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Abstract This study presents the design of a methodology supported by a collab-
orative architecture operating in a cloud-edge environment, capable of deploying
virtual reality (VR) and augmented reality (AR) applications and enabling the shar-
ing of operational space and bidirectional interaction between them. The proposed
architecture addresses the challenges of integrating VR and AR systems, enabling
users in virtual and augmented environments to interact in real time and operate
collaboratively within a shared space. The project will design an architecture and
define a methodology to operate between VR and AR platforms with different types
of interaction. The architecture is also structured to support multiplayer and cross-
platform interactions, making it adaptable to various application domains, including
collaborative work, education, and entertainment.
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1 Introduction

In recent years, the emergence of increasingly powerful devices and faster connec-
tions, especially with the advent of 5G [9], has accelerated the evolution of immer-
sive technologies such as virtual reality (VR) [13] and augmented reality (AR) [4].
Today, these technologies find concrete applications in various fields, from enter-
tainment to education, from medicine to industry. In this context, [3] storytelling
techniques find fertile ground. On the one hand, virtual reality allows users to im-
merse themselves in fully digital, three-dimensional environments, isolating them-
selves from the real world. On the other hand, augmented reality enriches the real
world by superimposing digital elements on it without isolating us from our sur-
roundings. Each of the two is utilized in different contexts. These two technologies
become game changers when used in collaborative scenarios. Distributed users can
interact in real time by sharing information, experiences, or tasks. In such contexts,
integrating AR and VR poses interesting challenges and significant opportunities.
One of the key questions is the possibility of combining the two technologies, cre-
ating an ecosystem in which virtual and augmented reality coexist and interact har-
moniously. Could we imagine a scenario in which users in VR and AR collaborate
simultaneously, with augmented reality enabling interaction anchored in the phys-
ical context and virtual reality extending those interactions into a wholly digital
environment? Leveraging an advanced technology infrastructure based on the cloud
continuum paradigm is essential for making this integration possible[8]. Such an
approach combines a centralized cloud with decentralized computing at the edge.
This strategy ensures low latency, high performance, and a better user experience,
enabling effective synergy between AR and VR. The present work is placed in this
scenario to first define a methodology for collaborative interaction between virtual
and augmented reality, and then, based on this methodology, an architecture is out-
lined to support the integration between the two technologies, focusing on bidirec-
tional communication and distributed resource management. The paper, therefore,
is divided into the following chapters:

• In the following two chapters, after analyzing the state of the art, the objectives
of the work are defined.

• In the fourth chapter, the focus is shifted to collaboration between heterogeneous
scenarios, describing the underlying theoretical principles and the techniques
adopted to integrate and harmonize different contexts.

• After this, the designed system architectures are illustrated, using UML diagrams
to clarify technical details.

• Finally, the last chapter will present conclusions, summarizing the results ob-
tained, evaluating achievements, and proposing possible future developments.

This paper aims to explore immersive technologies’ potential and impact on society,
offering a comprehensive view of the challenges and opportunities that accompany
them.
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2 State of the Art

Collaboration in immersive, even mixed, environments offers a wide range of po-
tential applications, from education to industry, improving the ability of individuals
and groups to work together effectively. An essential aspect of collaboration was
emphasized in the study [12], which explored the dynamics of cooperation within
immersive environments, highlighting the complexity of communication and coor-
dination processes. In addition, another interesting topic is a real time collabora-
tion among geo-referenced users [12]. Here, the importance of proposing solutions
that enable smooth interactions between heterogeneous platforms is highlighted.
Numerous works have been developed in recent years proposing architectures to
support AR and VR. To name a few, we have the work [11] that proposed an
edge computing-based architecture for mobile AR applications to reduce latency
and power consumption or the work [5] in which an architecture was designed to
support immersive and collaborative experiences in cultural contexts, such as digital
fruition of documents and multimedia content. These represent only a tiny part com-
pared to the many architectures defined in this context. In this study, we propose an
architecture that integrates both realities, allowing them to coexist and collaborate.

3 Objectives

Therefore, this work aims to design a collaborative cloud-edge architecture that en-
ables the integration of VR and AR, facilitating the sharing of operational spaces
and two-way interaction in real time. It also aims to define a methodology for the
synergistic use of these technologies, making them applicable to multi-platform and
multi-player contexts.

1. Methodology of VR and AR Interaction: this objective is to define a methodol-
ogy needed to implement techniques for integrating virtual and augmented reality
scenarios. Thus, collaborative targets and interaction techniques are identified.

2. Architecture Collaborative VR-AR: this sub-objective consists of the realiza-
tion of an architecture for a hybrid collaborative VR-AR scenario.

3. Implementation Collaborative VR-AR Application: After defining method-
ologies and architectures, we move on to the implementation of a collaborative
case study for the hybrid VR-AR scenario;

4. Validation and Testing: with this objective, testing and simulations of the imple-
mented project are carried out with a subsequent analysis of the obtained results.

In this paper, we will only discuss the advances made in defining the methodology
and designing the supporting architecture.
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4 Interaction Methodology

In this collaborative context, a methodology to enable interaction between VR and
AR applications was developed, described in Fig. 1. Underlying this methodology is
the fundamental concept of “collaborative object” (CO), a key element in integrating
the two realities.

Fig. 1 : Methodology of collaborative interaction.

COs are shared entities that exist simultaneously in both virtual and augmented
reality, bridging these two worlds. In AR, such objects are just real physical objects,
while in VR they are virtually reconstructed to replicate their presence and func-
tion. Depending on the context and usage scenario, different modes of interaction
have been defined. In VR, interaction with the reconstructed collaborative object is
mainly through touch.

Fig. 2 Example showing an example of reconstruction that in the specific case was taken as the
subject a chair virtually reconstructed with the Polycam tool

Through the virtual avatar, the user can orient toward the object and click on it
using the reference device, which can be a computer, smartphone, or VR visor. The
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action depends on the available technology: for example, a PC might use a mouse,
while a smartphone might require the use of a touchscreen or a specific controller.
In AR, on the other hand, interaction occurs simply by turning the gaze toward it.

A crucial aspect of this methodology is the real-time synchronization of events.
Any action performed on a collaborative object by a user, whether located in VR
(reconstructed) or AR (real), is immediately propagated to other participants. This
mechanism ensures that all users, regardless of the platform used or the environment
(VR or AR), can observe and interact with the same dynamically changing scenario.
This approach creates a deeply collaborative environment in which VR and AR
coexist.

5 Architecture

Based on the defined methodology, a hybrid reference architecture is outlined to en-
able bidirectional communication between virtual and augmented reality technolo-
gies in Fig. 3. This architecture was defined using UML diagrams of components
and sequences. Below is a detailed description of each component :

Fig. 3 : Collaborative VR-AR Hybrid Architecture

1. Client Manager manages user access and movement within the virtual and real
settings through device input.

2. Asset Manager loads and manages the static props that will populate the virtual
environment and enrich the real one.
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3. 3D Model Manager manages the appearance and disappearance of dynamic vir-
tual objects in the scene.

4. Animator regulates the animations of the dynamic objects and their sequential
flow. Through communication with the Synchronized Component, object anima-
tions are synchronized so that all users can see them in real time regardless of
their device or setting.

5. Interaction System manages direct user interaction with props via input from
devices. This component collaborates with the Synchronized Component to en-
sure that all interactions, and their effects, are reflected in real time across all
connected devices and users in VR and AR.

6. VR Environment manages the virtual environment configuration for VR users
thanks to the assets defined by the Asset Manager and the 3D Model Manager.

7. AR Environment configures the augmented environment through the Asset
Manager and the 3D Model Manager, collaborating with the Tracker Manager
and Image Recognition.

8. Tracker Manager is responsible for real-world plane detection. This component
is also responsible for correctly positioning virtual components on the detected
physical surfaces.

9. Image Recognition is responsible for detecting specific images in the real world.
These inputs are sent to the Game Controller, which activates or deactivates ob-
jects in the AR scene based on image recognition and in VR. Indeed, the Syn-
chronized Component ensures that any changes derived from image recognition
are reflected on all connected devices.

10. Game Controller manages the logic of fruition, such as its startup and termi-
nation or the appearance and disappearance of virtual components depending on
the scene in progress. Therefore, this component communicates with all major
components of the architecture.

11. Audio Manager manages sound reproduction in the scene. It cooperates with
the Synchronized Component in the synchronized context to ensure that sound
effects are played simultaneously on all connected devices.

12. Synchronized Component is essentially the heart of synchronization and en-
sures that all assets, animations, audios, and interactions are synchronized among
all the various connected users. That is, this component ensures that any changes
in the scene are reflected on the devices of anyone accessing it in both AR and
VR.

13. Cloud Manager manages the state of the scene and deployed assets, ensuring
that every user participating in the same shared experience sees the same things
from their own perspective.

14. Matchmaking Manager manages the connection of all users accessing the scene
by connecting them to the same “lobby” or game session.

All the components described above are essential for adequately deploying a
hybrid application. Through the use of sequence diagrams, we will see some work-
flows of these components in 3 different contexts: Startup of the scene in VR, Startup
of the scene in AR, and Interaction with CO. Therefore, below, we proceed to de-
scribe them in detail.
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5.1 Starting the scene in VR

The diagram Fig. 4 represents the process of starting a scene in the hybrid scenario
by accessing it in virtual reality. The flow begins with the Game Controller, which
initiates the scene loading, and the VR Environment, which configures the virtual
environment by interacting with the Asset Manager and the 3D Model Manager,
which load the static and dynamic models that enrich the scene. Their appearance
is synchronized through the Synchronized Component. The user accesses the scene
with the Client Manager, followed by the appearance of his or her avatar. The Cloud
Manager then coordinates the synchronization of the global scene, while the Match-
making Manager manages access to the same lobby for all users entering the scene.
At the end of the process, the Game Controller displays the props and personal
avatars of all connected players, completing the initialization of the VR scene.

Fig. 4 : Starting the scene in VR

5.2 Starting the Scene in AR

In the diagram in Fig. 5, the process of starting a scene in the hybrid scenario is
described, accessing it this time, however, in augmented reality. The flow always
begins with the Game Controller, which initiates the scene loading, and the AR En-
vironment, which configures the setting by interacting with the Tracker Manager,
which detects the planes to place the digital models. The user accesses the scene
with the Client Manager, who then presents his or her personal avatar, thanks to the
3D Model Manager. The Synchronized Component again ensures the synchronized
appearance of the digital models. The Cloud Manager coordinates the synchroniza-
tion of the global scene, while the Matchmaking Manager manages access to the
same lobby for all players entering the scene. At the end of the process, the Game
Controller displays the props and personal avatars of all connected players, com-
pleting the initialization of the AR scene.
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Fig. 5 : Starting the Scene in AR

5.3 Interaction CO

Finally, a user’s interactions within a hybrid scenario with a CO are shown in the last
diagram in Fig. 6. The Client Manager manages entry into the scene (described in
the previous two subsections depending on whether it is accessed in VR or AR), and
allows the user to move within it and interact with the objects that populate it. The
system detects the user’s interaction with a virtual object through the Interaction
System, activating, based on the object touched, other 3D models and animations
through the 3D Model Manager and Animator. In addition, the system manages the
playback of dialogue and sound effects through the Audio Manager. Everything is
properly synchronized between the various components through the Synchronized
Component. The case for the VR version is shown in the figure 6, and the opera-
tion is similar for the AR version. The only difference lies in how the interaction
with COs occurs in the two contexts. In the VR ones, the interaction with objects
occurs with the Touch Controller through the Interaction System component, while
in the AR case, the interaction occurs with the Phone Camera through the Image
Recognition component.

Fig. 6 Interaction Collaborative Object
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6 Conclusions and Future Developments

Thus, the work led to methodologies and architecture supporting a collaborative
environment, leveraging the cloud continuum paradigm. The definition of the CO
concept played a central role by enabling two-way, synchronized communication
between users in AR and VR. Among the main achievements in this work should
certainly be mentioned :

• The design of a VR-AR interaction methodology allows users to share an opera-
tional space and interact in real time.

• The implementation of a collaborative architecture that supports two-way com-
munication and event synchronization between VR and AR.

Future developments on the work recounted here certainly include the introduction
of artificial intelligence algorithms to improve the speed of response even with the
use of offloading techniques [10] [7]. In addition, using fast network technologies
such as 5G could further help reduce experience degradation and make the expe-
rience smoother [6]. Based on these results, the next step will be the concrete im-
plementation of the proposed architecture, accompanied by developing a practical
case study to validate its functionality and effectiveness in a real-world context. This
case study will serve not only to demonstrate the technical feasibility of the solu-
tion but also to provide a replicable application model in other scenarios. Once the
architecture is built and initial validation is completed, it will be critical to define
specific performance metrics to evaluate the system’s behavior. In particular, it will
be necessary to analyze metrics such as latency, scalability, event synchronization,
and quality of user experience. These measurements will be made directly, using a
controlled number of users to understand the system’s performance in small-scale
scenarios. Later, simulators [2, 1] will be used to test the robustness and reliability
of the architecture in more complex scenarios with many users. These tools will
enable replicating situations with high traffic density and interaction, allowing the
infrastructure to be stressed and identify any bottlenecks or structural limitations.
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