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ARTICLE INFO ABSTRACT
Keywords: Performing a Joint Interaction (JI) across the Reality—Virtuality (R-V) continuum remains challenging par-
Cross-Reality ticularly in enabling shared manipulation of tangible real-world entities from distinct realities. To address

Joint interaction
Co-experience
Reality-virtuality continuum

this gap, this work investigates how interaction synchronicity and immersion level shape Cross-Reality (CR)
JI involving shared manipulation of tangible entities by focusing on their impact on aspects pertaining
task perceived presence, perceived workload, sense of inclusion/exclusion, empowerment and perceived
control. To support this investigation, an exploratory user study examined human-human CR JI scenarios
through the development of three interaction probes: a checkerboard, a comic book, and a music player,
each re-creating specific types of JI that enables an Augmented Reality (AR) user and a real-world user to
engage with a shared, manipulable entity under varying synchronization conditions. The quantitative results
suggest that synchronous interaction enhanced perceived presence, while qualitative accounts pointed to a
stronger inclusion and connection. Perceived workload showed differences across immersion conditions, with
qualitative findings further highlighting the role of interaction constraints and control distribution in shaping
participants’ experiences. Overall, effective CR JI design requires balancing physical and virtual affordances
while enabling meaningful participation across asymmetric realities. These insights are synthesized into initial
design implications for future CR JI systems, providing guidance for interaction approaches that support
meaningful participation, awareness, and coordination across heterogeneous realities.

1. Introduction multi-user interactions across realities, with “asymmetry” expressing

the concept that each user can operate from different positions of the R-

As technology has progressed, the boundaries between different V Continuum by using different interfaces, while preserving a coherent
levels of immersion along the Reality-Virtuality (R-V) Continuum [1] shared experience [13-17].

have become increasingly fluid, giving rise to interactive systems that Despite the numerous benefits and the promising results already

allow users to navigate across the continuum and interact with each reported in the literature [18], CR-MU systems still present complex

and interrelated challenges, which are systematically summarized in

other from distinct positions along it without being restricted to a single
immersion level [2].

This continuum-spanning immersion paradigm is made possible by
Cross-Reality (CR) systems [3,4], whose user-experienced manifesta-
tions can vary or evolve over time [2]. Auda et al. [2] proposed

Table 1.

This work specifically focuses on shared object and environment
manipulation (indicated with * in the table), since these types of
interactions are central to collaborative tasks and remain partially

o . o o unexplored, as pointed out in recent surveys such as [35]. Within
a categorization of CR systems into three distinct types: transitional, this context, Joint Interaction (JI) is used in the present work to

e.nabling dyr'lam'ic trans%tion ?long the R-V C(?ntinuum [5-8]; substitu- refer to a form of interaction in which users engage with a shared
tional, allowing interaction with re-contextualized tools adapted to the entity or task state, such that their actions and the resulting changes

user’s present actuality [9-12]; multi-User - in this paper referred to are mutually observable. This notion builds upon previous work on
as Cross-Reality Multi-User (CR-MU) systems — enabling asymmetric
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Table 1

Categorization of Cross-Reality Multi-User systems’ challenges.
Challenges References
Handling multimodal misalignment [16,19,20]

Ensuring adequate social and environmental awareness
Enabling telepresence

Allowing shared object manipulation*

Allowing shared environment manipulation*

[14,15,21-25]
[13-15,17,20,23]
[14,16,17,19,22,26-29]
[20,30-34]

joint action, where shared activities rely on mutual awareness and
the continuous coordination of actions among users [18,36,37]. In this
domain, the literature reports three main limitations. First, studies on JI
have largely concentrated on purely virtual entities [16,21,22,30,31],
often exploring asymmetric AR-AR [28,34], VR-VR [21,38], and AR-
VR [16,19,29-31] configurations. This means that scenarios involving
interaction with real-world entities remain partially unexplored. Sec-
ond, when interaction with the real world is involved, prior work has
primarily focused on tangible interfaces [39] restricted to single-user
scenarios [40] or co-located collaborative settings based on shared or
replicated physical artifacts [41,42], disregarding JI across heteroge-
neous realities (i.e., multiple users immersed in different spaces along
the R-V Continuum).

Third, even when asymmetric immersion is considered, the stud-
ies mainly involved users manipulating separate entities [17,27] or
lacked experimental setups for comparing different interaction ap-
proaches [32,33].

To address this gap, this work presents an exploratory user study
aimed at investigating different types of JI with entities that span
multiple levels of immersion along the R-V Continuum and operate
respectively on a real artifact and its virtual counterpart. This specific
form of JI is later referred to as Cross-Reality Joint Interaction (CR JI).

Considering the wide range and complexity of factors involved in CR
JI, the present work narrows the investigation to JI scenarios involving
two human users across heterogeneous realities, by focusing on the
effects of immersion level and interaction synchronicity across multiple
dynamics of CR JI, on task-perceived presence and perceived workload,
as well as other qualitatively assessed aspects such as sense of in-
clusion/exclusion, sense of empowerment, and perceived control. This
objective is pursued through a study that employs a mixed-methods
approach and integrates quantitative as well as qualitative analyses to
address the following research questions:

RQ1 How does CR JI affect the perceived presence within the task?
RQ2 How does CR JI affect perceived workload?

RQ3 How do users perceive and describe their sense of inclusion/
exclusion, empowerment, and control within CR JI?

The selection of the above research questions is grounded in the
principal effects of collaboration across the R-V Continuum docu-
mented in the literature. More specifically, investigating perceived
presence (RQ1) is crucial to understand whether differences in im-
mersion level influence users’ experience of the JI [21,29]. Perceived
workload (RQ2) was examined since manipulating shared assets across
heterogeneous realities may introduce significant cognitive load and
communication overhead due to perceptual mismatches in users’ re-
spective representations of the assets [17,43]. Finally, exploring how
users perceive inclusion/exclusion, empowerment, and control (RQ3)
provides insights into the power dynamics and role imbalances that
may emerge when one user interacts with physical artifacts while
another relies on mediated digital representations [21,38,41].

All the dimensions investigated in this study through the above
research questions have been evaluated considering variations in im-
mersion level, interaction synchronicity, and JI dynamics
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To conduct the study, this work relies on three interaction probes
that have been designed to recreate familiar contexts — playing a
checkerboard game, co-reading a comic book, and interacting with a
shared music player — and involve two users, one manipulating a real-
world artifact, the other engaging with its virtual counterpart. The
interaction probes were also devised to explore three key dimensions
of JI: task coupling (tightly vs. loosely coupled) [44], control distri-
bution (individual, shared, and unilateral) [26,45], and inter-player
dynamics (co-activity and competition) [46]. The configuration of these
three dimensions guided the design of two main modes of interaction:
synchronous and asynchronous. While all the interaction probes were
intended to facilitate synchronous engagement, reflecting the inher-
ently co-temporal nature of JI, asynchronous variants were selectively
incorporated in cases where the task structure allowed participants to
progress independently.

These choices were aimed at supporting an extensive analysis of the
considered design space, capable of guiding future implementations of
CR JL

In summary, the main contribution of this work lies in an ex-
ploratory user study aimed at investigating the effects of immersion
level and interaction synchronicity on perceived presence and task
workload, as well as other qualitatively assessed aspects (e.g., inclu-
sion/exclusion, empowerment, and control). The outcomes of the study
are then synthesized into design implications for future CR JI systems,
highlighting how representations, interaction techniques, and synchro-
nization mechanisms can support meaningful participation, awareness,
and coordination across heterogeneous realities.

2. Related works

To ground this work, prior research on shared manipulation and JI
in immersive and semi-immersive environments has been analyzed, fo-
cusing on asymmetric settings with heterogeneous user configurations.
The reviewed configurations range from those in which tasks involve
interaction just with virtual entities to those where interaction, while
remaining virtually mediated, targets real-world elements. The lack of
systematic evaluations of JI in the latter contexts motivates this study,
which examines CR JI across the R-V Continuum and calls for a more
structured classification of such interactions.

2.1. Shared manipulation in CR-MU systems

As outlined above, research on shared manipulation in CR-MU
systems has largely focused on JI within fully virtual tasks in immersive
or semi-immersive environments (Fig. 1).

2.1.1. Asymmetric AR settings

Some studies have explored experimental AR setups employing
different display technologies to access augmented content. As a matter
of example, Friedl-Knirsch et al. investigated Hand-Held, Optical-See-
Through, and Video-See-Through displays in a co-located AR data anal-
ysis task involving only virtual content, concluding that each device
offered different trade-offs in terms of precision, usability, and collab-
orative engagement [28]. Other studies examined the effectiveness of
collaborative workflows in role-asymmetric AR settings. For instance,
Numan et al. examined a co-located AR scenario where experts, possess-
ing extended operational privileges, guided non-experts in modifying
an outdoor site through interaction with AR objects anchored to the
physical environment and accessed via mobile devices [34]. The col-
laboration was synchronous, allowing all participants to immediately
see and respond to each other’s changes; however, anchoring virtual
objects to physical space did not entail direct interaction with the
physical environment.
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Fig. 1. Cross-Reality real-time Joint Interaction across physical and virtual realms.

2.1.2. Asymmetric VR settings

Experiments have been done also in the context of asymmetric VR
settings. For instance, in [38], Ouverson et al. proposed a framework for
asymmetric VR experiences in co-located settings, where participants
use different devices such as headsets and tablets. The study focused
on how technological asymmetries affect communication and collabo-
ration within virtual environments. Similar objectives were pursued in
the studies by Drey et al. [21] and Peter et al. [47], both emphasizing
that asymmetric VR setups foster role-based interactions. However,
none of the examined settings incorporated interaction with physical
entities, limiting it exclusively to the virtual environment.

2.1.3. AR-VR settings

Continuing this line of thought, extensive research has explored
settings where asymmetry extends beyond devices or roles to include
varying levels of immersion along the R-V Continuum. As a first ex-
ample, Grandi et al. evaluated performance and collaboration in VR-
AR, VR-VR, and AR-AR pair-work settings, focusing on 3D object
co-manipulation [29]. Another example is provided in [16], where
Tserenchimed et al. proposed a viewpoint-sharing method for asym-
metric VR/AR collaboration in which, instead of shifting the user’s
viewpoint, the virtual objects are transformed to match users’ perspec-
tive. In [14], Huang et al. introduced VirtualNexus, an AR/VR remote
collaboration system based on 360° video that employs environment
cutouts and virtual replicas to support shared scene manipulation as
well as to enhance spatial awareness and coordination. In [30], Cho
et al. proposed X-person, a framework for asymmetric VR/AR interac-
tion, enabling users with varying immersion levels to collaborate in a
shared environment through dynamic adaptation of perspectives and
interaction mappings. In a similar work, Cho et al. introduced XAVE,
a cross-platform environment that extends asymmetric collaboration
to a broader range of devices and input modalities, providing device-
specific mappings to ensure coherent multi-user interaction and extend
access to Extended Reality (XR) [31]. Finally, in [19], An et al. pro-
posed a method for aligning heterogeneous XR systems within a shared
physical space, thus enabling cross-device collaboration though still
restricted to virtual interaction.

The above review shows that, although roles played by users, de-
vices used, or immersion levels involved may be different, interaction
in CR-MU systems remained mostly confined to the virtual domain so
far, with physical space mainly serving as an anchor.

2.1.4. Virtual-mediated real-world interaction

A parallel line of work has explored the use of physical actua-
tion to manipulate virtual content through tangible interaction [39],
where physical artifacts serve as interfaces to control virtual representa-
tions. While effective in bridging physical and virtual interaction, these
approaches predominantly focus on single-user scenarios [40] or on co-
located multi-user interaction around the same or replicated tangible
interfaces [41,42]. As a result, they do not explicitly address JI across
heterogeneous realities or asymmetric levels of immersion.

Recent works have explored methodologies for both integrating
non-immersive users into virtual environments and enabling remote
users to participate in real-world interactions. In pursuit of the first
goal, Jansen et al. proposed ShARe, an asymmetric co-located AR-VR

system combining a head-mounted display (HMD) with a projector to
align AR content with planar surface projections, enabling non-HMD
users to interact via touch and gestures [22]. The second goal is gen-
erally achieved through remote expert-local guided interactions, where
local users manipulate physical objects while remote experts supervise
through virtual representations of the environment and corresponding
actions, with varying degrees of fidelity. For instance, Chang et al.
introduced a VR-AR remote JI technique where a VR expert guides a
local AR user in assembly via virtual replicas overlaid on their physical
counterparts [27], whereas Zaman et al. presented MRMAC, a system
for asymmetric JI on LEGO and domino assembly where the so-called
remote VR-Travelers access a virtual reference model to guide local
AR-Hosts in real time [17]. In both cases, users manipulate separate
entities that are not directly linked, such that actions performed on one
entity do not affect the other. This limitation is partially overcome by
the works by Lee et al. [32,33], who studied local users interacting
with the physical environment while remote VR experts guided them
via 3D models synchronized through the operator’s coordinate system
and AR tracking, facilitating real-time context awareness. However,
although these works integrated real-world user interaction, the lack of
experimental setups for systematically comparing various approaches
limits rigorous validation, which would benefit from multiple imple-
mentations addressing different methodological aspects to yield robust
and generalizable results.

2.2. Dimensions of JI

Understanding JI across different realities requires identifying its
key dimensions, which are outlined below through a review of relevant
literature.

2.2.1. Degree of task coupling

A JI is inherently influenced by the nature of the underlying task.
Specifically, in [46] Jarrasse et al. distinguished between divisible
tasks, allowing independent action, and interactive tasks, requiring
explicit coordination. Each task can also be agonistic, with shared ob-
jectives, or antagonistic, with conflicting goals. This distinction aligns
with models in collaborative virtual environments, where tasks are
classified by their degree of coupling: loosely coupled tasks show low
temporal and spatial interdependence, whereas tightly coupled tasks
demand continuous synchronization, joint attention, and rich commu-
nication. The PASCAL framework by Gilbert et al. implements this
distinction, enabling fluid transitions between coupling modes through
spatial context sharing, holographic avatar replication, and parallel
objects for action suggestion [44].

2.2.2. Control distribution

Control is a core aspect in JI, determining how actions are initi-
ated, coordinated, and distributed. In virtual environments, it governs
access to shared objects by specifying who can manipulate them,
when, and how. In [26], Auda et al. investigated how control over
virtual objects, mediated by haptic props, affects remote collaboration
in VR, comparing single ownership, which limits interaction to locally
associated objects, with shared ownership, which allows transferring
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control between users. Results indicated that restricted control en-
hances communication and awareness but slows completion, whereas
shared control improves efficiency at the cost of reduced social interac-
tion. In [45], Wieland et al. explored control strategies for collaborative
3D object manipulation in AR, comparing separation, where users
perform different tasks simultaneously, composition, where both per-
form the same task, and a hybrid configuration. Results showed that
separation improves efficiency through clear division of labor, while
the hybrid configuration maximizes flexibility. These works highlighted
the role of control in JI but focused on fully virtual and symmetrically
immersive settings. In CR-mediated manipulation, interactions span
different realities and heterogeneous interfaces, requiring control to be
redefined to support coordination and mutual understanding.

2.2.3. Inter-player dynamics

The nature of interaction in joint motor tasks can be described
through the taxonomy by Jarrasse et al. [46], which classifies interac-
tion modes based on role distribution, interdependence, and interaction
symmetry. Building on it, in [48], Mace et al. identified four main
inter-player relationships: co-activity, where individuals act in parallel
without significant influence; competition, where one’s progress hin-
ders the other’s; collaboration, involving shared goals and continuous
adaptation; and cooperation, with asymmetric but coordinated roles
toward a common objective. This framework provides a solid basis for
analyzing human-human dynamics in a JI and for designing systems
that support diverse inter-player relationships in both physical and
virtual contexts.

2.3. Summary and research gap

The reviewed literature shows that research on shared manipulation
and JI in CR-MU systems has developed along two largely separate
tracks. On the one hand, studies on asymmetric AR, VR, and AR-
VR settings [14,16,19,21,28-31,34,38,47] have systematically varied
devices, roles, and immersion levels, but have confined interaction
to virtual content, with the physical environment used, at most, as
a spatial anchor for virtual objects rather than as a target of direct
manipulation. On the other hand, studies addressing virtual-mediated
real-world interaction [17,22,27,32,33] have shown that JI can indeed
extend to physical elements. However, these studies remain limited
to isolated case studies built around a single implementation and a
single pair of realities (typically VR-AR), each introducing its own task,
metrics, and notion of coupling between users; as a result, they do
not offer a shared framework for comparing how CR JI behaves as
immersion asymmetry changes, nor do they systematically vary the
position of each user along the R-V Continuum [1] while keeping the
interaction with real-world elements constant.

The dimensions identified in Section 2.2 (i.e., degree of task cou-
pling [44,46], control distribution [26,45], and inter-player dynam-
ics [46,48]) have similarly been studied and validated only in fully
virtual and symmetrically immersive settings, leaving open whether
and how they generalize to CR-mediated manipulation of real-world
entities.

The present work addresses this gap by systematically evaluating
CR JI in tasks that involve direct interaction with real-world elements,
rather than purely virtual content or physical objects used only as
anchors. Building on the dimensions reviewed above, the proposed
exploratory user study leverages a structured classification of such
interactions and empirically assesses how CR JI is affected as the R-V
configuration of the collaborating users changes.

3. Material and methods
This section outlines the design methodology guiding the devel-

opment of the three interaction probes and details their technical
implementation.
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3.1. Interaction probes design

In defining the interaction probes, two layers of design considera-
tions were taken into account: the first concerns the overall experimen-
tal design rationale, while the second focuses on the configuration of
the JI dimensions outlined above.

3.1.1. Design rationale
The interaction probes were designed according to two main design
principles:

» Immersion Asymmetry: In line with the state of the art, this
work frames asymmetry not only as device heterogeneity [28] but
as a divergence in the levels of immersion through which users en-
gage with the shared environment. Each interaction probe situates
one user in direct engagement with the real-world entity, while
the other participates through its AR counterpart. This setting
was purposefully selected, as AR supports a form of interaction
in which immersion is conceived not as full presence within a
virtual environment, but as an alternative task-oriented paradigm
of interaction that simultaneously preserves a sense of belonging
and connection to the real space [49,50].

Everyday Scenarios: The interaction probes were designed
around familiar, everyday tasks to support inclusive, accessible
co-experience without requiring domain-specific expertise.

3.1.2. JI configuration

The dimensions of JI were configured to systematically explore
multiple combinations, supporting diverse interaction settings while
keeping both users equally engaged and aligned in hierarchical func-
tions.

» Degree of Task Coupling: The interaction probes were designed
to investigate how CR JI is influenced by the degree of task cou-
pling, defined as the degree of interdependence required between
users to complete the activity. CR JI was examined across tasks
ranging from tightly coupled, where close coordination is essential,
to loosely coupled, where users operate more independently [44,
46].

Control Distribution: To examine how control distribution influ-
ences CR JI, the interaction probes were designed to go beyond
the assumption of symmetric control only: equal access to a
shared object may not guarantee effective coordination, as it
can introduce ambiguity or conflict in highly interdependent
tasks. Accordingly, distinct control configurations are investi-
gated, which, informed by established strategies discussed in
prior works [26,45], were adapted to remain constrained and
clearly distinguishable from one another: hybrid solutions were
intentionally avoided to enable an unambiguous interpretation
of the observed effects. Consequently, three refined control con-
figurations are explored: individual control, in which each user
manipulates separate components; shared control, in which both
users jointly manipulate the same entity; and unilateral control, in
which control is exclusively assigned to a single user.
Inter-Player Dynamics: Previous studies often employed hierar-
chical role distributions [17,27,32,33] effective for guiding task
execution but unsuitable for settings in which the remote or
immersed user is required to assume an equally active role and
where the main challenge is achieving comparable degrees of
engagement. In contrast, this paper examines balanced CR JI by
enabling both users to initiate, influence, and sustain joint action
regardless of immersion level. To this aim, the inter-player dy-
namics identified by Mace et al. [48] were examined. Competition
and Co-Activity were selected as they support balanced engaging
and allow JI under both tightly and loosely coupled conditions
without requiring strict reliance on shared objectives.
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3.2. Implemented interaction probes

Based on the design considerations outlined above, the interaction
probes developed in this work are described below.

3.2.1. Checkerboard

The Checkerboard system models a tightly coupled scenario where
JI is essential. Turn-based board games like checkers or chess, common
in studies of inter-player dynamics [51], require continuous mutual
adaptation: each move influences the opponent’s decisions and the
game’s progression; the antagonistic nature of the task allows for
the examination of CR JI in which users experience different levels
of immersion, revealing whether such differences lead to perceived
advantages or disadvantages during the JI.

This system offers just a synchronous mode, reflecting the tightly
coupled nature of the task. Each user controls their own set of pieces:
the non-immersed one the physical board and the immersed one its
virtual counterpart. This configuration models an individual control
setup, with authority over separate components but tightly interde-
pendent actions. In terms of inter-player dynamics, the system models
competition, with control distributed and equal but strategically adver-
sarial. Each user’s move aims to counter the opponent, making progress
depend on mutual constraints rather than a shared strategy. This setup
examines how differences in immersion levels affect users’ engagement
in an antagonistic task when both participants have equal control.

3.2.2. Comic book

Shared reading among adults has been shown to increase social con-
nectedness, emotional attunement, and well-being [52]. More specifi-
cally, in the case of digital comics, the tactile and sensory dimensions
significantly influence the reading experience; moreover, active inter-
action with devices and platforms has been shown to enhance narrative
immersion [53]. Building on these insights, shared comic book reading
was chosen as a loosely coupled task to examine CR JI, where joint
actions are non-essential but can enrich the experience.

The system implements two interaction modes, each reflecting a
distinct control configuration. In synchronous mode, the non-immersed
user manipulates the physical comic while the immersed user passively
follows the reading via its virtual counterpart and coordinates ver-
bally with the partner. This configuration corresponds to unilateral
control. In asynchronous mode, each user interacts independently: the
non-immersed one with the physical comic, and the immersed one
with the virtual counterpart. This setup allows autonomous progres-
sion and represents individual control. These configurations supports
the investigation of how unilateral versus individual control influ-
ences CR JI in low-dependency, asymmetrical settings. In terms of
inter-player dynamics, both modes can be characterized as forms of
co-activity. In the synchronous mode, co-activity manifests as a leader—
follower co-experience, in which users remain temporally aligned, with
one setting the pace and the other adapting to it. By contrast, the
asynchronous mode supports a parallel co-experience, allowing users to
progress independently without continuous coordination.

3.2.3. Music player

The third system considers shared music listening, an activity that,
similarly to reading, when shared, gains a strong social dimension, en-
hancing enjoyment, emotional resonance, and interpersonal bonds [54].
Furthermore, music has the capacity to synchronize affective states and
influence neurohormonal responses, such as oxytocin release linked to
trust and social connectedness [55], making shared listening an alter-
native loosely coupled task for exploring CR JI where co-experience,
though optional, is beneficial.

As in the previous case, two interaction modes are foreseen. In
synchronous mode, both the users control the same music playback
system, one via the real device and the other via its virtual counterpart,
thus modeling shared control in which any action instantly affects
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(b) AR Checker-
board App

(c) Projection
Overlay

(a) Pieces Detection App

Fig. 2. Components of the Checkerboard CR system.

playback for both. In asynchronous mode, each user interacts indepen-
dently with their own counterpart, modeling an individual control
setup. This configuration supports the analysis of how shared versus
individual control influences CR JI in low-dependency, asymmetrical
settings. Regarding inter-player dynamics, both modes embody co-
activity: the synchronous mode supports co-experience through shared
temporal alignment, while the asynchronous mode supports a parallel
co-experience.

3.3. Implementation

This section presents the technical implementation of the three
interaction probes, each combining real and virtual components. The
latter were implemented through AR applications developed using
Unity version 2022.3.21f1 and the Meta XR All-in-One SDK.! The
AR applications were developed for a Meta Quest 3 headset, with
interactions performed using its built-in hand tracking to preserve
natural hand movements. The proposed interaction probes do not rely
on spatial anchoring of virtual objects onto their physical counter-
parts. Instead, consistency between physical and virtual representations
is maintained through application-level state synchronization, whose
implementation is described in the following subsections.

3.3.1. Checkerboard
The Checkerboard system is composed of three key components:

+ Pieces Detection App: A Python app executed on a mobile device
and developed using OpenCV? to detect both the physical white
pieces moved by the non-immersed user and the checkerboard
edges (Fig. 2(a));

» AR Checkerboard App: A Unity AR application that renders the
virtual counterpart of the checkerboard (Fig. 2(b));

« Projection Overlay: The projection of the virtual red pieces, con-
trolled by the immersed user and not materially present onto the
physical checkerboard (Fig. 2(c)).

The Pieces Detection App detects the white pieces from a video
stream and transmits their positions as JSON via WebSocket to the
AR Checkerboard App, which maps them in the 3D space. Meanwhile,
as the immersed user moves the virtual red pieces in AR through
hand-tracking gestures, their rendering is transmitted via OBS Stu-
dio,®> an open-source software for video capture and live streaming,
and projected onto the physical checkerboard through the Projection
Overlay.

3.3.2. Comic book
The Comic Book system is composed of three key components:

+ Image Detection App: An app executed on a mobile device and
developed using Android Studio® version 2022.3.1, designed to
detect the pages of the physical book (Fig. 3(a));

Meta XR All-in-One SDK: https://tinyurl.com/metaXRAllInOne.
OpenCV: https://opencv.org.
OBS Studio: https://obsproject.com.
Android Studio: https://developer.android.com.

N
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Fig. 3. Components of the Comic Book CR system.

» AR Comic Book App: A Unity AR application enabling access to
the 3D virtual counterpart of the book (Fig. 3(b));

* Projection: The projection of the virtual book onto a physical
surface (Fig. 3(c)).

The Image Detection App leverages Google’s ARCore® to detect the
pages of the physical comic (Fig. 3(a)) by matching each observed page
with a database of labeled, reference pages. By replacing the database
and the labels, the system can adapt to any other book. Once a page
is detected, its number is sent via WebSocket to the AR Comic Book
App using the .NET WebSocketSharp® library. In synchronous mode,
the AR Comic Book App updates the virtual book to mirror the physical
page flips, with the immersed user being limited to passive viewing. In
contrast, in asynchronous mode, the immersed user can interact with
the virtual book through the AR Comic Book App using the headset’s
hand-tracking system. Specifically, pinch and tap gestures are used to
flip pages, as shown in Fig. 3(b). The view of the AR Comic Book
App is streamed via OBS Studio, like for the Checkerboard system, to
the projection, thus allowing the non-immersed user to monitor the
immersed user’s page-flipping interactions (Fig. 3(c)).

3.3.3. Music player
The Music Player system is composed of two key components:

» Music Player App: A mobile Unity app for smartphones, serving
as the real-world counterpart (Fig. 4(a));

» AR Music Player App: An AR application implementing its virtual
counterpart (Fig. 4(b)).

In synchronous mode, playback is mirrored in real-time between the
devices via Server—Client Remote Procedure Calls (RPCs) using Netcode
for GameObjects’ (NGO). Inputs from smartphone buttons and hand-
tracking gestures trigger updates across the system, ensuring consistent
functionality despite different interaction methods. In asynchronous
mode, each user controls their own player independently, with status
updates (e.g., “User paused the track”) shared via RPCs.

5 ARCore: https://developers.google.com/ar.

6 WebSocketSharp: https://github.com/sta/websocket-sharp https://github.
com/sta/websocket-sharp.

7 NGO: https://tinyurl.com/NetcodeGO.
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Fig. 4. Components of the Music Player CR system.

4. Evaluation

This section introduces the exploratory user study conducted to
examine the effects of immersion level and interaction synchronic-
ity, across multiple types of CR JI, on task perceived presence, per-
ceived workload, and other qualitative aspects, including sense of
inclusion/exclusion, empowerment, and perceived control. The follow-
ing subsections describe the participant demographics, experimental
setup, and study procedure, including the evaluation measures, the
structure of the experimental sessions, and the tasks participants were
instructed to perform.

4.1. Participants

The study involved 18 participants (7 males, 10 females, 1 n.d.)
aged 22 to 31 years (M = 25.39, SD = 2.64), recruited via a depart-
mental newsletter announcement. All participants provided informed
consent, and the study was approved by the KU Leuven’s Ethics Com-
mittee (approval no. G-2024-8270-R2(MIN)). Experimental sessions
were organized into 9 dyads. To characterize the sample, participants
were also asked to rate their previous AR/VR experience (5-point scale,
from ‘Never Used” to “Frequent User”) and familiarity with their dyad
partner (5-point scale, from “Complete Strangers” to “Very Familiar”).
The resulting scores (AR/VR experience: M = 3.22, SD = 1.11; fa-
miliarity with the partner: M = 3.67, SD = 0.87) indicate moderate
prior exposure to immersive technologies and that the dyads were not
composed of complete strangers.

4.2. Experimental setup

The study was conducted in a controlled co-located setup, com-
monly used to emulate remote JI [56]. This isolated factors such as net-
work latency and communication constraints, facilitated observation of
user interactions and behaviors, and enabled pragmatic implementation
choices, such as omitting VoIP communication and employing a simpli-
fied multi-user architecture, thereby accelerating the implementation
process.

The hardware setup across the three interaction probes included
the following components: a Meta Quest 3 headset used in tethered
mode via Meta Quest Link, with the AR application running on a
connected Intel Core i7-14700KF PC (32 GB RAM, GeForce RTX 4060),
a Philips Neopix 120 home projector, and a Samsung Galaxy S20 FE
smartphone. Each interaction probe employed a combination of these
devices according to its requirements, as shown in Fig. 5.

4.3. User study
The user study was structured so that each dyad sequentially in-

teracted with all three interaction probes following a within-dyads
design.
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Fig. 5. Experimental setups.

4.3.1. Independent variables

For each interaction probe, the primary independent variable was
the immersion level: one member of the dyad engaged with the vir-
tual counterpart in the semi-immersed modality (S-IMM), while the
other member interacted with the real-world counterpart in the non-
immersed modality (N-IMM). For both the Comic Book and Music
Player systems, interaction synchronicity was also manipulated as an in-
dependent variable, with dyads experiencing both synchronous (SYNC)
and asynchronous (ASYNC) modes.

4.3.2. Dependent variables

In order to examine the quality of CR JI, this study investigated
five principal dependent variables, drawn from the literature on XR
JI. Perceived presence refers to the extent to which participants feel
engaged and situated within the shared task regardless of immersion
level. Perceived workload reflects the effort required to perceive, pro-
cess, and respond to information during task performance. Sense of
inclusion/exclusion captures subjective feelings of being integrated or
marginalized within the interaction. Empowerment denotes the per-
ceived advantage over others, arising, for non-immersed participants,
from the possibility of direct interaction with the original entity and,
for immersed participants, from the enhanced features and capabilities
provided by immersive technology. Finally, perceived control refers to
the participant’s perceived ability to initiate actions and influence or
manage the task’s progression. These primary constructs were further
refined to consider additional ones emerging from participants’ eval-
uations, such as feedback and awareness, engagement, collaboration,
connection and conflict.

4.3.3. Measures

To assess the dependent variables, the study employed both quan-
titative and qualitative measures: the former were collected via self-
report questionnaires, while the latter were gathered through semi-
structured interviews at the end of each experimental session.

Quantitative measures. Perceived presence was assessed through items
adapted from the Multimodal Presence Scale (MPS) by Makransky
et al. [57], grounded in Lee’s tripartite model of presence [58]. Items
were adapted to fit the different immersion conditions experienced by
participants. In particular, items related to self-presence were adapted
to capture participants’ perceived connection with the shared CR JI
activity rather than identification with a virtual body. For example,
references to virtual embodiment were replaced with references to the
virtual object (e.g., “my virtual embodiment and my real body became
one and the same” became “the virtual object and the real object became
one and the same”). Accordingly, perceived presence referred to the
extent to which participants felt involved and experienced a sense of
“being there” within the JI. The scale assessed whether the CR JI
effectively bridged levels of immersion, fostering involvement in the
joint activity despite asymmetric access. Responses were recorded on a
5-point Likert scale and aggregated into an overall perceived presence

score, consistent with prior work reporting overall perceived presence
measures [59,60].

Perceived workload was measured using the NASA Task Load Index
(NASA-TLX) [61]. The questionnaires are available as supplemental
material.

Qualitative measures. A semi-structured interview was conducted aim-
ing both at providing additional validation of perceived presence and
perceived workload, as well as at exploring constructs such as sense
of inclusion/exclusion, empowerment, and perceived control. While
perceived presence and workload were also assessed through validated
quantitative instruments, the remaining constructs were intentionally
investigated qualitatively. Given the exploratory nature of the study
and the lack of widely adopted validated measures for inclusion/exclu-
sion, empowerment, and perceived control tailored to CR JI contexts,
a semi-structured interview was considered better suited to capture
participants’ subjective experiences. The semi-structured format also
allowed predefined questions to be complemented with flexible prob-
ing, facilitating the emergence of unanticipated insights. Questions
addressed task alignment between physical and virtual objects, mu-
tual involvement, and the extent to which CR JI supported shared
presence, while also probing preferences between SYNC and ASYNC,
perceived pros and cons of S-IMM and N-IMM, and broader reflections
on potential applications. The interview questions are provided in the
supplementary material.

4.3.4. Experimental session

Each experimental session followed a structured procedure, shown
in Fig. 6, which lasted approximately 2 h and consisted of three main
phases: Introductory, Task Execution, and Interview.

For each participant dyad, the session began with a 10 min Intro-
ductory Phase, presenting key concepts of CR, followed by a brief
overview of the test procedure. Participants then provided informed
consent and completed a short demographic form including age and
gender. During the Task Execution Phase, participants interacted
with the three interaction probes across the various modalities. As an
initial step, one participant was randomly assigned to the S-IMM and
equipped with the Meta Quest 3 headset to access the corresponding
AR application, while the other participant started with the N-IMM
and was provided with the real-word counterpart. The Checkerboard
system involved only the SYNC, followed by questionnaire completion.
For the Comic Book and Music Player systems, participants experienced
both the SYNC and ASYNC in counterbalanced order, completing a
questionnaire after each mode. For each modality, participants were
given a maximum interaction time of approximately 10 min; however,
they were free to conclude the interaction earlier once they felt satisfied
with the experience. Between systems, participants took a 10-minute
break and alternated immersion levels, ensuring that each one expe-
rienced both the S-IMM and N-IMM. This counterbalancing strategy
was applied to reduce habituation and minimize confounds such as
fatigue or desensitization from prolonged exposure to one modality,
while ensuring that all participants experienced both of them. The order
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Fig. 6. Timeline and structural workflow of the experimental procedure.

of the interaction probes, however, remained fixed across sessions to
ensure a consistent session flow and onboarding process. Specifically,
the Checkerboard was presented first because its structured and rule-
based nature allowed participants to familiarize themselves with the
CR JI paradigm, the asymmetric immersion setting, and the interaction
modalities before engaging in less constrained scenarios. The Comic
Book and Music Player were subsequently introduced to explore dif-
ferent coordination and control requirements. Although maintaining
a fixed order may introduce potential order-related effects, including
learning or fatigue effects, this choice represented a methodological
trade-off adopted within the exploratory scope of the study. Impor-
tantly, the interaction probes were designed as distinct exploratory
instances of CR JI rather than directly comparable experimental condi-
tions; therefore, the analyses focused on the effects of immersion level
and interaction synchronicity within each probe. This structure also
facilitated the collection of comparative insights between participants
during the semi-structured interview conducted in the final Interview
Phase, which lasted approximately 20 min.

4.3.5. Tasks

For each interaction probe, participants were asked to complete
specific tasks, which are described below.

Checkerboard: Participants played a simplified variant of the tra-
ditional checkers game (Fig. 2), chosen for its low visual and cognitive
demands, aiming to limit complexity-related load [62] and reduce
potential performance anxiety [63]. Before beginning the task, partic-
ipants received a brief explanation of the rules and were subsequently
instructed to play ten moves each.

Comic Book: Participants interacted with a freely accessible Marvel
comic book titled “Spider-Man versus Doctor Octopus” (Fig. 3) and were
asked to locate specific sentences spoken by characters. The book’s con-
cise 25-page format allowed participants to finish the reading within
the session’s allotted time. To avoid monotony, the task was split into
two halves, one read under the SYNC, the other under the ASYNC.

Music Player: Participants engaged with an interface designed to
resemble common mobile music apps (Fig. 4) to enhance recognizabil-
ity and reduce the need for instruction or prior familiarization [64].
The task required participants to listen to tracks and interact with all
available buttons. The playlist featured five songs spanning different
genres and, like for the Comic Book system, the task was divided into
SYNC and ASYNC.

5. Results

This section presents the findings from both quantitative and qual-
itative evaluations, with the former based on statistical methods and
the latter derived from thematic analysis.

5.1. Quantitative results

To obtain the quantitative results, two separate analyses were con-
ducted: one aimed at assessing the impact of immersion level, and the
other at assessing the impact of interaction synchronicity, both on per-
ceived presence and perceived workload. Although addressing different
independent variables, the two analyses followed a common method-
ological procedure. Normality was assessed on paired differences using
Shapiro-Wilk tests (W and p reported in plots). Most comparisons met
the normality assumption; for one comparison this assumption was
violated. Accordingly, Paired-Samples T-Tests were used as primary
analyses, and a Wilcoxon Signed-Rank test was additionally performed
for the non-normal case as a robustness check, yielding consistent
results. The first analysis assessed, for each interaction probe, the effect
of immersion level by comparing S-IMM and N-IMM participants for
each synchronization mode. The second analysis evaluated the effect
of interaction synchronicity by comparing the SYNC and ASYNC for
each interaction probe excluding the Checkerboard (which featured
only the SYNC), and separately for S-IMM and N-IMM participants.
All pairwise comparisons were treated as exploratory analyses, and
no correction for multiple comparisons was applied. A significance
threshold of p < 0.05 was adopted for all tests, with significant results
indicated using brackets in plots. To evaluate the magnitude of the
observed effects, Cohen’s d was calculated as a measure of effect size to
get insights on the practical significance of results. In addition to the
above analyses, potential interaction effects between immersion level
and interaction synchronicity were studied by means of Mixed Two-way
Repeated Measures ANOVA.

To contextualize the statistical power of the reported comparisons,
a post hoc sensitivity analysis was performed with G*Power (v3.1.9.7).
The results indicated that, given the achieved sample size and the
within-dyads design, the study had 80% power to detect only large
effects (d > 1.07).

Immersion level. For brevity, the following abbreviations will be used
to refer to the interaction probes: C (Checkerboard), CB_.SYNC (Comic
Book, Synchronous), CB_ASYNC (Comic Book, Asynchronous),
MP_SYNC (Music Player, Synchronous), and MP_ASYNC (Music Player,
Asynchronous).

As shown in Fig. 7(a), no statistically significant differences in per-
ceived presence were found between the S-IMM and N-IMM conditions
for any interaction probe.

By contrast, Fig. 7(b) reveals a statistically significant difference in
perceived workload between the S-IMM and N-IMM only conditions for
the CB_SYNC (M = 38.15, SD = 12.81 vs. M = 24.07, SD = 5.96; p =
.032; d = 0.87), with higher scores for the S-IMM.

Interaction synchronicity. Also here, the following abbreviations will
be used: CB_S-IMM (Comic Book, Semi-Immersed), CB_N-IMM (Comic
Book, Not Immersed), MP_S-IMM (Music Player, Semi-Immersed), and
MP_N-IMM (Music Player, Not Immersed).

As shown in Fig. 8(a), from the perspective of perceived presence,
significant differences between the SYNC and ASYNC were found in the
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Fig. 7. Quantitative results comparing S-IMM and N-IMM participants. Each
box plot displays the median (horizontal line), mean (x), interquartile range
(box edges), minimum and maximum observed values (whiskers), and outliers
(o). Statistically significant differences are highlighted in green.

CB_S-IMM (M = 3.92, SD = 0.63 vs. M = 3.38, SD = 0.36; p = .009; d
= 1.15) and the MP_S-IMM (M = 4.11, SD = 0.71 vs. M = 3.49, SD =
0.97; p = .017; d = 1.01), indicating that SYNC participants reported
substantially higher perceived presence in the SYNC compared to the
ASYNC. Regarding the other cases, no significant differences were
found. Referring to Fig. 8(b), perceived workload remained generally
low across all interaction probes in both the SYNC and ASYNC, and no
significant differences were found.

Interaction effects. The results of the Two-Way Mixed ANOVA analysis
are reported in Table 2. For the Comic Book (CB), no significant main
effect of immersion level or interaction synchronicity were observed.
No significant interaction effect was found. Conversely, for the Music
Player (MP), a highly significant main effect of interaction synchronic-
ity was observed (F(1,16) = 10.54,p = .005,;12 = .40), indicating
that synchronous interaction scenarios yielded substantially higher per-
ceived presence across both immersion groups. The main effect of
immersion level trended toward significance (F(1,16) = 3.54,p =
A078,r,[% = .18), while the interaction effect between immersion and
synchronicity was non-significant.

Regarding workload with the CB, a significant main effect of immer-
sion level was found (F(1,16) = 7.40,p = .015,;12 = .32), with immersed
(IMM) users experiencing a significantly higher workload (M = 37.41,
SD = 12.18) compared to non-immersed (NOT-IMM) users (M = 25.37,
SD = 5.86) regardless of synchronicity. No significant main effect of
synchronicity or interaction effect was found. Finally, for the MP, there
were no significant main effects for immersion, synchronicity, or their
interaction.
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Fig. 8. Quantitative results comparing SYNC and ASYNC modes. Each box
plot displays the median (horizontal line), mean (x), interquartile range (box
edges), minimum and maximum observed values (whiskers), and outliers (o).
Statistically significant differences are highlighted in green.

5.2. Qualitative results

The qualitative data gathered from 17 semi-structured interviews
(participants P1-P17, as participant P18 was unable to complete the in-
terview) were analyzed using Thematic Analysis following the six-phase
procedure by Braun and Clarke [65].

The analysis followed a hybrid inductive-deductive approach. An
initial set of codes was derived deductively from constructs defined by
the evaluation metrics, while additional codes were developed induc-
tively from the data to capture emerging and unanticipated patterns. A
codebook was iteratively developed and refined throughout the analysis
process.

All transcripts were coded iteratively by a single researcher and
assigned codes to meaningful text “segments”. The resulting codes
were then grouped into candidate themes based on shared semantic
meaning. These themes were subsequently reviewed, refined, and con-
solidated through repeated comparisons with both the coded segments
and the original transcripts to ensure internal coherence, consistency
with participants’ reported experiences, and mitigate interpretive bias.
The codebook was continuously refined throughout this process as new
patterns emerged. To enhance the transparency of the analysis, rep-
resentative participant quotations are reported throughout the Results
section, allowing readers to assess the relationship between the raw
data and the resulting interpretations.

As shown in Fig. 9, the distribution of coded segments across themes
is reported descriptively to illustrate thematic recurrence. The first five
themes correspond to constructs anticipated by the evaluation metrics,
while the remaining themes emerged inductively during the analysis.
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Table 2
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Summary of two-way mixed ANOVA statistical results for perceived presence and perceived workload.

Outcome Probe Immersion Interaction M (SD) Significant results
variable level synchronicity
S-IMM i?s\(llic g'gg (g';ﬁ) M, : F(1,16)=238,p=.142.17 = .13
- -38 (0.34) M,y : F(1,16)=3.51,p= 080,52 = .18
SYNC 3.22 (0.86) imm X sync : F(1,16) < 0.01,p = .962, 1> < .01
i N-IMM yne : s .01, p=.962,n° <.
Perceived ASYNC 2.94 (0.68) ’
Presence
SIMM iYI;‘; 3;2 (0.68) M,,, : F(1,16) = 3.54,p = 078,12 = .18
MP SYNC 326 074 My © F(1,16) = 10,54, p = 005, = 40
N-IMM SYNC 4.33 (0.61) imm X sync : F(1,16) < 0.01,p = 961,;1’% < .01
ASYNC 3.89 (0.81)
SYNC 38.15 (12.08) . 2
S-IMM M,,, : F(1,16) =7.40,p = .015,17p =.32
cB ASYNC 86.67 (13.05) M,y ¢ F(1,16) = 0.07,p = 796, < 01
X SYNC 24.07 (5.62) immx sync : F(1,16) = 0.93,p = 349, 1% = .05
Perceived N-IMM ASYNC 26.67 (6.09) !
Workload
SIMM i?s\{];c 2‘3‘22 (‘51'3:1” My, F(1,16) = 0.19,p = 671,12 = 01
MP 33 (471) My, : F(1.16) = 0.02,p = 892,52 < 01
N-IMM SYNC 25.19 (10.32) imm X sync : F(1,16) = 0.17, p = .684, rli =.01
ASYNC 25.56 (10.18)

Perceived Presence (17 segments) was heightened across all
SYNCs: in coordinated music playback (P3), shared comic reading (P1),
and most notably within the checkerboard’s competitive game (P5: “Felt
part of the game”; P7: “Like a real game”), where turn-taking mechanics
generated a “real interaction” (P5, P6) and a “strong connection between
real/virtual objects” (P17). Additionally, AR arm movements promoted
tangible co-presence (P9: “Like interacting with a real person”), while
interface familiarity helped bridge realities (P3: “Like a real object”).
By contrast, ASYNCs appeared to diminish this sense of presence (P3:
“Felt in a different world”; P15: “Low sense of partner’s presence”).

Perceived workload findings (11 segments) emerged exclusively in
the Comic Book: S-IMM participants reported AR navigation as effortful
(P16: “More effort in AR...have to pinch and point fingers”; P7: “Pinch
multiple times to turn”), whereas N-IMM participants found physical in-
teraction more intuitive (P4: “Easier in real world”; P12: “Didn’t require
much effort”). Notably, the SYNC introduced pacing considerations,
with N-IMM participants feeling compelled to monitor the partner’s
progress (P3: “Need to [...] turn the pages a bit slower”; P5: “I felt pressure:
I didn’t know if the other had finished reading”) and S-IMM participants
struggling with pace misalignment (P4: “Couldn’t read slower [...] pages
flipped faster”). This coordination burden was alleviated in the ASYNC
(P3: “Don’t have to mind other’s pace”; P4: “Better than the SYNC”).

Exclusion/Inclusion (23 segments) emerged mostly in the Comic
Book, where participants related it to the absence/presence of visual
cues (P4: “Couldn’t see or experience the other; P8: “Could see everything
[...] didn’t feel excluded”). S-IMM participants noted AR isolation (P1: “I
was engrossed with the headset [...] quite isolated”; P12: “The headset iso-
lated me”), particularly in the ASYNC (P5: “More in my own world”; P11:
“A bit excluded”), while the SYNC generally improved inclusion (P1:
“Equally participating”; P2: “For the synch it was ok”). However, ASYNC
was found to support individual focus (P11: “Didn’t feel distracting [...]
felt like reading together”’; P15: “Focused on my task”).

Empowerment (12 segments) mostly emerged with N-IMM partic-
ipants often reporting increased agency through physical interaction
(P4: “Do whatever I want”; P12: “Having direct command over the pages”),
which occasionally resulted in creating subordination dynamics, partic-
ularly in the SYNC of the Comic Book (P10: “I dictated the tempo [...] the
other had to follow”). S-IMM participants, on the other hand, expressed
mixed perceptions, with some seeing AR as offering expanded possibil-
ities (P15: “More freedom than reality”, while others feeling constrained
by the AR interface (P8).

Perceived control (22 segments) was one of the most discussed
themes, and the analysis showed that ASYNCs consistently supported
individual autonomy (P6: “Turn the page whenever I want”; P10: “Had
more control”’; P13: “Can do more”), whereas SYNCs often constrained it,

10

except in the Checkerboard, where the turn-based structure distributed
control evenly (P4: “Play independently without dominance”). In the
Comic Book, some noted that “when in control, the other person seemed
isolated” (P9) and also emphasized that the unconstrained nature of
physical interaction facilitated their agency (P10: “Can turn three pages
at the same time”; P1: “Full control over what I was doing”).

Feedback and awareness (21 segments) emerged as another criti-
cal factor. SYNCs naturally enhanced mutual awareness (P12: “Nice to
see the other person interacting”) while ASYNCs often impaired it (P6:
“Wonder what the other is doing”; P12: “Wasn’t aware of the other”; P13:
“Have to explain what’s happening”), directing participants’ attention
toward their own tasks (P8: “Focused on the task rather than the partner”;
P14: “Busy with my things”). Only a minority found feedback sufficient
(P2: “The other sees my projection and I'm notified while remaining in my
zone”).

Engagement (16 segments) peaked in the Checkerboard, described
as “more real and fun” (P14). The competitive dynamic enhanced
the experience (P1: “Quite exciting [...] gave me something extra”; P5:
“More real interaction [...] moves impacted the other”). SYNCs consis-
tently boosted engagement across the interaction probes (P14: “Music
Player more engaging in SYNC”; P5: “Interaction with others increases
engagement”). Manipulation was equally engaging, whether virtual (P3:
“Enjoyed moving virtual pieces”) or physical (P4: “Easier/more entertain-
ing in the real world”).

Collaboration (15 segments) and connection (17 segments) were
consistently enhanced by SYNCs. In the Checkerboard, game mechanics
made the CR JI more natural (P8: Easier to interact with the other”;
P13: Influences the shared state”; P17: Actions impact”). SYNCs also
fostered connection across activities, from shared gameplay (P1: As
playing with a real person”) to coordinated music listening (P6: Shared
song created connection”). By contrast, ASYNCs reduced joint participa-
tion and mutual connection (P9: Each does their own thing”; P17: No
collaboration”), and interactions often felt disconnected (P5: Experiences
felt disconnected”; P15: “Monitoring without connecting”).

Conflict (7 segments) arose mainly in the Music Player, due to
asynchronous audio overlap (P11: “Distracting, could hear the overlap”;
P16: “Should use headphones™) and in the Comic Book, where the SYNC
created pacing challenges requiring “negotiation of reading speed” (P17),
mitigated by the ASYNC’s independence (P6: “Turn pages whenever I
want”; P10: “My own space”).

6. Discussion

The study’s combination of qualitative and quantitative methods
provided complementary evidence to address the proposed research
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Fig. 9. Theme recurrence in terms of number of segments, with color intensity increasing with occurrence counts.

questions. Given the nature of the study and the number of partici-
pant dyads involved, the findings should be interpreted as exploratory
observations emerging from the interaction of multiple design dimen-
sions rather than broadly generalizable conclusions. Since immersion
level, interaction synchronicity, and probe-specific interaction charac-
teristics were intentionally combined within ecologically meaningful
interaction settings, their individual contributions cannot be fully dis-
entangled. Instead, the results highlight relevant insights that motivate
future confirmatory investigations.

Building on these considerations, the following subsections dis-
cuss the findings with respect to the three research questions, present
the resulting design implications for CR JI systems, and outline the
limitations of the study and future research directions.

6.1. Discussion of the research questions

The discussion below addresses the three research questions and
interprets the main findings of the study by integrating quantitative
results with qualitative insights.

RQ1 (How does CR JI affect the perceived presence within the
task?): The findings suggest that perceived presence within the CR
JI may be more associated with interaction synchrony and task cou-
pling than with immersion level, as no significant differences emerged
between the S-IMM and N-IMM.

This interpretation is consistent with prior work on JI involving
users in different immersive setups (e.g., VR-AR), suggesting that the
experience is shaped not only by the difference in immersion level but
also by the dynamics of interaction during the shared task [18,66].
However, this result should be interpreted considering the co-located
nature of the experiment. Physical co-presence may have provided
additional social and environmental cues, such as direct verbal com-
munication and peripheral awareness of the partner, which have been
shown to support users’ awareness of others’ actions and involve-
ment during collaborative activities [67,68]. These cues may have
contributed to support participants’ experience of the shared activity
independently of the immersion condition. Consequently, the absence
of significant differences between the S-IMM and N-IMM should not
be interpreted as evidence that immersion asymmetry is irrelevant, but
rather as an indication that, under the tested conditions, other factors
may have played a more prominent role in shaping perceived presence
during the CR JI. Similar effects could potentially emerge in remote
CR JI scenarios when adequate mechanisms for preserving social and
environmental awareness are provided; conversely, when these forms
of awareness are not adequately mediated [69,70], remote settings may
amplify the effects of immersion asymmetry by influencing how both
users perceive their partner’s actions, involvement, and contribution to
the shared activity. These considerations suggest that examining the
interplay between immersion asymmetry, awareness, and interaction
dynamics across different deployment settings represents an interesting
direction for future CR JI research.

Nonetheless, within the S-IMM, the SYNCs were associated to higher
perceived presence during the CR JI than the ASYNCs; this effect
was confirmed qualitatively, with participants describing the SYNCs
as fostering collaboration while naturally increasing awareness of on-
going events. This pattern was observed across the SYNCs despite
their different interaction characteristics. However, the contribution
of probe-specific factors to the observed effects cannot be excluded.
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In particular, in the Checkerboard, the high interdependence between
users’ actions and the competitive nature of the task may have con-
tributed to reducing perceived separation between realities, suggesting
that tightly coupled interactions may reinforce perceived presence [71],
although the specific contribution of competitive dynamics remains
intertwined with the characteristics of the task.

RQ2 (How does CR JI affect perceived workload?): Quantitative
results showed perceived workload did not differ significantly between
SYNC and ASYNC, suggesting that interaction synchronicity alone may
not substantially affect workload under the tested conditions. This is
consistent with previous studies on asynchronous interaction supported
by immersive technologies, which indicate that, although asynchronous
interaction can reduce the need for real-time coordination, its impact
on user experience and workload depends on the specific task re-
quirements rather than being inherently beneficial or detrimental [72].
The only significant difference emerged when comparing immersion
levels in the CB_SYNC condition, where S-IMM participants reported
higher workload than N-IMM participants. Qualitative findings provide
a possible interpretation of this difference: in the CB_SYNC, S-IMM
participants seemed to experience higher workload than N-IMM par-
ticipants because they had no control over the comic book and often
struggled to keep pace with the fully controlling partner. This de-
pendence may have reduced their sense of autonomy by requiring
continuous adaptation to the partner’s pace, potentially increasing
coordination effort, consistent with previous work reporting an inverse
relationship between human autonomy and perceived workload in
collaborative settings [73]. However, qualitative findings suggest that
autonomy alone may not fully explain this difference. Although N-IMM
participants retained direct control over the comic book, they were
also required to coordinate their actions with their S-IMM partner’s
pace, indicating that direct control did not necessarily imply complete
autonomy within the task. Therefore, the higher workload experienced
by S-IMM participants may be related not only to reduced autonomy
but also to their limited control over the interaction process, increased
dependence on their partner, and the additional perceptual and interac-
tion demands potentially associated with reading a virtual comic book
in AR.

Although no significant differences emerged in the remaining con-
ditions, the observed effect sizes provide some exploratory indications.
In particular, the CB_ASYNC condition showed a moderate effect size,
which should be interpreted cautiously given the limited statistical
power of the study. However, qualitative results suggest a possible
interpretation of this tendency: while asynchronous interaction allowed
participants to navigate independently, some participants perceived
virtual manipulation as less direct and flexible than interacting with the
physical counterpart. These findings indicate that perceived workload
in CR JI may depend not only on immersion and synchronicity, but also
on interaction design choices, highlighting the importance of providing
adequate control and matching virtual interactions to natural degrees
of freedom [74] to minimize frustration and perceived inequity when
manipulating 3D entities.

RQ3 (How do users perceive and describe their sense of inclusion/
exclusion, empowerment, and control within CR JI?): The qualitative
findings suggest that participants’ experiences of inclusion/exclusion,
empowerment, and perceived control appeared to be related to how
interaction capabilities were distributed across realities, consistent with
previous observations [30,75,76].
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Even in cases where S-IMM participants lacked direct control (e.g.
with the Comic Book), the SYNCs still allowed them to remain ac-
tively involved in the shared activity, indicating that synchronous CR
JI may represent a promising approach to actually bridge realities.
By contrast, the ASYNCs appeared to shift participants’ attention to
individual components, reducing awareness, inclusion, and connection
while increasing perceived control and focus on individual outcomes
consistent with prior work on control distribution effects [26,45].

Across the interaction probes, directly touching the physical ob-
ject gave users a stronger sense of control and was often associated
with immediacy and unconstrained manipulation [39,77,78], whereas
AR interaction elicited more heterogeneous perceptions. While some
participants perceived the virtual interface as enabling capabilities
beyond those available in the physical world, others experienced it as
introducing new forms of restriction, in line with [79]. This suggests
that the way interaction capabilities are provided and constrained
may play a key role in shaping users’ sense of empowerment, rather
than virtual interaction itself. Across synchronicity modalities, ASYNCs
were generally associated with greater individual autonomy, whereas
SYNCs tended to limit perceived control. This latter pattern was partic-
ularly evident in the CB_.SYNC condition, where the same asymmetry
discussed in RQ2 in relation to workload emerged as a key factor
shaping participants’ perceptions of control. S-IMM participants had
limited influence over task progression, as navigation depended on
their N-IMM partner. However, N-IMM participants, despite directly
manipulating the comic, still needed to adapt to their S-IMM partner’s
pace. These findings suggest that perceived control in asymmetric
interactions appears to depend not only on who can directly manip-
ulate the shared artifact but also on how users can contribute to
and influence the shared activity. A different pattern emerged in the
Checkerboard, where turn-based mechanics naturally regulated interac-
tion opportunities, making moments of contribution more predictable
and easier to coordinate [70]. Consequently, participants rarely de-
scribed the interaction in terms of dominance or reduced control,
indicating that the turn-based structure of the activity may have helped
balance opportunities for contribution despite asymmetric interaction
capabilities.

These observations suggest that, in CR JI, differences in immersion
level may not necessarily translate into perceived inequalities in in-
clusion, empowerment or control. Rather, users’ perceptions appear to
depend on whether the interaction design enables both participants
to contribute meaningfully despite their asymmetric interaction ca-
pabilities. While these considerations require further validation, they
point toward design directions such as explicit turn-taking mechanisms,
shared decision points, or interaction techniques that allow both users
to influence task progression even when only one directly manipulates
the shared artifact.

6.2. Design implications

Taken together, the findings discussed above highlight a central
design challenge for CR JI systems: managing asymmetry between
users across realities. The following implications are preliminary design
propositions grounded in the observed cases, whose broader applicabil-
ity is constrained by the small number of dyads and the probe-specific
nature of the study.

Unlike traditional interactive systems, CR JI inherently introduces
differences in perception, embodiment, and available interaction ca-
pabilities. These asymmetries should not necessarily be removed, as
different realities can provide complementary affordances; rather, they
should be designed so that differences in interaction capabilities do not
prevent users from meaningfully affecting the shared activity.

In this perspective, synchronization in CR JI should not be con-
sidered only as a temporal alignment of object states or user actions,
but also as a semantic alignment of how changes in the shared en-
vironment are understood across realities. The results suggest that
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simply synchronizing actions may be not sufficient: in the Comic Book,
for example, synchronous manipulation ensured consistency between
realities but could still generate perceived imbalance when one user’s
actions determined the progression of the other. Conversely, in the
Checkerboard, the structure of the interaction provided clearer and
more predictable opportunities to contribute, reducing perceptions of
dominance despite asymmetric interaction capabilities.

Therefore, future CR JI systems may benefit from moving beyond
the goal of reproducing equivalent interaction experiences across re-
alities and instead focus on supporting meaningful interaction despite
heterogeneous capabilities. For example, in scenarios similar to the
Comic Book, where one user directly manipulates a physical object
while another relies on an augmented representation, the system could
provide mechanisms such as previews of intended manipulations, ways
to express preferences, or alternative forms of influence over the shared
object state. Similarly, when users perform different actions across
realities, visual feedback should communicate not only the updated
state of the object, but also how and why that state changed, for
example by indicating who triggered an action, the partner’s current
focus, or pending changes. These cues could preserve the flexibility of
independent interaction while reducing uncertainty about the partner’s
activity. More broadly, these observations highlight potential directions
for future CR representations, interaction techniques, and synchroniza-
tion mechanisms that balance consistency across realities with users’
awareness and ability to influence the shared environment.

Overall, the findings suggest that effective CR JI design may benefit
from focusing less on minimizing asymmetry and more on ensuring that
asymmetric interaction capabilities still support meaningful participa-
tion, awareness, and coordination across realities. Table 3 summarizes
the main design implications emerging from these observations.

6.3. Limitations and future works

Although the current study provides exploratory insights into CR JI,
the findings should be interpreted in light of certain limitations.

The relatively small sample size (9 dyads) limited statistical power
and generalizability. The sensitivity power analysis indicated that the
study was primarily able to detect large effects, suggesting that smaller
effects may require further investigation. Future studies with larger
samples could provide further evidence supporting these findings and
extend the investigation beyond dyadic CR JI scenarios, where in-
creasing the number of simultaneous users may introduce additional
challenges related to coordination, mutual awareness, and interaction
dynamics beyond those explored in the present study.

The co-located setup enabled controlled comparisons by reducing
factors such as network latency and communication delays. However,
physical co-presence may have provided additional social cues, such as
direct communication and peripheral awareness, which may have influ-
enced presence and inclusion independently of immersion. Future work
should investigate remote CR JI scenarios to understand how medi-
ated social awareness, communication constraints, and network factors
influence the relationship between immersion asymmetry, interaction
dynamics, and user experience.

The interaction probes were designed to capture different CR JI
configurations by intentionally varying task characteristics, interaction
constraints, and coordination requirements. This approach enabled the
exploration of a broader design space, although differences between
scenarios may also have contributed to the observed effects alongside
the investigated factors. Similarly, the fixed probe order was adopted
to ensure a consistent experimental procedure across sessions, but
potential learning or fatigue effects cannot be completely excluded.
Future studies could extend this investigation through counterbalanced
designs and more controlled variations of individual interaction dimen-
sions.

The exploratory nature of the study motivated the use of subjective
measures and qualitative interviews to capture participants’ experi-
ences. However, integrating objective behavioral measures, such as task
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Cross-Reality Joint Interaction future design implications emerging from the study.

Challenge Design implication

Supporting perceived
presence and inclusion

Balancing coordination
and autonomy across all CR JI scenarios.
Managing asymmetric
interaction capabilities

Supporting awareness
across realities

Designing interaction
techniques

Prioritizing synchronous interaction when maintaining a shared sense of participation is more important than maximizing
individual autonomy, particularly in tightly coupled activities.

Adapt the level of synchronization to the coordination requirements of the task rather than enforcing a single interaction strategy
Ensure that all users can meaningfully influence task progression even when only one user directly manipulates the shared
artifact or users have different interaction capabilities.

Provide awareness cues that communicate not only object state changes, but also who initiated them, the partner’s current focus,
and pending actions to facilitate coordination across realities.

Design interaction techniques according to task requirements and complementary affordances of each reality, rather than aiming
to reproduce identical interaction experiences across realities.

performance, gaze patterns, movement analysis, or conversational anal-
ysis, could provide additional insights into CR JI dynamics. Moreover,
the thematic analysis was performed by a single researcher, and this
should be taken into account when interpreting the robustness of the
qualitative findings.

Finally, the study focused on relatively basic interaction scenarios.
Investigating richer CR JI settings could reveal additional interaction
and coordination challenges beyond those observed in the present
study, including scenarios involving more complex multi-user configu-
rations or interactions between humans and intelligent agents. Finally,
the relatively short interaction duration provided insight into initial CR
JI experiences, while longer-term adaptation, sustained collaboration,
and potential physical discomfort associated with prolonged AR usage
remain important directions for future investigation.

7. Conclusion

This study explored how immersion level and interaction syn-
chronicity shape user experience in CR JI. Quantitative findings suggest
that synchronous interaction was associated with higher perceived
presence, while qualitative accounts pointed to a stronger sense of in-
clusion and connection. Perceived workload showed differences across
immersion conditions, with qualitative findings further highlighting
that it appears to be more closely related to interaction constraints and
control distribution than to immersion asymmetry alone. Furthermore,
the results suggest that effective CR JI should aim to balance the
complementary affordances of physical and virtual interaction while
ensuring that both users can meaningfully contribute to the shared
activity. Although exploratory, these findings provide initial design
considerations for future CR systems.

Future research should extend this investigation to larger samples,
remote settings, CR scenarios involving more than two simultaneous
users or interactions between humans and agents, and longer-term
interactions, while incorporating additional behavioral measures to
further understand coordination, awareness, and control in CR JI.
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