our study uses these established social
signals as a baseline and explores their translation into XR envi-
ronments. Research shows that some of these signals are relevant
for conducting interaction, but there are many unknowns for how
these translate into immersive environments.

XR environments often face challenges such as the absence of
olfaction and haptic cues, as well as degraded non-verbal signals,
which we expect will impact key social metrics like proxemics,
social synchronisation, and conversational dynamics. Our study
leverages a physical co-located XR design with face, hand and eye-
tracking features that lays a foundation for direct comparisons
between face-to-face and XR to begin understanding what we can
learn from these social signals in XR. This research aims to identify
which of these social metrics remain stable across both real and
virtual contexts, and which may vary, and how this will impact
social interaction quality. Through a dataset designed for direct
comparison of social interactions in both settings, we will assess
changes in these metrics in relation to interaction difficulties (e.g.,
social friction, communication breakdowns). By comparing these
contexts, we will identify stable social signals that can be reliably
used across contexts, as well as those that may require adaptation
in virtual environments to improve social interaction and reduce
related difficulties.

3 Evaluation

To create a dataset where we could make direct comparisons of
social interactions between reality and virtuality, we needed to
establish an experimental setup where we could instrument face-
to-face and XR mediated interactions with comparable levels of
fidelity and data streams. Previous works have explored purely
virtual social interactions quantitatively [17, 31, 45, 57], and man-
ually annotated face-to-face interactions [13, 30], but providing
equivalent quantitative instrumentation across these contexts is
unexplored.

While immersive experiences provide rich social signals like
body position, body orientation, gesture, gaze, and speech, through
the headset-embedded tracking systems, the same range of social
signals requires significant instrumentation to capture during face-
to-face interactions. Unlocking a direct comparison opens up new
avenues of research, for example validating previous work that was
guided by theory, bench marking virtual interactions against their
face-to-face counterparts, assessing social signal stability across
realities, and evaluating which signal instabilities contribute to
experiential differences between realities.

To better understand social signals between realities, we com-
pleted a lab evaluation (N=36) where participants completed social
activities in groups of six in a physical lab (face-to-face) and its
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digital twin (XR mediated). In our face-to-face condition, we instru-
mented participants using the Project Aria device [14], a wearable
sensing device in a glasses form-factor. The Project Aria device pro-
vides the same data streams as typical immersive tracking systems,
allowing a direct comparison to data collected using immersive
headsets. In our XR mediated condition, participants completed the
same social tasks using a Meta Quest Pro headset in a digital twin
of the physical lab while being physically co-located in the same
physical space enabling direct communication between individuals.
The resulting dataset provides a novel direct comparison between
social signals in physical and virtual environments.
This work is driven by two core research questions:

e Which social signals are stable across realities? This
broad area encapsulates more social signals and contexts
than can be explored in a single evaluation. For the scope of
our own work, we focus on co-located interaction in reality
and mediated by XR, and social signals for proximity and
speech.

e Which social signals and metrics indicate interaction
difficulties across realities? We still have limited metrics
for measuring how interaction is unfolding using quanti-
tative techniques across reality and virtuality. Our instru-
mented approach enables a new baseline for measuring in-
teraction with reality as a baseline, where our first steps
focus on established concepts of conversational metrics and
interaction synchrony.

We explore the stability of social signals across realities because
social signals form the foundation of how we conduct successful
interactions. This is inspired by Garfinkle’s “breaching experiments”
in ethnomethodology [18], which aim to expose behaviours that
establish normality by intentionally disrupting interaction. For
example, if you stand too close to someone they will step back to
re-establish and define their comfortable standing distance. The
behaviours of re-establishing normality are observable in reality, but
if these social signals these are missing, incongruent, or unstable in
XR, we hypothesis that these missing signals will disrupt interaction
and indicate interaction difficulties.

3.1 Experimental Procedure

We designed four social tasks that could be completed face-to-face
or mediated by XR for groups of 6 in a lab setting with the help
of a facilitator. These tasks covered a range of different social con-
straints, including tasks involving all six participants, tasks which
require unstructured simultaneous conversations, and breakout
groups. Each group completed all four tasks face-to-face and me-
diated by XR. The order of the tasks was counterbalanced using a
Latin Square, and half of the groups (3 groups of 6, N=18) completed
the face-to-face tasks first, and half of the groups (3 groups of 6,
N=18) completed the tasks mediated by XR first. A facilitator was
present during all tasks to lead the experiment, manage timing, and
ensure progress through the tasks.

Each session began with an overview of the evaluation, reading
the information sheet, and completing the consent form. Partic-
ipants were assigned a colour (Red, Yellow, Green, Purple, Blue,
Orange), which identified them in both conditions. Each user com-
pleted a short tutorial of how to use the Meta Quest Pro headset and
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completed an eye tracking calibration. Eye tracking calibration was
not required for the Project Aria devices. After completing the four
tasks described below, the participants completed a focus group
interview. Each group lasted one hour in total. The experimental
protocol was approved by the local ethical authority (Application
number 300230229).

3.1.1 Task: Two Truths and One Lie. Participants were asked to
make three statements about themselves, introducing two truths
and one lie. This common ice breaking activity is a focused inter-
action [20] around the main speaker while the others try to assess
which statement is the lie by asking questions and discussing the
statements as a group. All participants had a turn to share their two
truths and a lie, with three sharing their statements face-to-face,
and the remaining three sharing their statements mediated by XR.

3.1.2 Task: Milling Line Up. Participants were asked to line up
according to information about themselves that would require con-
versation, either by order of birth date within the year or by the
farthest they had travelled from the experimental location. This un-
focused interaction [20] required participants to move through the
space in order to line up, and ask questions of the other participants
in an unstructured manner to determine the correct order.

3.1.3  Task: Introduction in Pairs. Participants were asked to find
a partner and spend two minutes introducing themselves to each
other. These paired conversations happened simultaneously, creat-
ing a cocktail party effect during this task [49, 60]. Conversation in
pairs is also a common benchmark for behavioural and conversa-
tion analysis [59]. When repeated face-to-face or mediated by XR,
participants were asked to find a different partner.

3.1.4 Task: Charades. Participants were asked to form teams of
three and nominate one person to act out charades, creating two
breakout groups which could observe each other playing. The nom-
inated “charader” was given a topic (Animals or Sports) and given
one minute to act out as many ideas for their fellow team mem-
bers, becoming the focus point of the interaction [20]. While one
team was playing, the other team observed, making the charader
an explicit “performer” during this task [19].

3.2 Physical Environment and Hardware

A key innovation of this evaluation is the instrumentation of the
face-to-face interactions to make direct comparison to the XR me-
diated interactions. We also matched the physical and virtual en-
vironments using the digital twin of our lab environment for the
XR mediated condition. The physical lab where the evaluation was
conducted is a dedicated XR room with a dimension of 6.4 m x 6.4m,
as shown in Figure 2. The physical space has limited furniture and
obstructions to allow for easy movement in the space during XR
experiences. To time synchronise the Project Aria devices, we used
the TICSync library available in the Aria Research Kit 4, which
synchronised the devices to a common time reference over a WiFi
6 router.

4TICSync in Aria Research Kit: https://facebookresearch.github.io/projectaria_tools/
docs/ARK/sdk/ticsync
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Figure 2: The physical lab setting (left) and its digital twin (right) provide the same environmental setting in the physical and
virtual conditions. The space is a square room and a dedicated XR lab with limited furniture and obstructions to allow free
movement throughout the space.

e o

Figure 3: The Project Aria device (left) is a wearable sens-
ing device in a glasses form factor used in our face-to-face
condition. The device is for sensing only and has no display
capabilities. The Quest Pro (right) is a head-mounted display
which fully occluded reality in our XR mediated condition.
Participants used hand tracking and were not provided with
controllers.

3.2.1 Hardware. To instrument the physical environment, partic-
ipants wore Project Aria devices [14], a wearable sensing device
in a glasses form factor, as shown in Figure 3. The device includes
five cameras, two IMUs, magnetometer, barometer, seven channel
microphone, GPS, WiFi, and Bluetooth. This makes it possible to
track the participant’s position, orientation, gaze, and hands in
world coordinates, providing the same social signal data streams
as our XR condition. The audio was recorded using Rode Wireless
Go II kits, comprising one receiver and two transmitters. Four kits
were employed to record audio from the six participants and the
facilitator.

3.3 Virtual Environment and Hardware

A Unity environment was developed to serve as a 1:1 scale digital
twin of the physical lab where the evaluation was conducted. Key
elements from the physical setting, such as computers, headset
boxes, and storage units, were added in the virtual environment as
shown in Figure 2. Participants were represented by virtual avatars.
Each participant could select an avatar from a diverse set of 32
options in the Meta Avatar sample pack, ensuring that no two
individuals share the same avatar. To achieve synchronisation and
co-location of participants in both physical and virtual spaces, we
used spatial anchors provided by the Meta All-in-One SDK. For the
networking component, Unity Netcode was employed to manage
individuals and real-time interactions in the virtual environment.

3.3.1 Hardware. The setup included seven Meta Quest Pro head-
sets, as shown in Figure 3, all with face, hand, and eye tracking
enabled. The audio was recorded using the same microphones as
the face-to-face condition. Two computers were used for the XR
mediated condition: one used as the Unity server and the other
for data collection. The Unity server managed various tasks, in-
cluding initiating and concluding data collection, starting audio
recording, and managing the connections between all HMD clients.
The data collection server was responsible for gathering data from
the Unity server, each HMD, and the external microphone worn
by each participant. To support the connectivity between all the
devices, a Wi-Fi 6 router was used.

3.4 Participants

We recruited 36 participants from the local population using a
recruitment agency. Participants were between the ages of 18 and
50 (average age 31.5), of which 18 were female. Because of the
tracking devices used, all participants were required to be able to
read without wearing glasses. Most participants had no prior XR
experience, as assessed using a 1-7 Likert scale (average score 2.5).

3.5 Data Processing and Analysis Techniques

Table 1: A summary of the social features used for this anal-
ysis, including a breakdown of which features were present
during interaction and how these were logged.

face-to-face XR
Feature Present | Logged | Present | Logged
Head Position Yes Yes Yes Yes
Head Orientation | Yes Yes Yes Yes
Eye Gaze Yes No Yes No
Facial Expression | Yes No Yes No
Hand Pose Yes No Yes No
Hand Position Yes Yes Yes Yes
Hand Orientation | Yes Yes Yes Yes
Body Pose Yes No No No
Vocalisation Yes Yes Yes Yes

All of the raw data was organised into a dataframe using Python
notebooks, as described in Appendix D. All the notebooks for organ-
ising and processing raw data files, generating the visualisations
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in the paper, and the raw data and processed dataframe, will be
provided as artefacts underpinning this paper, as described in Ap-
pendix B. Raw camera data, audio, and audio transcripts are not
provided for privacy purposes. To process this data into a time
series indexed dataframe, the face-to-face data and XR mediated
data were read in to individual dataframes, all orientation vectors
and world coordinates harmonised into a consistent convention,
and the data was resampled to 1, 15, and 30 FPS for analysis. An
overview of all the social signals present and logged during this
study is shown in Table 1.

The raw data represents a unique and rich dataset on interac-
tions that can be compared directly between reality and virtuality.
The raw data is composed of 953,641,290 rows of positional track-
ing data, 32,464,680 rows of gaze data, and 41,124 rows of hand
tracking data for the face-to-face condition. There are 38,691,640
rows of positional tracking data, 32,085,744 rows of gaze data, and
306,488 rows of hand tracking data for the XR condition, for a total
of 1,057,230,966 rows of raw data for position, gaze, and hands in
the total raw dataset. Note that in both conditions the hand tracking
data is sparse as hands were not tracked unless they were within
the field of view for both conditions. When resampled at 30 FPS,
this is 1,858,509 rows of data in 45 columns, totalling 83,632,905
data points. This dataset is the first of its kind, with significant po-
tential for secondary analysis, future bench marking, and dataframe
standardisation. A summary of the social metrics derived from the
social signals is shown in Table 2. Further detail on how each metric
was calculated is in the relevant results sections.

3.5.1 Face-to-Face Data Processing. Data for the face-to-face con-
dition was recorded using the Project Aria devices using Recording
Profile 28 and processed using the Aria Research Kit °. The raw
data recordings are formatted as VRS files, a file format designed
to encode multimodal sensor streams into time sorted records °.
These raw data files were process using the Machine Perception
Services available in the Aria Research Kit, which produce CSV
files of SLAM tracking for position and orientation of the device,
gaze tracking, and hand tracking. SLAM tracking is generated at
1000Hz, gaze tracking at 100Hz, and hand tracking at 30Hz.

3.5.2 XR Mediated Data Processing. Data for the XR mediated
condition was collected using the open-source \psi framework [10].
This framework is designed to gather, synchronise, and record
multimodal data signals, making it particularly useful for studying
collaboration processes. In our study, we collected both continuous
and discrete data. Continuous data included audio, eyes movements
and position and rotation of the head and wrist of the participants.
Discrete data captured gaze events, specifically identifying when a
participant started or stopped looking at another person. Within
the \psi framework, these gaze events were processed in real-time to
filter out instances where one individual looked at another, termed
"gaze on peers" events [26]. Continuous data were recorded at
a frequency of 30 Hz. CSV files were generated during the XR
activities to store head and hand position and orientation, as well
as gaze data. The format of these CSV files was designed to match

5 Aria Research Kit: https://facebookresearch.github.io/projectaria_tools/docs/ARK/
about_ARK
SVRS file format: https://github.com/facebookresearch/vrs
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that of the Aria Research Kit CSV files, facilitating easy comparison
between the two conditions.

4 Results

These results are based on the significant dataset generated from
instrumented face-to-face and XR mediated interactions and au-
dio transcripts during the tasks and focus group interviews. This
dataset encompasses data from six collaborative sessions conducted
under both physical and virtual conditions, utilising Aria Glasses
and Quest Pro devices, totalling 1,858,509 rows of data when resam-
pled to 30 FPS. The combined duration of these sessions amounts
to 3 hours and 18 minutes of task-related activity. Additionally, the
synchronised audio recordings from these sessions, including 56
minutes of interview audio, result in a total of 4 hours and 14 min-
utes of audio data. The individual audio streams from participants
collectively span 30 hours 30 minutes in duration. All of the data
and the scripts for processing and analysing the data will be made
available as an artefact with this paper.

4.1 Qualitative Results

As outlined in the interview protocol (see Appendix C), participants
were asked a series of questions to compare their social experiences
in both environments. The qualitative results were analysed from
the focus group transcripts using a three stage coding process [53].
The transcript data includes 56 minutes of discussion with the 36
participants in groups of 6. Participant identifiers are shown as the
group number and participant ID (Red, Yellow, Green, Purple, Blue,
Orange).

4.1.1  Movement. Overall, the choice to use a digital twin of the
physical lab helped participants feel oriented and comfortable within
the space. ‘Treally enjoyed that the scenario was in the VR space. It’s
the same room with the wall and the VR headsets on the shelf. It really
helped me orientate myself in the space” (50). Trust in the virtual
room’s layout helped some participants to navigate better: T kind
of trusted the room because it was obviously the same as this.” (60).

However, participants experienced several challenges and adap-
tations while interacting with the virtual environment and others
in it. Participants generally felt they were cautious and concerned
about collisions as they moved around: “You feel a bit restricted” (2P),
“T found it a bit disorientating” (6Y). Perceived mismatches between
reality and virtuality seemed to cause difficulties in spatial aware-
ness and contributed to a scepticism of the space. 6P stated T don’t
know why but I didn’t fully trust the space”. 5G noted this mismatch:
“It’s like when you’ve got a glass of water and you're seeing this false
image, I could see people’s feet in my periphery and know they were
there. But the avatar would be ever so slightly different. It made me
sort of second guess when I was walking around.” Without the ability
to see their lower halves, gauging proximity and spatial positioning
became difficult. 1B put this simply: “See because you didn’t have
legs, it was hard to know where they were.” This combined with the
responsiveness of the avatars lead to a heightened sense of caution
and nervousness about potential collisions: ‘T was worried about
bumping into people, you know?” (6G). Others had more visceral
reactions: ‘T can’t fully move about without worrying you’re going to
hit someone or injure someone” (4G). In short, latency, limited body
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Table 2: From the raw social signals organised into a dataframe, we calculated additional social metrics. These metrics form the

basis of our analysis and results.

Metric derived

Type Features

Distance between individuals [22]

Proxemics

Head Position & Orientation

Synchrony score [41, 59]

Social Synchronisation Head Position & Orientation

Equality index [3, 32] Conversational Vocalisation
Speaker participation [35] as speaker rank Conversational Vocalisation
Total Speaking Time (inversely silence) [1] Conversational Vocalisation
Overlap in speech (Cross talk) [1] Conversational Vocalisation

representation, and being co-located in the same physical space
made users feel disoriented and more cautious.

Finally, participants faced issues with hand-tracking during the
experiment, often finding it disorienting when tracking was lost.
One described how “suddenly (peoples) arms would be right in front
of you” (6P), while another noted that small hand movements some-
times felt exaggerated, as if “she’s going to punch me in the face”
(5P). This disrupted immersion for some: “I felt as if I had another
pair of arms that I was trying to keep under control” (2P). These
distortions led participants to adapt their gestures. 6P put it this
way: “You had to think creatively to translate real-world actions into
the virtual world”, implying a concurrent secondary high-level task
of managing your own bodily behaviour, which is of course absent
in face-to-face. However, some participants praised hand-tracking
for enhancing their experience, noting it was valuable for “picking
up social cues” (50) and appreciating the tracking quality: T thought
it was surprising how well you were able to use your hands” (40). Par-
ticipants found hand-tracking in the experiment both challenging
and beneficial, highlighting a dual experience of both difficulties
and advantages in virtual interactions.

4.1.2 Communication. The ability to see real facial features rather
than animated ones was a key advantage in communication. As one
participant noted, “Tt’s because you’re seeing their features rather
than an animated face” (40). In-person interactions also provided
clearer emotional and social cues. For example, it was easier to
understand humour face-to-face compared to XR: “You could tell
when something was meant to be funny. It was harder to pick up
on that in the virtual world” (5G). These issues were particularly
apparent at the beginning of XR sessions, where the lack of clear
cues led to confusion. Participants struggled with avatar selection
and determining who should go first, a problem they felt would
be easily resolved in person: “Nobody knew who would go first. We
could have sorted that out easily in real life” (4P). Our replication
of social signals (hand-tracking, face-tracking, eye-tracking) just
failed to match up to the real thing when it comes to effectiveness
in communication.

A key theme in the focus groups was the lack of detail in facial
expressions. While the Quest Pro headset features real-time face-
tracking, participants found it lacking, believing it doesn’t fully
replicate human expressions. For example, avatars’ smiles during
laughter “it didn’t feel real, but it felt more real than without it” (60).
This issue was especially evident in games like Two Truths One
Lie, where participants struggled to detect lies due to missing social
cues: “You can’t pick up on all their facial movements and have to

really concentrate” (1B). Groups found it challenging to discern lies
and score points in XR due to these imitated social cues: “Charades
is definitely harder in the headsets because of the arms” (2B). This
extended to micro-mannerisms: “Tiny social cues you pick up on in
person but miss in VR” (5P). Issues with eye contact and facial details
were also apparent: ‘It’s the whole eye contact being removed” (2B)
and “In VR, you don’t see the eyes or lips moving” (2Y). Additionally,
the absence of full-body visibility reduced body language cues:
“It’s easier in the real world to read body language compared to an
avatar” (6Y). These limitations highlight the ongoing challenge of
replicating nuanced human interactions in virtual settings.

Communication in XR presented challenges due to the absence
of social cues typically in person. The lack of detailed visual feed-
back from avatars made it harder to gauge reactions and emotions,
pushing participants to rely more on auditory cues. One participant
noted, ‘T actually had to close my eyes, to listen, to try to make up for
what I was missing” (50). This reliance on listening stemmed from
a lack of trust in the visual information provided by XR. This shift
in communication dynamics even led some to alter their behaviour,
as another participant found, ‘T found myself shouting more” (50),
highlighting their efforts to compensate for the missing cues and
adjust to the communication dynamics of virtual environments.

Not only was there significant effort involved in expressing
yourself, managing your avatar, but also in understanding others.
There are two possible approaches, a photo-realistc avatar or an
avatar with augmented behaviour. [51] However, some participants
felt hyper-realistic avatars would be unsettling: “A super realistic
avatar would be even more uncomfortable than a cartoonish one” (5G).
This underscores the challenge of replicating human nature in VR:
“You’re trying to replicate human nature, and human nature is already
there” (6P). Achieving true expressiveness and understanding in
virtual environments remains a significant endeavour.

4.1.3  Community in Anonymity. Participants felt a sense of detach-
ment from identities in XR since their avatars were not customisable.
As one noted, “Ttook my headset off and that’s what you actually look
like. Totally weirded me out” (5P). Another added, ‘T didn’t realise
how young you were until we took off the headsets” (40). Common
issues included difficulty in matching voices to avatars and identi-
fying individuals: “You don’t even know who you’re talking to” (4P).
In some ways this boosted confidence, making interactions more
relaxed: “T’m under the presumption people are more self-conscious
when they didn’t have the headsets on. It made it less "everyone’s
watching me"” (5R). While some found this detachment increased
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their confidence by reducing self-consciousness, others felt less con-
fident and disoriented due to the lack of full-body representation:
“T found myself sort of quieter... My brain was still trying to figure out
what was going with the lack of low body and everything” (5G).

The digital twin of the physical lab, combined with the experi-
mental protocol, quickly fostered a sense of community: “We were
Jjust all in it together” (2Y). Participants also enjoyed the virtual
world’s playful elements: “Something in real life wouldn’t be as
much fun” (6P) and ‘Tt was more fun in the virtual world because
there was another element” (60). This enjoyment might have influ-
enced the data. One participant said, ‘T had to focus myself because
I couldn’t stop laughing” (6P). Distractions from unfamiliar avatars
and hand-tracking were noted: “Felt like I was staring a lot” (2G)
and “It was a novelty, just looking at your hands” (60).

4.2 How We Use Physical and Virtual Space

Digital proxemics describes how we use virtual space using metaphors
from physical proxemics [22, 58], but our data provides the first
quantitative validation of previous results and uncovers additional
nuance between how we use physical and virtual space when co-
located. To analyse the proxemic distances, we calculate a matrix of
pairwise Euclidean distances for each frame in the time series use
the upper triangle (excluding the diagonal) to generate a histogram.
Figure 4 gives an overview of the proxemic plots during face-to-face
and XR mediated activities, which were calculated using the data
resampled at 15 FPS.

Proxemic distances were notably stable between reality and
virtuality, with participants maintaining comparable probability
distribution of social distances across all of the tasks in our eval-
uation. Even during the “Milling Line Up Task,” which required
movement through the space, there are no significant differences in
the probability distributions shown in Figure 4. This is an important
validation of related works, where proxemic analysis has drawn
from theory, but not been quantitatively compared to face-to-face
interactions. The probability distributions show some variations
between tasks, in particular the “Introduction in Pairs” and the
“Two Truths and a Lie” tasks, where participants were more likely
to make use of the personal distance.

In both face-to-face and XR interactions, there is a clear drop
in likelihood to stand within the ambiguous zone at the edge of
personal and social distances. The data demonstrates a strong pref-
erence to stand clearly within or outside of the personal zone, with
limited time spent standing at the edge of the personal zone. A
notable difference between reality and virtuality is the presence of
outliers within the social distances that can be seen in the tail end all
the plots for the XR condition - in XR someone is always “standing
on the fringes” Given that this data was collected within subjects,
the same people did not exhibit these behaviours when interacting
face-to-face, as in XR. The “anonymity” of XR as highlighted in the
qualitative data can create a situation where individuals disengage,
stand back from the group, or otherwise remain on the fringes of
interaction in ways they would not face-to-face.

The stability of proxemic distances across realities highlights
a critical experiential gap: participants felt they were using space
differently in XR but they were not. The qualitative data highlights
many of the technical limitations of tracking like loss of hand
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tracking and potential differences in the angular field of view an
avatar occupies compared to one’s actual body [22]. But these issues
did not result in using space differently, just in the perception of
using space differently. Closing this experience gap is a crucial open
challenge to improving the experience of being in XR together.

4.3 Synchronisation and Social Cues

Social synchronisation describes how we synchronise our move-
ments when building rapport, and quantifying this continuous
social behaviour can provide new insights on behavioural data. We
followed the approach described by Won et al. [59] to calculate a
synchrony score based on the change in angular movements be-
tween interacting individuals. We focused on the head movements
synchronisation, one of several body locations described by Won et
al., because this signal had the best stability between reality and vir-
tuality and did not include tracking gaps seen in the hand tracking
data. We calculated the synchrony scores by measuring the change
in head vector frame by frame over 1 second intervals, computing
the Pearson R correlation of the x, y, and z head orientation vectors
individually for the duration of the interaction, and adding these
correlation coefficients together for an aggregate synchrony score.
Scores near 0 indicate no synchronisation, negative scores indicate
de-synchronisation, and positive scores indicate synchronisation.
Figure 5 shows the synchronisation scores for selected activities as
a boxplot comparing synchronisation face-to-face and mediated by
XR.

The results demonstrate that the participants were more suc-
cessful at synchronising movements face-to-face compared to XR,
where XR synchronisation was often actively desynchronised with
negative correlations. Using a t-test to compare the means for the
synchronisation scores between face-to-face and XR mediated for
each task, we found significant differences for all tasks (Partner
Conversation (t=3.1, p<0.01), Milling Line Up (t=2.0, p<0.01), Two
Truths and a Lie (t=2.8, p<0.01). Figure 5 also demonstrates that
in all conditions some individuals were highly or poorly synchro-
nised. This is not surprising, as a distribution of “open” and “closed”
individuals will be present in groups of strangers. But the overall
ability of the participants to synchronise in XR was statistically
significantly lower when compared to face-to-face interactions. We
see the highest variation during the “milling line up” task, which
did not have a single focus point and would have resulted in more
divergent behaviour compared to conversations in pairs or focused
interaction in a group during “two truths and a lie.”

4.4 Conversation

Vocalisation metrics were derived processing the audio data using
the voice activity detector (VAD) provided in the \psi framework.
VAD is a speech processing technique to detect the presence or
absence of human speech. Noise and false detections were manually
filtered. For our conversational analysis, we focused on two tasks
where speech and coordination were important: Milling Line Up
and Two Truths and A Lie. The Milling Line Up task is distinguished
by the other due to its unstructured interactions and the absence
of an explicit leader or focus point. In this context, analysing con-
versational parameters such as speech equality, and the proportion
of “cross talk” and silence during the activity provides valuable
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Figure 4: Proxemic analysis of position during face-to-face and XR mediated activities shows a probability distribution of
pairwise comparisons of standing distances, with the intimate, personal, and social zones marked [22]. Overall proxemic

distances are notably stable between reality and virtuality.

insights into how participants collaborate across face-to-face and
XR contexts.

Speech equality is an index computed on the total speaking
time of each collaborator during the task. A high participation
equality (represented by an index near 0) means less dominance
and is related to better collaboration quality [3, 32]. The proportion
of cross-talk and silence are relevant to evaluate the quality of
the communication dynamics and conversational flow between
individuals: a low proportion of cross-talk (i.e. interruptions or
overlaps in speech) is associated with better turn-taking quality [1],
while a high presence of silence can indicate poor collaboration
quality [48].

The non-parametric Wilcoxon Signed-Rank tests were performed
in order to compare the non verbal metrics between the face-to-
face and XR conditions. Comparing speech equality, proportion
of cross-talk, and proportion of silence between face-to-face and

XR conditions, we only found significant differences in the propor-
tion of silence (W=3.0, p<0.01), indicating a particular challenge for
turn-taking in XR. Abdullah et al. observed an increase in cross-
talk in VR [1], indicating that missing social signals in VR made
it challenging to know when to interject. Our observed increase
in the proportion of silence indicates a related problem: lack of an
attempt to interject. Our conversational task was different than
Abdullah et al. [1], which may explain the different conversational
challenges we observed. Given our qualitative results around com-
munication challenges, it’s surprising we do not see more of these
challenges represented in the quantitative data. Again, we observe
an experience gap, where participants perceive differences in be-
haviour between XR and face-to-face, when we do not observe
these differences quantitatively.

We also explored how the conversation metrics correlated with
the synchronisation scores, as shown in Figure 6. Although our
small sample sizes for these metrics calculated as overall values for a
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Figure 5: The synchronisation score describes how correlated
head movements are during different social activities. Partic-
ipants are significantly less synchronised in XR compared to
face-to-face.

given task are small, these initial results suggest further exploration
of the relationship between synchronised behaviour and conversa-
tional outcomes is needed. Figure 6 shows positive correlation be-
tween synchronisation score and speech equality, synchronisation
score and silence, and a negative correlation between synchronisa-
tion score and speech overlap. If analysed with larger samples of
repeated trials, this approach could provide valuable bench marks
for measuring improvements to behavioural and conversational
metrics in the future.

5 Discussion

Our findings contribute to the growing domain of social XR be-
havioural analysis and our novel approach to understanding social
signals across realities lays the foundation for rich analysis between
reality and virtuality, establishing new bench marks for social XR.
The results of our evaluation explore social signal stability between
realities during co-located experiences, and where we see differ-
ences in social signals we have triangulated this with qualitative
data and theory to analyse the signal in terms of interaction chal-
lenges. We also contribute our methodology and a significant open
dataset created during this experiment, with the goal that this ap-
proach inspires new techniques for bench marking social XR against
face-to-face interactions and our data schema provides structure
for the community to build a corpus of open social XR data.

5.1 Experience Gaps in Current Social XR

We observed that qualitative interaction challenges and the result-
ing social synchronisation scores were clearly observable in the
quantitative data, while other issues like proxemics and personal
space were stable across realities but different in qualitative experi-
ence. We identified these experience gaps, but the root cause and
how to close these gaps is still an open challenge.

We focused on digital proxemics because this signal is part of
growing body of work [17, 31, 58] and is well grounded theoretically
[22] and technically [50]. In XR, participants described feelings of
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uncertainty and nervousness over collisions and took care when
navigating the virtual space. However, quantitative proxemic anal-
ysis didn’t show any behavioural difference in how people used
space between reality and virtuality. This discrepancy suggests
an experience gap, where the subjective feeling of caution and
careful movement did not translate into any measurable changes
in behaviour. Such experience gaps present a challenge for HCI
researchers - how to identify, improve, and measure design inter-
ventions in XR where quantitative data doesn’t measure changes in
experience? While mixed-methods approaches are popular because
many questions can’t be answered by qualitative or quantitative
data alone, an experience gap like the one we’ve identified exposes
a particular challenge.

Given the current capabilities of social XR technology and our
experimental design, there are several potential causes of and solu-
tions for the proxemic experience gap we identified. The physical
and virtual co-location could’ve created a sense of unease about
spacial orientation and interaction. Being unable to see avatars’
legs led to participants glancing outside of the headset to see the
real world. Noticing mismatch between the visual appearance of
avatars and their actual bodies, participants struggled to gauge
proximity and movement of others. Podkosova et al. compared clos-
est passing distances for a mixed of co-located and and distributed
users [45], and found small differences while passing others who
are co-located compared to distributed. However, this focus on
passing differences rather than continuous position may skew the
data because proxemics in physical spaces is a continuous action
which is constantly adjusted.

A commonly discussed issue in social XR is the realism of avatars
and avatar embodiment. Although avatar embodiment is not the
focus of this work and thus we did not allow for customisation
beyond selection from a closed set, avatar issues came up in the
qualitative data and could explain some of the proxemic experience
gap. While participants brought up the mismatch between the real-
ism of face-to-face and avatars, photo realistic avatars risks falling
into the “uncanny valley” Research, including work by Bailenson
[4], suggests that photo-realistic avatars are not ideal for social
interaction. Instead, avatars with augmented behaviour such as
improved facial tracking and expressive gestures can enhance vir-
tual interactions. Virtual interaction can become more familiar and
engaging without falling into the uncanny valley [51].

Another issue with avatar representation is that the shape of the
avatar may not be congruent with the physical person, creating a
mismatch between the visual angle taken up by the avatar and the
person. Since visual angle is a key cue for physical proxemics [22],
this parameter may need to be adjusted or actively manipulated
in order for proxemic distances to “feel” the same in reality and
virtuality. Such manipulations could be initially informed by theory,
but would require controlled experimentation to understand the
perceptual and experiential thresholds.

We chose to use a synchronous co-located XR design, charac-
terised by users immersed in a virtual space while being physically
present in the same location at the same time. Users’ positions in the
virtual and physical worlds are the same and all movements within
the physical and virtual environments are matched. The impact of
this type of co-location on social interaction and collaboration has
been less explored. Validated design criteria for promoting effective
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collaboration and social interaction in co-located social XR experi-
ences are still lacking due to insufficient research. Recent studies
suggest that being physically co-located in XR enables direct com-
munication and helps users communicate more naturally [8, 36],
thereby enhancing the social experience of users and promoting
better collaboration. Feng et al. [16] identified 4 key design consider-
ations for XR spaces that support effective collaboration: role script
design, task design, collaboration mechanism design, and feedback
and communication design. In relation to these considerations, they
explored factors of collaborative experiences that affect collective
efficacy and social experiences in a synchronous co-located five-
player VR tower defence game. They found that spatial presence
and natural feedback when interacting in the virtual environment,
are two important factors that affect such XR design experiences,
and that synchronous and co-located virtual collaboration puts
high demands on individual skills, such as motor skills. Our study
also contributes to identify factors mediating user experiences in
co-located XR settings, especially with respect to the ‘Feedback and
communication design’ category: Individuals can have difficulty to
gauge proximity, due to a mismatch between collaborators’ avatars
and their physical appearance. This observation highlights a chal-
lenge that needs to be explored to investigate its impact on social
interaction in XR.

Our findings highlight interaction difficulties for specific im-
mersive experiences, where users are exposed to both virtual and
real-world social cues. These results may require new interpreta-
tion when applied to fully virtual settings, where physical cues are
absent. However, previous work would indicatre more similarities
than dependencies when immersive interactions are fully remote.
For example, our previous work explored fully remote social in-
teractions, demonstrating that HMD users were still conscious of
personal space, avoided collisions, oriented towards others, and
kept the active speaker in view [58]. A key difference making direct
comparison more complicated is how movement is constrained in
our co-located interactions compared to the unconstrained move-
ments in remote interactions. This results in a mismatch between
physical and virtual social signals that remains an open challenge.
Furthermore, concerns about avatar realism and embodiment may
carry different weight when users do not see their real-world coun-
terparts. While our study focuses on co-located interactions, future
work should explore whether similar experience gaps emerge in
fully remote VR or other XR modalities along the reality-virtuality
continuum [39].

5.2 Social Synchronisation and Interaction
Difficulties

A key aspect of social interaction is the presence of non-verbal
behaviour. Having access to these cues enables us to interpret and
make sense of the actions and emotions of others. In the literature
on social interaction in immersive realities, it is known that tran-
scribing these cues can be complex. The absence of non-verbal cues
can degrade interactions and affect the quality of interaction. To
compensate for this, we have seen the emergence of virtual avatars
capable of replicating increasingly more behaviours of individuals,
for example by tracking hands, body, legs or facial expressions.
In this study, we used Meta avatars that have hand, eye and face
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tracking, with the aim of offering social interactions as close as
possible to what a face-to-face collaborative situation might be.

Despite this, we observed low social synchronisation in XR com-
pared to face-to-face and qualitative analysis revealed communi-
cation difficulties in XR. Participants cited the lack of fidelity of
some social signals in the XR condition in terms of hand tracking,
eyes, lips sync, or micro-mannerisms. This raises open questions
of how well these non-verbal signals can be transferred into XR
using current technologies, and what impact they have on social
interactions. It would also be interesting to consider the extent to
which the challenges reported in this study are due to technical lim-
itation of the current technology, or of avatar fidelity toward reality.
Participants also indicated that to overcome this lack of social cues,
they relied more on other cues, such as voice, focusing on other
participants’ speech. Future research should consider assessing the
stability of different levels of fidelity of non-verbal cues in the XR
environment compared to the face-to-face condition, and testing
their impact on social signals and metrics.

If we cannot completely capture and display social signals in XR,
perhaps manipulating the social signals we currently have access to
could improve social synchronisation. Bailenson describes a poten-
tial manipulation where one’s body movements could be transposed
onto another to simulate social synchrony when in reality their
movements might be de-synchronised [4]. Would this “manipulated”
social synchronisation result in observable differences in behaviour
and experience?

Users may also learn to adapt their behaviour and establish
new norms based on the interaction medium, similar to how we
develop norms for video teleconferencing to try to stabilise these
interactions in the absence of social cues and technical issues like
latency. Our qualitative analysis suggests that users focused more
on discussion to counterbalance the lack of expected social signals,
for example listening closely to vocal cues during the “two truths
and a lie” task in the absence of expected facial cues. Further social
metrics, for example detailed turn taking analysis or mutual gaze
analysis, could expose the adaptations between reality and virtuality
and open up new areas for designing for social XR.

5.3 Data Schema and Future Extensions

We have only scratched the surface of possible research questions
and directions enabled by our methodology and resulting dataset.
We focused on co-located interactions face-to-face and mediated by
XR, exploring specific signals and metrics for the scope of this paper,
but additional analysis on gaze, hands, interpersonal social signals,
and new social metrics we have not yet thought of are all possible
using our approach and dataset. The scale and richness of our
dataset establishes a solid baseline for new opportunities for further
analysis and extension with additional conditions. For example, our
work does not yet include a fully virtual condition, but extending
this dataset by adding additional factors and conditions within a
standard schema is vital to addressing the broader challenges of
understanding how we experience immersive realities together. By
releasing our dataset, analysis, and visualisation code, we hope
to encourage secondary analysis and extension of our dataset by
others.
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In developing this dataset, we also defined a data schema which
could standardise open datasets created from any XR experiment,
in line with related works that define datasets for single users in
immersive environments [47]. We define a series of columns based
on readily available signals used in XR tracking and a growing set
of social metrics that can be calculated from these columns. We
describe this data schema in Appendix D and give clear conven-
tions for positional and vector data needed to make comparisons
between open datasets. Standardising the format (and in particular
the coordinate conventions) and building a corpus of XR experi-
mental data for multi-user interactions is needed to accelerate HCI
research in XR. While searching for multi-user datasets in XR to
further contextualise this work, we found a notable gap for publicly
available datasets that would enable any direct comparisons. There
are publicly available datasets for single users, for example Liebers
et al. datasets on identifying users based on motion dynamics [28],
and game-play data also aiming to identify users based on motion
dynamics [46], but our interpersonal social signals like digital prox-
emics and social synchronisation are not possible with single-user
datasets. Where datasets do include multiple users, for example the
Williamson et al. digital proxemics dataset [58], many factors vary
between that experimental setup and our own work making direct
comparisons meaningless. If we want to design more productive,
pleasurable, and successful social XR experiences, a principled and
data-driven approach driven by the research community could be
transformative. This requires the establishment and growth of a
significant corpus of compatible data capturing every aspect of how
we interact together in immersive realities.

6 Conclusion

Being social in XR has the potential to change the way we con-
nect with each other, but social XR is still far from our experiences
of face-to-face interactions. In this paper, we lay a foundation for
analysing directly comparable social signals in reality and virtuality
as a method for understanding how we transpose our face-to-face
interactions into XR. Our results demonstrate how social signals can
provide insights into interaction challenges when social synchro-
nisation can be measured, where current XR technologies result
in low synchronisation compared to face-to-face interactions. The
bench marks we measured of synchronisation behaviours face-to-
face are a valuable tool to assess future design interventions in XR
to improve social synchronisation and conversational metrics. We
also identified position/proxemics as a stable social signal across
realities, but there is an experience gap because participants per-
ceived that they used space differently in XR when the quantitative
data says otherwise. Finally, we produced a significant dataset with
over 1.8 million rows at 30 FPS from our instrumented face-to-face
and XR mediated interactions. We have only scratched the surface
of possible analysis directions in this paper and the dataset presents
many opportunities for secondary analysis, extension, and future
directions. The data schema we designed for this dataset also pro-
vides a standard schema that will enable comparison between any
social XR dataset using this format and its derived metrics, which
can be readily created from any XR experiment that logs tracking
data. The future of XR is social, but without principled design and
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rich data about interaction across realities, we may miss the social
connections that XR makes possible.
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Data Tables

A.1 Figure 4 Data Tables

The histograms in Figure 4 each include two data series organised
into 100 bins. To sumarise these histograms in a data table, these
are simplified into 10 bins.

Table 3: Data table for Figure 4, Part A, Charades Task

Lower | Upper Face to Face | XR Mediated
Bin Number Edge | Edge Probability | Probability
Distribution | Distribution
1 0.0 0.7 0.04 0.03
2 0.7 1.4 0.25 0.29
3 14 2.1 0.24 0.27
4 2.1 2.8 0.34 0.3
5 2.8 3.5 0.34 0.3
6 3.5 4.2 0.17 0.19
7 4.2 4.9 0.05 0.01
8 4.9 5.6 0.0 0.02
9 5.6 6.3 0.0 0.02
10 6.3 7.0 0.0 0.0

A.2 Figure 5

The boxplot in Figure 5 can be summarised using the medians,
upper quartiles, and lower quartiles.

B

Open Analysis Techniques and Tools

The full GitHub of data processing and analysis techniques will be
included here as an artefact underpinning this paper.
All of the code, data, and analysis scripts will be released on a

CC-

BY-SA License.
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Table 4: Data table for Figure 4, Part B, Milling Line Up Task

Léchappé et al.

Table 7: Data Table for Figure 5.

Lower | Upper Face to Face | XR Mediated Condition Median Upper Lower
Bin Number Edee | E (Il’ pe Probability | Probability ° ° edia Quartile | Quartile
& & Distribution | Distribution Partner Conversation 0.01 0.03 0.04
1 0.0 0.7 0.06 0.02 Face to Face ’ ’ ’
2 0.7 1.4 0.3 0.36 Partner Conversation
3 14 2.1 031 037 XR Mediated 0031 0.03 -0.07
. . . . Milli
4 2.1 2.8 0.38 0.34 illing 0.03 0.14 -0.05
5 2.8 3.5 0.28 0.22 Face to Face
6 3.5 4.2 0.07 0.07 Milling
. 0.01 0.09 -0.07
7 4.2 4.9 0.02 0.01 XR Mediated
8 4.9 5.6 0.0 0.02 Two Truths 0.06 011 0.0
9 5.6 6.3 0.0 0.0 Face to Face
10 6.3 7.0 0.0 0.0 Two Truths
XR Mediated 0.03 0.06 0.03

Table 5: Data table for Figure 4, Part C, Introduction in Pairs

Task
Lower | Upper Face to Face | XR Mediated
Bin Number Edge | Edge Probability | Probability
Distribution | Distribution
1 0.0 0.7 0.15 0.14
2 0.7 14 0.25 0.2
3 14 2.1 0.3 0.32
4 2.1 2.8 0.35 0.29
5 2.8 3.5 0.3 0.26
6 3.5 4.2 0.06 0.14
7 4.2 4.9 0.01 0.04
8 4.9 5.6 0.0 0.01
9 5.6 6.3 0.0 0.01
10 6.3 7.0 0.0 0.0

Table 6: Data table for Figure 4, Part D, Two Truths and a Lie

Task
Lower | Upper Face to Face | XR Mediated
Bin Number Edge | Edge Probability | Probability
Distribution | Distribution
1 0.0 0.7 0.03 0.01
2 0.7 14 0.33 0.34
3 14 2.1 0.29 0.34
4 2.1 2.8 0.46 0.31
5 2.8 3.5 0.23 0.28
6 3.5 4.2 0.07 0.09
7 4.2 4.9 0.02 0.04
8 4.9 5.6 0.0 0.01
9 5.6 6.3 0.0 0.0
10 6.3 7.0 0.0 0.0

C Interview Protocol

C.1 Interview Protocol

The following protocol was used during the focus groups. Partic-
ipants were asked questions about their experiences in a virtual

environment and how these differed from face-to-face social inter-
actions.

General Experience with Virtual Environment:
- What were your first impressions of trying to do social activities
in a virtual environment? Have you done anything like this in a
virtual environment before?
- How did it feel to move around the space?
- Were you comfortable or uncomfortable?
- Did you notice the faces were animated? How did this change the
experience for you?
- Did you notice the hands were animated? How did this change
the experience for you?

Comparison with Face-to-Face Activities:
- How would you compare this to face-to-face activities?
- Which felt easier?
- How were these different?

Specific Activity Comparisons:

Charades Activity:
- Think back to the “Charades” activity we completed.
- How would you compare this in the virtual environment and face
to face?
- Which environment felt easier/harder?
- Why?
- What parts of this activity felt socially comfortable/uncomfortable?
- Did this change from environmental conditions?
- Did you have to adapt your behaviour depending on the environ-
ment?
- Was there anything surprising about completing this activity to-
day?

Milling Task Activity:
- Think back to the “Milling Task.”
- How would you compare this in the virtual environment and face
to face?
- Which environment felt easier/harder?
- Why?
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- What parts of this activity felt socially comfortable/uncomfortable?
- Did this change from environmental conditions?

- Did you have to adapt your behaviour depending on the environ-
ment?

- Was there anything surprising about completing this activity to-
day?

2 Truths and a Lie Activity:
- Think back to the “2 truths and a lie” where one person spoke and
the others had to guess which statement was false.
- How would you compare this in the virtual environment and face
to face?
- Which environment felt easier/harder?
- Why?
- What parts of this activity felt socially comfortable/uncomfortable?
- Did this change from environmental conditions?
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- Did you have to adapt your behaviour depending on the environ-
ment?

- Was there anything surprising about completing this activity to-
day?

Final Thoughts:
- Any other comments about your experience today?

D Open Dataset
D.1 Dataframe Schema

We define a dataframe scheme and standard conventions for XR
logging data to support data sharing between experiments and eas-
ier secondary analysis of open data sets. These columns represent
a minimum set of data points from which many additional social
metrics and analyses can be completed.
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Column Name Description Convention
frame_id date time milliseconds
participant_id A unique identifier String

position_x World coordinate, x X and Y as horizontal plane, Z as vertical plane

position_y World coordinate, y

position_z World coordinate, z

rotation_x Rotation Quaternion, x

rotation_y Rotation Quaternion, y

rotation_z Rotation Quaternion, z

rotation_w Rotation Quaternion, w

device Descriptor of the device | String, additional information provided with dataset if needed
used for this log

trial_id A unique identifier String

activity Description of activity | String, may be qualitative or part of defined tags
during this log

forward_x Vector, x X and Y as horizontal plane, Z as vertical plane. Directional vectors are

all inferred from rotation quaternion and are optional in the dataframe.
They are included here for ease during analysis and visualisation.

forward_y Vector, y

forward_z Vector, z

backward_x Vector, x X and Y as horizontal plane, Z as vertical plane

backward_y Vector, y

backward_z Vector, z

left x Vector, x X and Y as horizontal plane, Z as vertical plane

left_y Vector, y

left z Vector, z

right_x Vector, x X and Y as horizontal plane, Z as vertical plane

right_y Vector, y

right_z Vector, z

up_x Vector, x X and Y as horizontal plane, Z as vertical plane

up_y Vector, y

up_z Vector, z

down_x Vector, x X and Y as horizontal plane, Z as vertical plane

down_y Vector, y

down_z Vector, z

gaze_position_x

World coordinate, x

X and Y as horizontal plane, Z as vertical plane. Gaze tracking systems
may store this data in different formats (pitch, yaw, depth, 3D vector,
etc). Calculating Gaze (x, y, z) in world coordinate mitigates differences
in tracking conventions.

gaze_position_y

World coordinate, y

milliseconds

gaze_position_x

World coordinate, z

left_hand_position_x

World coordinate, x

X and Y as horizontal plane, Z as vertical plane. Hand tracking systems
may store this data in many formats (separated joints, hand mesh,
etc). Minimum viable features are hand position and vector, although
additional columns should be added where available. This dataset used
the wrist as the position point.

left_hand_position_y

World coordinate, y

left_hand_position_z

World coordinate, z

right_hand_position_x

World coordinate, x

X and Y as horizontal plane, Z as vertical plane

right_hand_position_y

World coordinate, y

right_hand_position_z

World coordinate, z

left_hand direction_x

Vector, x

A vector relative to the hand wrist, where z faces out from the inner
wrist as vertical plane.

left_hand_direction_y Vector, y

left_hand_direction_z Vector, z

right_hand_direction_x | Vector, x A vector relative to the hand wrist, where z faces out from the inner
wrist as vertical plane.

right_hand_direction_y | Vector, y

right_hand_direction_z | Vector, z

is_speaking

Utterance heard during
this frame

Boolean
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