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Abstract—This paper presents MusicNet, a browser-based mul-
tiplayer platform designed for real-time piano training over the
Internet. The system integrates gamification, real-time pitch de-
tection, and an Al-based model for packet loss concealment (PAR-
Cnet). Through WebRTC peer-to-peer communication, MusicNet
enables users to play, receive visual feedback, and synchronize
gameplay across diverse network variations. Our solution ensures
interactivity and musical precision by implementing adaptive
buffering, packet reconstruction, and latency handling. Results
demonstrate improved usability, stability, and learning experience
across real-time conditions, with high acceptance observed among
users from varied age groups and musical backgrounds during
multi-session evaluations.

Index Terms—Real-time systems, WebRTC, music education,
packet loss concealment, multiplayer applications, AI in audio.

I. INTRODUCTION

The digital transformation of music education has advanced
significantly in the last two decades. Early tools emphasized
static exercises or MIDI playback, but lacked interactivity.
With the growth of broadband internet and browser-based
applications [8], new models emerged, such as gamified plat-
forms and real-time audio feedback systems, which aim to
increase engagement beyond traditional notation [1], [16].

Nevertheless, music education poses unique challenges:
precise timing, pitch accuracy, and immediate feedback. These
requirements are highly sensitive to network issues such as
latency, jitter, and packet loss [15], [21]. This situates online
music learning within the broader Internet of Musical Things
(IoMusT) framework, which emphasizes low-latency network-
ing and interoperability for interactive performance [17].

Existing systems illustrate partial solutions: JumpApp [1]
motivates learners with gamified pitch control but is single-
player and network-sensitive. Other platforms provide notation

sharing or symbolic MIDI control, yet none integrate real-time

audio, gamification, and resilience under unstable conditions.
To address this gap, we present MusicNet, a browser-based

multiplayer platform for piano learning that integrates:

o Real-time pitch detection via microphone input,
o Gamified feedback for engagement,

e Peer-to-peer communication with WebRTC,

o Neural packet loss concealment (PARCnet) [5].

MusicNet offers synchronized, expressive, and resilient in-
teraction directly in the browser without specialized hardware.

Paper organization: Section II reviews prior work and
IoMusT applications; Section III presents the architecture
and requirements; Section IV describes the implementation;
Section V reports evaluation results; Section VI concludes and
outlines future work.

II. RELATED WORK

Several platforms and protocols have been developed to sup-
port online music education and networked performance [6],
[7], but most face challenges in synchronization, packet loss
resilience, or accessibility [13], [19].

JumpApp is a gamified platform that improves motivation
through visual feedback [1], but it lacks support for real-time
audio or packet loss recovery, limiting its use under unstable
networks. Internet MIDI enables remote performance via
MIDI events [2], offering precise timing but no expressive
audio or support for non-MIDI users. PLA.N.O. provides
projection-based piano learning [3], yet its LAN dependence
prevents scalable online use. Open Sound Control (OSC)
supports expressive control [4], but lacks browser support and
resilience, making it impractical for education.

Beyond specific platforms, the Internet of Musical Things
(IoMusT) provides a broader framework for connected instru-



ments and distributed learning. Turchet et al. [17] highlight
latency, interoperability, and user-centered design as core
challenges. MusicNet aligns with this vision but focuses on
browser-native multiplayer education with gamified interac-
tion. Similarly, MusiCoLab [18] supports collaborative score
editing, though it does not tackle audio synchronization or
network robustness.

Additional works explore gamification in education [10],
[11] and digital democratization of music learning [9], [16],
but rarely address real-time audio constraints.

Summary: While prior systems advance engagement, sym-
bolic control, or notation sharing, none combine:

o Real-time multiplayer interaction.

o Robust pitch detection from raw audio.

o Packet loss-tolerant audio transmission.

o Browser-native deployment without extra hardware.

MusicNet fills this gap by integrating gamified piano learn-
ing with WebRTC-based communication [8] and Al-driven
packet loss concealment (PARCnet) [5].

III. SYSTEM ARCHITECTURE AND DESIGN
A. Requirements and Challenges

MusicNet was designed to deliver a stable and responsive
audio transmission experience in variable network environ-
ments. To achieve this, the following key requirements were
defined:

« Latency Tolerance: The system must maintain a round-
trip latency below 100 ms to ensure real-time feedback,
with inter-user desynchronization not exceeding 50 ms.

o Packet Loss Handling: MusicNet must operate under
10-20% packet loss rates using predictive reconstruction
via AL

« Jitter Control: Transmission jitter must remain below 30
ms to avoid perceptual disruption.

o Adaptive Buffering: The platform dynamically adjusts
its buffer size to maintain continuity while minimizing
delay.

o Multiplayer Synchronization: Players must remain syn-
chronized in gameplay, even when affected by asymmet-
ric network conditions.

B. Technological Components

The system architecture is hybrid-distributed, composed of
the following main components:

o Client Application (Browser): Built with JavaScript and
Phaser, the frontend handles the user interface, audio
capture via microphone, real-time pitch detection using
Aubiol]S, and rendering of game mechanics. It uses
WebRTC to establish peer-to-peer connections between
players.

« Signaling Server: A Node.js server using Socket.IO fa-
cilitates initial WebRTC connection establishment by ex-
changing ICE candidates, SDP offers/answers, and room
management for multiplayer sessions. It also supports
reconnection and host promotion.

o PARCnet Audio Reconstruction Module: Implemented
in Python, this neural module detects packet loss and
reconstructs audio frames using a hybrid model of autore-
gressive and convolutional neural networks, following the
IEEE 1S? 2024 PLC challenge specifications [5], [12]-
[14]

C. Software and Hardware Interfaces

The application is accessible from any modern browser
(Chrome, Firefox, Safari) and requires access to the user’s
microphone. No installation is needed. TCP and UDP proto-
cols are employed for data and audio transmission respectively.
MusicNet was validated on systems with 8 GB RAM and
2.4 GHz CPUs, supporting smooth rendering and real-time
analysis.

D. Architectural Diagram

MusicNet’s architecture supports distributed deployment
with lightweight clients and centralized signaling. Game logic
and Al modules operate on separate layers to ensure modu-
larity and scalability. The complete process flow, from audio
input to note detection and gamified feedback, is illustrated in
the system-level block diagram shown in Fig. 1.
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Fig. 1. Block diagram of MusicNet’s architecture and data flow: from audio
capture and pitch detection in the browser, through WebRTC transport and Al-
based packet loss concealment, to visual feedback in the gamified interface.

IV. IMPLEMENTATION AND FUNCTIONALITIES

MusicNet was implemented as an extension of the open-
source codebase from JumpApp [1], a platform designed
for single-player auditory interval training. While JumpApp
introduced the concept of controlling a game avatar through
real-time pitch recognition, its scope was limited to solo in-
teraction and lacked support for synchronization, networking,
or resilience under unstable conditions.

MusicNet builds upon this foundation by integrating mul-
tiple components required for multiplayer musical learning:

o Peer-to-peer communication with low latency via We-
bRTC.



o Multiplayer session orchestration and failover logic.

o Audio packet loss recovery using a neural predictive
model (PARCnet).

« Gamified gameplay mechanics enhanced for collabora-
tive performance.

A. Real-Time Multiplayer Experience

MusicNet was developed as a browser-based multiplayer
application using JavaScript and Phaser for game rendering.
Players join shared rooms where they perform piano exercises
while competing or collaborating in real time.

The game engine integrates note visualization as platform
avatars. Each detected note is represented as a colored rectan-
gle or bar that moves along a visual platform, creating an in-
teractive rhythm-based experience. In multiplayer mode, each
player’s input is color-coded, allowing participants to clearly
distinguish their own contributions from those of other users.
This visual differentiation reinforces collaboration by making
simultaneous actions observable on screen. An example of the
visual interface and gameplay mechanics is shown in Fig. 2.
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Fig. 2. User interface and gameplay rendering engine. Detected piano notes
are mapped to platform avatars, color-coded for each player.

B. Network Synchronization

WebRTC handles peer-to-peer communication between
players, enabling direct audio and data transfer. The signal-
ing server, built with Socket.JO and deployed via Docker
on Render, manages room creation, session recovery, ICE
candidate exchange, and dynamic host promotion in case of
disconnection.

To maintain temporal consistency and mitigate jitter effects,
MusicNet includes:

+ Adaptive buffering to dynamically adjust to network

variability while minimizing delay.

« Periodic clock synchronization between peers to reduce

drift.

o ICE restart and reconnection strategies to recover from

session interruptions.

« Latency compensation algorithms to realign visual and

auditory events in case of desynchronization.

For a complete flow diagram of the signaling and connec-
tion lifecycle, see the supplementary material in the GitHub
repository: [22]

C. Packet Loss Reconstruction (PARCnet)

MusicNet includes a backend module written in Python that
implements PARCnet, a packet loss concealment model from
the IEEE IS? 2024 Challenge. The reconstruction mechanism
used during packet loss is illustrated in Figure 3. It predicts
missing audio samples using autoregressive and convolutional
neural layers, ensuring playback continuity even with up to
20% packet loss.
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Fig. 3. PARCnet architecture for packet loss concealment

D. Security and User Experience

The application is session-based and does not require user
registration. It ensures data privacy by avoiding external au-
thentication and operates entirely within the browser. Users
only need to grant microphone permissions to begin. Collabo-
rative gameplay is facilitated by intuitive color-coded feedback
and minimal setup requirements, lowering the entry barrier for
both teachers and students.

V. RESULTS AND EVALUATION
A. Experimental Setup

To validate the technical performance and the educational
usability of MusicNet, we designed a series of structured tests
focused on functionality, usability, and network resilience. The
platform was deployed using Surge for the client interface
and Render for the signaling server, ensuring real-world
accessibility through web browsers without additional setup

To simulate adverse network scenarios such as latency and
packet loss, we used the Clumsy network simulator [20].
This allowed controlled testing of how the system responds
to varying network quality, an essential requirement for an
educational platform designed to operate reliably in diverse
environments.

Testing sessions were carried out with 22 participants, all of
whom were music students. Each was asked to complete ex-
ercises in both static (single-note recognition) and progressive
(scale-based performance) game modes. We measured pitch
detection accuracy, real-time system latency, session stability,
and perceived usability using ISO 9241-11 standards.



B. Latency and Packet Loss

Maintaining low latency is critical for real-time musical
interaction. MusicNet consistently delivered a round-trip re-
sponse time averaging 82 ms under stable conditions. Even
when jitter was introduced (up to 30 ms), latency remained
below 100 ms in 95% of cases, ensuring a responsive ex-
perience aligned with the thresholds for musical feedback.
Figure 4 shows how the system’s latency responds under
increasing packet loss conditions.. Even at 20% simulated
loss, the integrated PARCnet module was able to reconstruct
missing audio frames, preserving continuity with minimal per-
ceptual degradation. This robustness was especially important
in sustaining the fluidity of multiplayer sessions.
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Fig. 4. Average latency under varying packet loss rates (up to 20%).

C. Detection Accuracy

The precision and recall of the pitch detection module
are detailed in Table I, accurate pitch detection is essential
for validating user input and providing immediate, relevant
feedback. MusicNet achieved a note classification precision
of 91.4% and a recall of 89.7%, exceeding the performance
benchmarks set at the start of development. Most recognition
errors were confined to low-frequency ranges, where ambient
noise had greater impact.

TABLE I
NOTE DETECTION EVALUATION
Metric Value Target
Precision 91.4% >90%
Recall 89.7% >85%
Latency 82 ms avg | <100 ms
Packet Recovery Success 88.2% >85%

D. Usability Feedback

Beyond technical performance, we assessed the platform’s
usability based on user interaction and feedback. According
to the ISO 9241-11 standard:

« Effectiveness: 94% of tasks were completed successfully

without requiring assistance.

« Efficiency: Tasks were completed 15% faster than the

estimated baseline duration.

« Satisfaction: Users rated their experience 4.7 out of 5 on
average.

As shown in Figure 5, users demonstrated high task com-
pletion rates with minimal difficulty. Furthermore, Figure 6
illustrates the overall user satisfaction, where most participants
rated their interaction with the system as highly positive and
engaging.

Participants praised the clarity of the interface, the respon-
siveness of the system, and the motivating effect of the visual
and auditory feedback loop. These insights confirmed that
MusicNet’s design choices—such as real-time visualization,
intuitive interaction, and minimal setup—enhanced engage-

ment.
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Fig. 5. Usability evaluation: efficiency based on user feedback.
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Fig. 6. Usability evaluation: satisfaction and effectiveness based on user
feedback.

E. Long-term Session Stability

To verify MusicNet’s resilience during extended usage,
we conducted multiplayer sessions ranging from 30 to 45
minutes under both stable and degraded network conditions.
Throughout these sessions, no application crashes or major
synchronization issues were observed.

Players reported that both the audio and visual elements
remained synchronized and consistent across peers, demon-
strating that the platform can support longer lessons or practice
sessions in real classroom scenarios.

F. Improvements Based on User Feedback
The system underwent several iterations based on partici-
pant feedback. Key refinements included:
o Redesigning the guide line to be thinner and less intru-
sive.
o Adding an interactive tutorial to facilitate onboarding.



« Improving noise filtering in the pitch detection pipeline.
o Enhancing the WebRTC reconnection logic to recover
dropped sessions faster.
These improvements resulted in higher satisfaction ratings
in subsequent test rounds and contributed directly to smoother
learning curves among new users.

G. Comparative Performance

Finally, we compared MusicNet to two prominent platforms:
JumpApp and Internet MIDI. Table II summarizes their
respective features. While JumpApp introduced gamified pitch
recognition, it does not support audio transmission or multi-
player interaction. Internet MIDI allows low-latency symbolic
control but lacks expressive audio support and browser inte-
gration.

MusicNet surpasses both by delivering a full-featured,
browser-native experience that supports real-time audio, visual
feedback, and resilient multiplayer connectivity.

TABLE I
COMPARISON WITH RELATED PLATFORMS

Platform Latency Tolerance | Audio Quality | Browser-native
JumpApp Medium Visual only Yes
Internet MIDI High MIDI only No
MusicNet High Full audio Yes

H. Deployment

All the code, documentation, and datasets used in this work
are openly available in the main GitHub repository [22].

VI. CONCLUSION AND FUTURE WORK

This paper presented MusicNet, a browser-based multi-
player platform for piano instruction that combines gami-
fied feedback, WebRTC peer-to-peer communication, real-time
pitch detection with AubioJS, and neural packet loss recovery
(PARCnet). MusicNet addresses key gaps in online music
education by enabling expressive audio transmission, low-
latency interaction, and robust operation in variable network
conditions—all within the browser and without specialized
hardware.

Unlike prior systems such as JumpApp or Internet MIDI,
MusicNet enhances accessibility while preserving fidelity and
responsiveness. Evaluations confirmed strong performance in
latency, pitch accuracy, user satisfaction, and resilience, val-
idating its potential as a practical educational tool. Beyond
technical contributions, MusicNet promotes motivation, col-
laboration, and inclusion, aligning with the broader vision of
the Internet of Musical Things (IoMusT).

Future work will focus on: (i) extending support to ad-
ditional instruments and polyphonic input, (ii) developing
adaptive learning paths and classroom tools, (iii) conducting
longitudinal studies on educational impact, and (iv) exploring
IoMusT interoperability with connected instruments.

In conclusion, MusicNet demonstrates how accessible, Al-
enhanced, and network-resilient technologies can transform

music education into a more collaborative, scalable, and im-
pactful experience.
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