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Abstract

Collaborative experiences are enriched through cross-platform interactions in the context of
eXtended Reality (XR) systems. In this paper, we introduce SRVS-C (Spatially Referenced
Virtual Synchronization for Collaboration), a centralized framework designed to support co-
located, real-time AR (on smartphone) and VR (in headset) interactions over local networks.
The framework adopts an architecture of interactive asymmetry, where the interaction roles,
input modalities, and rendering responsibilities are adapted to the unique capabilities and
constraints of each device. Concurrently, the framework maintains perceptual symmetry,
guaranteeing a coherent spatial and semantic experience for all users. This is achieved
through anchor-based spatial registration and unified data representations. Compared
to prior work that relies on cloud services or symmetric platforms (e.g., VR-VR, AR-
AR, and PC-PC pairings), SRVS-C supports seamless communication between AR and
VR endpoints, operating entirely over TCP sockets using serialization-agnostic message
formats. We evaluated SRVS-C in a dual-user scenario involving a mobile AR and a VR
headset, using shared freehand drawing tasks. These tasks include simple linear strokes
and geometry-rich drawing content to assess how varying interaction complexity—ranging
from low-density sketches to intricate, high-vertex structures— impacted the end-to-end
latency, state replication timing, and collaborative fluency. The results show that the system
sustains latency between 35 ms and 175 ms, even during rapid, continuous drawing actions
that generate a high number of stroke updates per second, and when handling drawings
composed of numerous vertices and complex shapes. Throughout these conditions, the
system maintains perceptual continuity and spatial alignment across users by applying
platform-specific interactive asymmetry.

Keywords: collaborative XR system; interactive asymmetry; perceptual symmetry; spatial
anchoring; centralized architecture

1. Introduction

Collaborative eXtended Reality (XR) systems have evolved from isolated platforms
to mixed AR/VR modes across diverse platforms [1]. This blend has enabled XR envi-
ronments to now support persistent virtual content shared by co-located or remote users,
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anchored to either real-world locations or fully immersive simulations [2,3]. However,
these cross-platform XR systems in real-world settings remain constrained by three key
challenges: (i) ensuring synchronization fidelity across diverse platforms with different
tracking capabilities; (ii) maintaining interoperability among devices with heterogeneous
hardware capabilities and input modalities; and (iii) designing interaction models that
accommodate both symmetric (role-equivalent) and asymmetric (role-specialized) collabo-
ration paradigms [4,5]. These challenges are not only technical but also impact collaborative
fluency, spatial awareness, and mutual understanding between users operating on different
platforms or devices. For example, a user wearing a VR headset with 6 Degrees of Freedom
(6DoF) controllers may benefit from high-fidelity spatial input and feedback, while a mo-
bile AR user may be constrained by a limited field of view, less accurate anchoring, and
restricted input capabilities. When such disparities are not explicitly handled, user interac-
tion becomes fragmented, interpretations of the shared scene diverge, and collaboration
devolves into unilateral, parallel actions rather than a shared, collaborative experience.

Previous work has explored various architectural strategies to address those challenges.
Client-server models [6—8] and hierarchical delegation schemes [9] focus on maintaining
global state consistency across platforms, while cloud-based approaches [10,11] and multi-
platform development toolkits [12] address cross-device integration. However, many of
these studies assume homogeneity in platform capabilities or rely on proprietary cloud
infrastructure that introduces latency, scalability limitations, and compliance issues in local
area or bandwidth-constrained environments. Even those widely adopted commercial
frameworks such as the Microsoft Mixed Reality Toolkit [13], Vuforia Engine [14], or Meta’s
Mixed Reality Utility Kit [15] impose cloud tethering, licensing restrictions, or hardware
lock-ins that restrict their applicability to open-source for developing collaborative contexts.
These limitations highlight the need for system architectures that explicitly accommodate
heterogeneous platforms, operate independently of cloud infrastructure, and support
real-time communication in both perceptually symmetric and interactively asymmetric
configurations. This demand is particularly necessary for on-site collaboration in class-
rooms, labs, or meeting rooms, where people work in shared physical spaces using their
diverse devices.

In this work, we present SRVS-C (Spatially Referenced Virtual Synchronization for
Collaboration), a centralized architecture supporting co-located, real-time collaborative XR
experiences across heterogeneous AR (smartphone-based) and VR headset devices over
local access networks. This framework is designed to preserve environmental coherence
across spatial (geometric alignment), semantic (shared meaning of objects/actions), and
temporal (synchronized state updates) dimensions under conditions of hardware disparity.
It supports devices communicating without reliance on cloud services, solely using TCP-
based communication and open serialization standards. The full implementation of SRVS-C
is released as free and open-source software and is available through its public reposi-
tory [16]. In summary, the SRVS-C framework introduces three key features as follows:

*  An interactive asymmetry design in which interaction roles and input modalities
are deliberately differentiated according to the unique affordances and constraints
of each platform. For example, AR users may contribute through touch-based ob-
ject manipulation, while VR users may operate within fully immersive, controller-
based environments.

e A perceptual symmetry model redefined in this work to describe the condition in
which all users, regardless of the technology they use, perceive the shared experience in
a comparable, coherent, and consistent manner. Unlike interactive asymmetry, which
accepts and leverages differences in how users act within the system, perceptual
symmetry focuses on ensuring that these differences do not lead to mismatches in
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what users see, understand, or experience within the collaborative environments. This
reinterpretation aims to evaluate whether the system truly aligns perceptual outcomes
across heterogeneous devices.

¢ A data synchronization mechanism that integrates local spatial anchoring with
platform-independent data serialization to guarantee perceptual symmetry, ensuring
that all devices maintain a consistent and coherent shared spatial state regardless of
hardware differences.

To validate its feasibility, we implemented a dual-user test scenario with a mobile AR
and a VR headset, using shared freehand drawing tasks. These tasks include simple linear
strokes and geometry-rich drawing content to assess how varying interaction complexity—
ranging from low-density sketches to intricate, high-vertex structures—impacted the end-
to-end latency, state replication timing, and collaborative fluency.

The remaining part of this paper is structured as follows: Section 2 reviews related
work about hybrid interactions over AR and VR platforms, introducing architectures and
limitations in heterogeneous devices. Section 3 introduces the proposed SRVS-C system,
outlining its architecture and key technologies such as synchronization mechanisms, data
abstraction layers, and a cross-platform interface. Section 4 describes the experimental
setup and evaluation protocol used to benchmark system performance. Section 5 presents
the experimental results through various test scenarios and we discuss some key findings
in this work. Lastly, Section 6 summarizes the work and outlines a few potential future
directions in scalability of the system and its real-world applications.

2. Related Work

The foundation for understanding asymmetry in XR systems has been approached
from multiple perspectives in recent literature [17,18]. The conceptual studies of Numan
and Steed [5] as well as Sereno et al. [19] articulate how technological asymmetries, that is,
inherent disparities in device output capabilities, are exhibited as two distinct asymmetries:
perceptual asymmetry, where variations in sensory representation (e.g., field of view, haptic
feedback) lead to diverging user experiences, and interactive asymmetry, which arises
from disparities in control paradigms and task allocation strategies. This framework was
later operationalized by Brehault et al. [20], who decomposed these asymmetries into eight
measurable dimensions, including input fidelity and spatial awareness gradients, and
thus provided an evaluation matrix that connects core technological mismatches to their
collaborative implications.

Recent studies challenge the assumption that asymmetric configurations are inherently
detrimental to collaboration in virtual environments. Grandi et al. [21] provide empirical
evidence showing that asymmetric VR-AR interaction can be as effective as two symmetric
setups (AR-AR pairs and VR-VR pairs), facilitating the development of hybrid collabora-
tive systems in XR across diverse devices. Zhang et al. [22] demonstrated that a PC-VR
asymmetric setup outperforms symmetric configurations such as AR-AR pairs, PC-PC
pairs, and VR-VR pairs, particularly in user experience (e.g., closeness of relationships,
social presence) and task performance (e.g., manipulation efficiency and overall score).
Also, Agnes et al. [23] found that while symmetric VR-VR configurations tend to generate
a greater number of ideas during collaboration, asymmetric setups such as VR-PC pairings
lead to more efficient task delegation and communication. In addition, Schéfer et al. [24]
demonstrated that calibrated interactive asymmetry can enhance collaborative performance
by promoting task specialization without undermining spatial or social awareness. These
findings validate our architectural approach, which embraces interactive asymmetry as a
constructive design parameter rather than a constraint.



Symmetry 2025, 17, 1842

40f16

Several frameworks have been developed to support collaborative XR experiences;
however, many face notable limitations in deployment versatility. For example, Herskovitz
et al. [25] introduced valuable capabilities for shared spatial recognition in AR applications,
but its design is tailored for homogeneous device ecosystems, lacking native mechanisms
to interoperate with heterogeneous configurations that combine diverse devices and both
AR and VR platforms. Likewise, Meta’s MR Utility Kit offers a robust foundation for scene
management and interaction in mixed reality, but imposes platform-specific constraints
that restrict its applicability in infrastructure-limited contexts. In addition, much prior work
has focused on cloud-edge hybrids [26] or fully cloud-based systems [11], deliver scalable
processing and storage capabilities, yet their performance hinges on the availability of high-
bandwidth, low-latency internet connections and centralized cloud services, requirements
that are often impractical in local, infrastructure-constrained collaborative scenarios.

XR collaboration applications have been explored across various domains—including
education [27], cultural heritage [28], and manufacturing [29]. However, these implementa-
tions often prioritize perceptual fidelity over device interoperability or operate exclusively
within environments where bandwidth, latency, and connectivity stability are guaranteed,
such as laboratory testbeds or institution-managed local networks.

3. Proposed System: Spatially Referenced Virtual Synchronization for
Collaboration (SRVS-C)

The SRVS-C operates over local networks, processing data locally to minimize reliance
on external servers. The design targets low-latency communication performance, enabling
cross-platform interoperability without requiring specialized hardware. Inspired by the
centralized consistency model of Chang et al. [30] and building on the prior work [31],
SRVS-C introduces three key enhancements: (1) support for asymmetric AR/ VR platforms,
enabling real-time collaboration between devices with distinct capabilities and interac-
tion modes; (2) heartbeat-based connection monitoring, in which lightweight periodic
signals verify link availability and promptly detect disconnections; and (3) selective event
propagation to reduce network congestion.

As shown in Figure 1, SRVS-C is composed of four core components: a local collab-
orative framework, a centralized synchronization mechanism, a serialization subsystem,
and dual platform-agnostic Unity APIs. The system implements an interactive asymmetric
model where mobile AR users interact via touch-based input and visual-inertial anchoring,
while VR users utilize room-scale 6DoF controllers. Environmental coherence is maintained
through a unified spatial referencing system, in which device localization is achieved
via anchor-based referential mapping—anchors are fixed spatial reference points in the
physical world, tracked by the device’s sensors, to which virtual content is consistently
aligned. Each device defines its own local origin O; at coordinates (0,0,0), synchronizing
spatial relationships through propagated anchor transformations.

The following section describes each component in detail, showing how they collec-
tively ensure seamless collaborative experiences across AR and VR devices.

3.1. Local Collaborative Framework

Implemented in Node.js, the collaboration layer follows a client-server model over
TCP sockets, supporting real-time messaging and session isolation. Upon connection, users
are assigned system-generated unique identifiers to ensure secure and unambiguous user
tracking within the system. They are grouped into isolated collaborative room sessions to
prevent interference between separate sessions and maintain data integrity.
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Figure 1. Architecture overview of the proposed SRVS-C system. The system is structured into three
layers: API-AR, SRVS-C, and API-VR. AR and VR clients rely on platform-agnostic APIs for input,
anchor management, and event handling, while a Serialization Manager ensures data compatibility. At
the core, SRVS-C provides synchronization and session management, supported by a shared Network
API that abstracts TCP communication across heterogeneous platforms.

To monitor connectivity, a heartbeat mechanism tracks user responsiveness. The
server expects a heartbeat message from each client every 60 s (heartbeat_interval).
A client is flagged as unresponsive and its connection is gracefully terminated if three
consecutive heartbeats are missed (missedHeartbeats), indicating a likely disconnection.
The server temporarily retains the session state of a disconnected user for a grace period of
320 s (heartbeat_timeout), allowing for seamless reconnection. Beyond this period, the
session state is discarded from the server. The server also manages anchor ownership, user
presence, and interaction logs for session recovery and state reconstruction.

3.2. Centralized Synchronization Mechanism

To ensure spatial consistency, SRVS-C uses logical anchors defined as relative trans-
formations from each device’s local origin. These anchors, identified by UUIDs and affine
transformation matrices, are created by users and propagated through the server, which
validates and redistributes them.

Users reconstruct received anchors into their local space, maintaining perceptual sym-
metry despite device-specific mapping variations. This referential model avoids complex
global SLAM or map-merging, making the system robust to sensor drift or intermittent
tracking—particularly critical in mobile AR scenarios. Anchor updates and user events are
logged for efficient state recovery and late joiner integration.

3.3. Serialization Subsystem

SRVS-C abstracts inter-user communication using a serialization layer with inter-
changeable encoding formats (JSON, Protobuf, and MessagePack). This enables hybrid
sessions across heterogeneous devices without enforcing strict data homogeneity.

Messages encapsulate collaborative entities—such as spatial strokes, anchor events,
or user interactions—within a common schema (Table 1). This schema defines not only
the content of the interaction, but also the runtime metadata necessary for reliable syn-
chronization across heterogeneous devices. Each message carries a player identifier, a
socket reference, and a room association to ensure that interactions are correctly attributed
and routed within the system. Temporal markers, such as the latest heartbeat and last



Symmetry 2025, 17, 1842

6 of 16

interaction timestamp, enable the server to monitor presence and session continuity. The
fields isActive and missedHeartbeats provide resilience mechanisms for connection re-
covery and state reconnection. A buffer is also maintained per session, ensuring that
partially received payloads—common in streaming or unstable network conditions—are
reconstructed before deserialization.

Table 1. Player session attributes and runtime connection metadata used for server-side state
management.

Attribute Description

Unique player identifier generated by the server using
a cryptographic hash.

Instance of the user’s TCP socket, enabling direct data
transmission without intermediary layers.

Associates a player with the currently active collabora-
tive room.

Latest timestamp for both the most recent heartbeat and
significant user interaction.

Functional availability flag indicating active participa-
tion, regardless of physical connection status.
Cumulative count of missed heartbeat signals, used to
missedHeartbeats : Number  trigger connection loss handling and recovery routines
progressively.

Temporary storage area for partially received data over
the socket stream.

id : String
connection : Socket
roomld : String
lastSeen : Date

isActive : Boolean

buffer : String

3.4. User Interfaces of the SRVS-C System

The SRVS-C system comprises two distinct user interfaces—API-AR for augmented
reality and API-VR for virtual reality, as shown in Figure 2. They are both implemented as
script plug-ins in Unity 2022.3.55f1.

API-AR:
Implemented for Android smartphones with ARCore [32], supports touch-based inter-
action and surface anchoring. User gestures are interpreted via Unity’s EnhancedTouch
and raycast into 3D strokes, anchored to detected planes. These strokes are serialized
and transmitted to the server, with anchors encoded as relative transforms to support
persistent spatial alignment. Cached anchors allow realignment after tracking loss.

API-VR:
API-VR enables immersive 3D interaction via 6DoF controllers. Users draw in space
by triggering raycast-based strokes. As in AR, strokes are serialized, transmitted,
and reconstructed incrementally, ensuring fluid rendering and alignment with remote
content. The extended input capabilities of VR—such as anchor manipulation and
in-scene Ul interaction—are supported without compromising semantic consistency
across platforms.

The APIs have been instantiated in a collaborative spatial sketching application,
as it is a fundamental modality in immersive co-design workflows [33], to validate the
interoperability of SRVS-C in practical settings.
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Figure 2. Overview of a co-located collaborative sketching scenario using SRVS-C. (A) illustrates the

é

spatial arrangement of both participants, one using mobile AR and the other using VR, along with
their respective virtual strokes rendered in a shared virtual scene. (B) shows the API-VR interface,
where users draw in 3D space using handheld 6DoF controllers and adjust brush properties through
an in-world palette. (C) displays the API-AR interface, where users sketch via touch input on an
ARCore-enabled smartphone and customize strokes using a 2D overlay toolbar.

4. Experimental Methodology

The evaluation of the SRVS-C system was structured to assess two dimensions: sys-
tem performance, focusing on communication and rendering latency; and collaborative
consistency, encompassing synchronization fidelity and semantic coherence across het-
erogeneous devices. All tests were conducted in a controlled indoor environment with
stable lighting and minimal physical occlusion to ensure consistent spatial tracking and
experimental reproducibility.

4.1. Experimental Setup

The testbed consisted of two users: an ARCore-compatible Android smartphone
running the API-AR client, and a PC-based VR system equipped with a 6DoF controller,
running the API-VR client. Both participants operated in a shared physical space measuring
approximately 3 x 3 x 3 m, allowing for direct spatial colocalization throughout the
experiment. At the beginning of each session, both devices were placed side by side at a
common spatial origin, with the AR device immediately adjacent to the VR headset (see
Figure 2). This ensured that both users experienced the collaborative environment from
an equivalent starting point, facilitating consistent spatial anchoring and alignment of
annotations across platforms.
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Network connectivity was established via a LAN using an ASUS RT-AC5300 router
(ASUSTek Computer Inc., Taipei, Taiwan) operating on the 5 GHz band. The router broad-
cast multiple SSIDs; however, all test devices were connected exclusively to a dedicated
SSID configured for performance evaluation. No additional devices were connected to
the test-specific network during measurements. According to the manufacturer’s specifi-
cation for the selected router, the data rate for the 802.11ac interface is up to 1734 Mbps.
Communication was handled exclusively via persistent TCP sockets to a central SRVS-
C server instance hosted on a PC machine (see Table 2), with no reliance on external
or cloud-based infrastructure.

Table 2. Device specifications used in the collaborative testbed.

Device Type Platform Input Modalities Description

Smartphone Android 11  Touchscreen, camera API-AR user running on Motorola One Hyper

(Device A) tracking

VR Headset Windows 11 6DoF hand-held con- API-VR user running on Oculus Rift and Alienware Aurora R7
(Device B) troller

PC MacOS 155 N/A SRVS-C server instance on Mac Studio M2 Max

Within this setup, AR and VR users collaboratively created 3D annotations that re-
mained persistently anchored in space, exercising the full communication and synchro-
nization pipeline of SRVS-C while serving as a rigorous testbed for evaluating responsive-
ness, anchor consistency, and cross-device visual alignment under realistic network and
tracking conditions.

4.2. Stroke Settings

To explore a range of collaborative scenarios, six geometric figures were defined as
structured tracing templates, as shown in Figure 3. These templates were visually overlaid
at the center of the participant’s application view, serving as a guide within a drawing area
of approximately 25 x 25 cm. Each participant was instructed to replicate the figures in 3D
space by sequentially tracing the template’s vertices in the indicated direction, following a
protocol adapted from [34].

(a) Line (b) Triangle (c) Square
I'—>— |
| / | 11
| —

(d) Pentagon (e) Circle f) Spiral

QQ@

Figure 3. Six geometric figures used as tracing templates for testing the SRVS-C system. The templates
include: (a) line, (b) triangle, (c) square, (d) pentagon, (e) circle, and (f) spiral. Participants traced
these figures in 3D space, following the indicated direction of the arrows, to accurately replicate them.
The black dots mark the starting point of each trace.
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The evaluation was conducted bidirectionally: first, the VR device performed the
drawing tasks while the AR device measured replication time, then the roles were reversed.
This alternating protocol prevented platform-specific bias. Each figure was replicated
50 times on both devices, yielding 300 trials per transmission direction and a total of
600 annotated events.

The raw spatial data captured from user input was processed using Unity’s Vec-
tor3.Lerp function for linear interpolation between the sampled points. This step gen-
erated a continuous and uniformly sampled stroke, thereby enhancing the smoothness
and consistency of the visual representation. Strokes were transmitted as a continuous
stream to emulate the dynamism of live user input, avoiding buffering artifacts from
fixed-size batching.

While the visual template standardized the stroke path and size, the drawing speed
was subject to natural variation between participants. Although efforts were made to
encourage a consistent, moderate pace, it was not enforced as a controlled variable. How-
ever, since the primary latency metrics measure system processing time per stroke (after
completion) rather than real-time streaming performance, the impact of drawing speed on
the results is considered minimal. Throughout all trials, both devices recorded detailed
timestamps for each stroke, including: message transmission time to server, server echo
response reception time, and stroke reconstruction completion time.

4.3. Evaluation Metrics

To address clock skew across devices, a custom message—echo protocol was imple-
mented that avoided the need for inter-device clock synchronization. Latency measure-
ments were conducted in alternating transmission rounds, where only one device acted as
the sender per trial. Upon receiving a message, the SRVS-C server immediately rebroad-
casts it to all participants, including the original sender. The sender recorded both the
transmission and echo reception timestamps using its own local clock, while the receiver
independently logged the reception and reconstruction timestamps within its own clock
domain. Each transmitted stroke was tagged with a unique message identifier generated at
the sender side and preserved throughout the broadcast. During post-processing, these
identifiers were used to match corresponding events across sender and receiver logs, en-
abling coherent alignment of timing data without relying on global time coordination.
This design ensured that all latency metrics were derived from internally consistent clock
domains, eliminating inaccuracies due to drift or offset between devices and enabling
reliable point-to-point latency analysis.

For each transmitted stroke, the following timestamps were recorded independently
on both sender and receiver devices:

Sender-side timestamps:

t1: Timestamp immediately before dispatching the stroke message to the SRVS-C server.
ty: Timestamp upon receiving the echoed stroke message from the server.

t3: Timestamp after rendering and anchor reconstruction of the echoed stroke.
Receiver-side timestamps:

t4: Timestamp upon receiving the rebroadcasted stroke message from the SRVS-C server.

ts: Timestamp after completing visual rendering and anchor reconstruction of the re-
ceived stroke.

Based on these measurements, the following metrics were calculated for each geomet-
ric figure:

*  Number of spatial points generated to complete each stroke P,,.
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¢  Server response time: Af; = t; — t1, capturing the full cycle of transmission.

*  Replication latency: At, = t5 — ty, isolating the user-side delay from message recep-
tion to full visual replication.

*  Figure recreation speed in points/second At/ P,,.

5. Experimental Results and Performance Analysis

This section presents the results of the latency and replication experiments performed
under varying levels of stroke complexity. The resulting dataset was analyzed using
descriptive statistics (mean, min, max, standard deviation). The analysis focuses on identi-
fying trends in system responsiveness and processing overhead, evaluating the SRVS-C
architecture’s ability to support real-time collaboration.

5.1. System Latency

Table 3 reports the statistics of the system latency across all test conditions, categorized
by two devices and the specific test figures. Device A corresponds to a smartphone running
Android 11 (Motorola One Hyper), equipped with a Qualcomm Snapdragon 675 processor,
4 GBRAM, and a 6.5 inch FHD+ display, used for API-AR interactions. Device B designates
a VR headset setup consisting of an Oculus Rift connected to an Alienware Aurora R7
desktop featuring an Intel Core i7-8700 CPU, 16 GB RAM, and NVIDIA GTX 1080 GPU,
used for API-VR tasks.

Table 3. Average system latency across conditions.

Device Condition E/Inz;m Min (ms) Max (ms) Std (ms) Size (Kb)
Prine 137.33 28 266 89.25 1.23
Pryiangle 139.90 25 352 87.30 2.89

A Psguare 160.96 31 354 81.53 3.19
Ppentagon 163.30 30 431 88.65 3.24
Pcirele 169.50 31 333 80.63 3.29
Pspiral 127.11 29 472 91.38 5.09
Prine 57.71 10 124 37.85 1.84
Pryiangle 73.20 11 189 40.95 4.61

B Psguare 63.51 10 178 40.44 3.95
Ppentagon 69.57 11 165 41.04 4.49
Peirele 80.45 11 321 53.33 6.72
Pspiral 90.16 23 234 57.87 11.07

The results reveal a fundamental performance disparity between the two hardware
platforms. Device A exhibited not only higher average latencies but also significantly
greater variability, as indicated by its large standard deviations (ranging from 80.63 ms
to 91.38 ms) and wide min—-max ranges for all figures. For instance, for the simple Line
figure, the latency on Device A varied from 28 ms to 266 ms. This pattern suggests inherent
volatility in the mobile platform’s performance, likely due to background processes, thermal
throttling, or variable resource allocation.

In contrast, Device B demonstrated consistently lower and more stable latencies. Its
standard deviations were substantially smaller (ranging from 37.85 ms to 57.87 ms), and
the min—max ranges were tighter across all figures, confirming the stability of the more
powerful hardware setup. This performance gap is visually synthesized in Figure 4, which
clearly illustrates the wider dispersion and higher median latencies for Device A compared
to the tight clustering of results for Device B.
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Figure 4. Boxplot of total system latency values for the six test conditions, depicting median latency,
dispersion range, and outliers. Device A corresponds to a Motorola One Hyper smartphone (API-AR
client), while Device B designates an Oculus Rift headset connected to an Alienware Aurora R7
(API-VR client).

5.2. Replication Latency

Table 4 presents the replication latency At,, which captures the user-side delay from
message receipt to the completion of visual rendering and anchor instantiation. This metric
reflects the local processing overhead after data transmission is completed, using the same
two devices described in Section 5.1.

Table 4. Average replication latency across test conditions.

Device Condition Mean Min (ms) Max (ms) Std (ms) Point
(ms) Count
Prine 1.94 0 76 9.85 14.01
Pryiangle 3.50 0 49 10.29 36.64
A Psqu,m 2.21 0 76 10.18 41.60
Ppentagon 1.09 0 15 2.50 41.51
Pcircle 3.07 0 62 11.56 42.49
Pspiral 1.68 0 35 5.10 67.40
Prine 11.23 5 21 3.01 22.33
Pryiangle 10.94 5 16 2.58 60.97
B Psguare 10.89 3 19 2.90 51.82
Ppentagon 10.73 6 18 2.18 59.38
Pcireie 9.77 2 21 3.64 90.55
Pspiral 10.44 3 19 3.07 152.05

The results reveal a contrasting performance profile compared to the system latency
analysis. While Device B demonstrated a superior performance in overall system latency,
it consistently exhibited higher replication latencies across all test figures, with averages
ranging from 9.77 ms to 11.23 ms. However, these values showed remarkable stability, as
evidenced by low standard deviations (2.18-3.64 ms) and tight min—max ranges, indicating
predictable rendering performance regardless of figure complexity.

Conversely, Device A achieved significantly lower average replication latencies
(1.09-3.50 ms) but displayed substantial volatility in its performance. The standard devi-
ations were notably higher (2.50-11.56 ms), and extreme outliers were observed across
multiple figures, with maximum latencies reaching 76 ms for both the Line and Square
figures. This pattern suggests that while the mobile device can often render strokes very
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quickly, it is susceptible to unpredictable processing delays, likely due to resource con-
tention in the android system.

Notably, the relationship between figure complexity (message size and point count)
and replication latency is weak for both devices, as shown in Figure 5. Device B maintains
stable latencies despite increasing point counts, while Device A shows no consistent trend
between complexity and mean latency. This suggests that the rendering pipeline itself is
efficient, but platform-specific scheduling and resource management practices significantly
impact performance consistency.

(A) —

Geometric Figure
O Line
400 Triangle
Square
Pentagon
Circle
™ 300 Spiral
E
>
(]
5
% 200
B Ll _Devicea | | ___
Device B
100 s @
- S o)
0 ! i
2000 4000 6000 8000 10,000 12,000 14,000 16,000
Message Size (bytes)
( ) Geometric Figure
o Line
400 Triangle
Square
Pentagon
300 Circle
v Spiral
£ p
>
[&]
8
= 200
- 4 _donPeviceA | __ | __
° Device|B
100 b
G
0

75 100 125 150 175 200
Points Sent

Figure 5. Latency distribution across geometric figures under varying message size and point
densities. (A) illustrates the relationship between total system latency and message size for each of
the six tracing templates. An approximate dividing line was added to visually separate the results
obtained from two different devices: values above the line correspond to Device A, while values
below the line correspond to Device B. (B) presents latency as a function of the number of spatial
points transmitted per stroke.
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All measured replication latencies remained well below 15 ms on average, confirming
the system’s ability to provide real-time visual feedback once data is received. The minimal
values observed (often 0 ms for Device A) further support the efficiency of the local
rendering processes.

5.3. Performance Analysis

The experimental results support the core design principles of the SRVS-C architecture,
confirming its viability for real-time, co-located collaboration across heterogeneous AR/VR
devices. The system successfully maintained average end-to-end latencies below 180 ms
even for the most complex strokes, which is acceptable for continuous interactions like
spatial sketching [35]. More importantly, the replication latency, critical for user-perceived
responsiveness, remained exceptionally low (under 12 ms on average), ensuring immediate
visual feedback upon data receipt.

The analysis reveals a fundamental performance asymmetry between the two plat-
forms, which aligns with their respective hardware capabilities. Device B consistently
delivered lower and more predictable system latency, demonstrating its ability to handle
networking and computational loads efficiently. While the replication latency of Device
B was marginally higher than that of Device A, it remained remarkably stable and was
unaffected by the increasing stroke complexity. This characterizes it as a reliable, high-
performance node ideal for data-intensive tasks. In contrast, Device A exhibited higher
volatility in both system and replication latency. Despite often achieving lower average
replication times, it was prone to significant outliers, reflecting the resource constraints
and non-deterministic nature of a mobile platform. This performance profile underscores
the importance of the SRVS-C’s modular architecture, which allows each device to handle
rendering and local processing according to its capabilities without compromising the
shared state consistency.

This asymmetry reinforces the benefit of designing for interactive asymmetry as a first-
class principle. The SRVS-C architecture does not enforce parity but leverages the strengths
of each platform: enabling precise, immersive manipulation on powerful VR setups while
allowing agile, gesture-based annotation from more accessible, albeit variable-performance,
AR smartphones.

However, the results also highlight limitations for real-world scalability. The central-
ized server, while enabling consistent state propagation and spatial coherence, may become
a bottleneck during high-frequency, multi-user interactions. Furthermore, the local anchor-
based alignment, though avoiding cloud dependency, proved sensitive to tracking loss and
occasionally led to perceptual drift. Finally, the performance volatility of mobile devices
under load indicates a need for more sophisticated rendering pipelines with adaptive
throttling or level-of-detail mechanisms to maintain fluency during content-heavy sessions.

6. Conclusions and Future Work

This work introduced the SRVS-C system, a centralized architecture for real-time,
co-located collaboration across AR and VR platforms. The SRVS-C system is designed to
operate entirely over local networks without reliance on proprietary cloud infrastructure.
The system integrates a modular synchronization mechanism, a serialization-agnostic
communication protocol, and platform-specific APIs for mobile AR and room-scale VR.
Experimental latency evaluation under controlled conditions demonstrated that SRVS-C
maintains low-latency performance and spatial consistency across devices, even under
minimal and moderate workloads, and in the presence of interactive asymmetries.

A critical finding from the performance analysis is the significant impact of hardware
resources on system behaviour. The results revealed a distinct performance asymmetry:
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the VR setup (Device B), with its superior processing power, delivered consistently lower
and more stable system latency, while the mobile AR device (Device A) exhibited greater
volatility, particularly under load, despite achieving lower average replication times. This
underscores the necessity of an architecture that accommodates, rather than attempts to
equalize, heterogeneous devices capabilities.

The overall results reinforce SRVS-C’s capability for XR collaborations, particularly in
contexts where cloud connectivity is constrained or intentionally avoided. Furthermore,
they validate the design principle of embracing interactive asymmetry, allowing devices to
contribute according to their strengths.

In future work, we aim to address some technical limitations identified through our
analysis and discussion. First, we aim to implement adaptive synchronization strategies
(e.g., prioritized event queues, delta encoding, and dynamic rate control) to support larger
user groups without compromising responsiveness. Specifically, we will explore client-
side optimizations, such as level-of-detail rendering for resource-constrained devices, to
mitigate the performance volatility observed on mobile hardware. Second, we will explore
hybrid synchronization models that combine centralized coordination with decentralized
fallback logic (e.g., gossip protocols) to enhance fault tolerance and scalability. These efforts
will be guided by the goal of transforming the SRVS-C system from a controlled research
prototype into a scalable framework for deployment in real-world hybrid XR collaboration.
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