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Among all the activities envisioned for the metaverse, music has thus far received com-
paratively less attention. While virtual concerts and music festivals have been successful in
drawing substantial audiences and increasing public attention to the idea of the metaverse, the
metaverse is not ready for musicians who decide to take advantage of the distinctive features
of socially immersive environments to express themselves and create music together. In this
article, the authors analyze the state-of-the-art audio technologies used for the creation of
shared, Audio-First immersive environments such as the musical metaverse. This work reveals
important issues in consumer electronics that currently prevent the realization of a metaverse
compatible with musical activities. These include hardware and software limitations used to
create and experience shared immersive environments through real-time audio. This work also
emphasizes two key challenges: reducing delays in network and audio processing, and address-
ing the lack of universal standards for spatial audio systems across different platforms. The
authors believe that looking at the metaverse from the point of view of musical technologies
will provide practitioners in academia and industry with key insights into what is needed to
achieve true real-time activities and support human expression in the metaverse in general.

0 INTRODUCTION

Music events, such as concerts and festivals, are among
the most popular social activities available in multiuser im-
mersive social environments or in what is now referred to as
the metaverse [1, 2]. From the concert of U2 in Second Life
to the private clubs in VRChat or the mixed reality (MR)
performances of Jean-Michel Jarre in Versailles, various
music venues have started to operate in such worlds (i.e.,
Fortnite, Somnium Space, VRROOM, PatchWorld), draw-
ing attention not only from a growing number of audiences
but also from sponsors, investors, and media.

Although these types of musical events and dedicated
platforms offer a unique set of experiences, they are pri-
marily designed for audience participation rather than per-
former interaction. In these environments, audience mem-
bers, usually represented as 3D avatars, gather in virtual
worlds where an artist or a band plays in front of them.
In their simplest form, virtual concerts bear a more re-
markable resemblance to virtual conferences: a video of a
music performance is broadcast directly to users through
a 2D projection in a 3D space. In more advanced exam-
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ples, a musician (usually a singer or a DJ) performs as
animated avatars on a virtual stage and synchronized to
a prerecorded track. In only a few instances, the audio is
actually captured while an artist or a band is performing
and transmitted in real time to the audience. On even rarer
occasions, the avatar is controlled directly by the artists’
movements that are acquired by a motion-capture system
while performing.

However, virtual concerts are just one instance of the
broader concept known as the musical metaverse (MM) [3].
The MM was proposed as the part of the metaverse explic-
itly dedicated to musical activities. This emerging space,
which blends virtual and augmented worlds, promises to
redefine how music is created, shared, and enjoyed, entail-
ing a significant shift in the traditional understanding of
musical engagement. The MM will be made possible by
combining different technologies, particularly musical ex-
tended reality (XR) [4] and the Internet of Musical Things
(IoMusT) [5].

Musical XR is a field positioned at the confluence of the
domain of interactive music and immersive technologies,
augmented reality (AR), mixed reality (MR), and virtual
reality (VR). The IoMusT aims to extend the paradigm of
the Internet of Things to the creation and use of networked
musical devices, fostering innovative interactions among
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musicians, audiences, and other musical stakeholders.
Networked music performance (NMP) systems represent
a central component of IoMusT [6–8], which refers to tech-
nologies that allow musicians in different geographical lo-
cations to play together in real time over a wired or wireless
network.

While current research focuses primarily on audience
participation [9–11], the broader vision of MM aims to sup-
port not just concert attendance but all musical activities.
Commercially available and free platforms for immersive
music making are not fully optimized to support music pro-
duction at the level of precision and reliability required by
professional musicians, especially when the playing expe-
rience is collaborative.

To date, geographically displaced musicians (equipped
with their instruments and sound-producing equipment)
have minimal means to actively participate in virtual con-
certs. Activities, such as playing music in real time with
other people, rehearsing and recording music, and even
teaching music, are not fully supported. Although tech-
nologically mediated audience participation in immersive
environments has already received a considerable amount
of attention from scholars (e.g., [12–16]), technologies for
networked music making in immersive environments have
received comparatively less attention [17, 18].

Moreover, despite a few prototypes (e.g., [19–25]) or
some limited proof of concepts and preliminary studies
(e.g., [26–31]), from the point of view of audio technolo-
gies, the MM remains mainly in an early phase. However,
these works offer a glimpse into what the future of music
might hold and present unique challenges and opportunities
for technologists and musicians alike. The reason behind
these limitations can be found in the current limits of both
XR and networking technologies for music.

First, creating a compelling and realistic experience
for two or more musicians connected over the Internet
represents a significant challenge due to latency, jitter,
and bandwidth. While these challenges are common to
the field of NMP [6], the inclusion of social aspects
and the technologies required for capturing gestures and
delivering multimodal signals introduces a distinct set
of issues.

Second, although audio is a key component of the meta-
verse [32], it is currently used primarily to enhance immer-
sion through ambience and auditory feedback. However,
this use of sound fails to capture the subtleties and unique
attributes inherent in music making. By following Çamcı’s
and Hamilton’s position, the MM should be considered as
Audio-First to differentiate it from other immersive me-
dia where audio represents an ancillary component of the
experience and not the main focus [33].

Third, achieving high-quality audio and seamless inter-
action requires the development of domain-specific tools.
The path toward a metaverse oriented to musical activities
is not only tightly linked to the progress of networking tech-
nologies but also heavily dependent on the characteristics
of the consumer electronics used to experience and inter-
act with immersive environments, both at the hardware and
software levels.

Through this paper, the state of the art of audio tech-
nologies for the metaverse is analyzed. Next, the main
challenges and open issues for realizing the MM are iden-
tified and explored. Specifically, the challenges analyzed
encompass the hardware and software constraints in de-
veloping and using shared immersive environments with
real-time audio capabilities, such as minimizing latency in
network and audio processing and the absence of standard-
ized approaches for synchronization between musical and
XR data. The authors posit that examining the metaverse
through the lens of musical technologies offers valuable
insights for both academic and industry professionals. This
perspective is essential for understanding the requirements
in facilitating authentic real-time interactions and enhanc-
ing human expression within the metaverse. Nevertheless,
it is essential to note that the MM is not a mere combination
of these technologies. Networked and immersive environ-
ments should also support social presence and interactions
[34–38].

In the metaverse, users share virtual environments de-
signed for collaboration and interpersonal communication.
Musical applications, with their unique requirements for
social interactions, coordination, precise timing, and ex-
pressive performance, can help address key challenges in
general metaverse development.

1 FRAMING THE MUSICAL METAVERSE

The concept of the metaverse was introduced by science
fiction writer Neal Stephenson in 1992 with the book Snow
Crash, which describes a virtual world that users can tra-
verse and where they can engage in different activities and
interact with a global community of individuals [39]. Since
Stephenson’s novel was published, his vision has inspired
many virtual social platforms like “Active Worlds” and
“Second Life”. The term metaverse has since been adapted
to serve different industries and their specific needs.

A survey of 54 academic papers conducted in 2022 re-
vealed a wide variety of definitions developed for the meta-
verse [40]. While these definitions reveal differences of
perspectives (mainly depending on their focus, such as
tourism [41], education [42], and healthcare [43]), they
also exhibit some commonalities regarding environment,
interactions, and users. Therefore, the metaverse can be
considered as a virtual space connected to or reflecting
some aspects of the physical world that supports and facili-
tates social interactions among users through multisensory
and immersive experiences. Notably, some definitions have
also highlighted the importance of interoperability, such as
letting users interact and exchange assets across different
platforms through the seamless integration of different im-
mersive environments [44] and persistence, which is the
capability of a virtual world to remain consistent, even af-
ter users log off [45].

In these environments, 3D embodied avatars are com-
monly used as the means through which users manifest and
perform their actions, even though volumetric live videos
could also be used to enhance realism. Moreover, the meta-
verse should not be seen as just another term for AR, MR,
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VR, XR, or “Spatial Computing.” Instead, it represents a
convergence of different technologies, including the Inter-
net of Things, edge computing, ultrareliable low-latency
communications, multimodal tracking, multisensory ren-
dering, and digital twins. From this perspective, the meta-
verse is typically described as a “service” that should pro-
vide users with a high-quality experience and support for
human activities.

Music can also be considered a specific application of
this service. However, creating music in the metaverse has
unique requirements shaped by its inherent nature and its
ties to traditional musical practices, including exploration
and experimentation. While previous analyses and proposi-
tions of the metaverse have focused on XR and networking
[46], they have often treated audio as an ancillary element
mostly limited to human speech [47, 48]. Therefore, the
analysis here must consider a scenario where people are
transported to remote environments to engage in musical
interactions such as playing and making music together.

1.1 Interaction Framework
To better understand how the MM functions, it is im-

portant to clarify how the interactions and communications
between users unfold. This study adopts a framework pro-
posed by Cortés et al. [35] specifically designed for interac-
tions in socially immersive environments. The research also
integrates the framework proposed by Turchet [3] that in-
cludes a layer dedicated to musical interactions. The frame-
work is presented in Fig. 1.

The interactions in the MM can be represented as an
interplay between different connected realities. From a mu-
sician’s perspective, their local environment can be defined
as the Self Reality. This reality is composed of different
layers.

The first is the Physical Layer, which encompasses all
the devices and objects associated with the musician’s phys-
ical reality. These can be divided into three main com-
ponents: the Sensor Component, Interaction Component,
and Musical Component. The first component regards the
sensors used to capture and register musicians’ body and
movements (i.e., depth cameras [26] or full-body track-
ing systems [20]). The second component includes all the
tools and interfaces for interacting with the virtual worlds,
especially for controlling XR instruments, such as hand
tracking for interacting with the 3D user interface (UI)
of a virtual synthesizer [50], or hand-held controllers for
playing a bowed virtual instrument [51]. The third one
pertains to the components used to inject audio directly
into the metaverse, such as an electric guitar [52] or a
microphone [21].

The data produced by all these components are then
transmitted to the Processing Layer. Within this layer, two
processes can be identified: i) the XR Process, which is
dedicated to the data coming from sensors and interaction
components and ii) the Audio Process, which is dedicated
to the audio data. The XR Process takes data from head-
mounted displays (HMDs), hand-held controllers, and other

sensors. Next, it processes them to establish tracking, rec-
ognize certain gestures, or control a 3D avatar.

The Audio Process is responsible for the auditory part
of the experience. Audio can be generated either from a
real-time synthesis algorithm driven by a series of gestures
from the previous process, or it can be the audio signal of an
input instrument, such as an electric guitar, to which one can
apply effects through Virtual Studio Technology plugins.
This process is also responsible for all the elements involved
in the creation of a NMP system, such as packetization
or the encoding of data into Musical Instrument Digital
Interface (MIDI) and Web MIDI or Open Sound Control.
These two processes can happen inside the HMDs, in a
host computer, a dedicated device, the cloud, or on edge
platforms. The results of the XR and audio processes are
then simultaneously sent back to the musicians to render
the virtual world both aurally and visually and then sent to
the network.

Subsequently, the data of the Self Reality of a musician
are transmitted to the Distant Reality, which represents the
reality inhabited by a remote musician. The received audio
undergoes two steps: first depacketization, then rendering
through spatial audio algorithms.

The data from the two realities are then merged and used
to represent musicians and their sounds in an immersive XR
environment, the Immersive Layer, encompassing AR, MR,
and VR. This layer is then synchronized with the physical
one, creating the conditions for a persistent MM where
actions and music happen in real time.

1.2 Playing Together in the MM
The MM should accommodate different types of musical

activities. In the context of NMP systems, Renaud et al.
[53] have identified two primary use cases, realistic jam
and remote recording. The case of realistic jam has been
not only the one that received the most significant attention
from researchers, but it is also the one characterized by the
most complex challenges. Therefore, it is considered as the
focus of this investigation.

The goal of a realistic jam over the network is to get
as close as possible to making geographically displaced
musicians feel like they are playing in the same physi-
cal space. Technically, this involves sending and receiv-
ing relevant data as quickly as possible to maintain sta-
bility and synchronization among the peers and ensuring
that the quality of the audio and data transmitted between
them is satisfactory. Additionally, it is essential to consider
the sound spatialization (as recently demonstrated in [54]),
which must allow for the localization and directionality
of the sound sources to be simulated as it occurs in real
environments.

However, how realistic jamming is designed and sup-
ported depends on the type of instruments used and how
music making unfolds. Two main approaches and systems
can be identified: one where musicians play virtual instru-
ments (XR musical instruments) and the other where mu-
sicians make use of physical acoustic, electric, or digital
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Fig. 1. A representation of the interaction framework for the MM. The diagram exemplifies the interaction components and the
technology layers that constitute the MM. To exemplify it, the case of two musicians displaced in different locations is shown. To better
understand how this framework can be applied to different use cases, refer to Fig. 4 for XR musical Instruments and Fig. 5 for physical
musical Instruments as discussed in 1.2.

instruments (Physical musical instruments). These are de-
tailed hereinafter.

• XR musical instruments: This is the most recurrent
approach, explored by both researchers and artists,
and employed in commercial applications such as
PatchWorld.1 In such systems, connected users can
play together instruments that exist only in the form
of virtual objects controlled through 3D UIs with

1PatchWorld, https://patchxr.com/.

gestures or dedicated input devices. XR musical in-
struments can be 3D sequencers [50], virtual syn-
thesizers [23, 51–53], or new types of collaborative
and multiuser musical instruments [21, 24, 25, 57,
55, 56]. An example of this approach is illustrated
in Fig. 2(a).

• Physical musical instruments: While being the
most realistic, this approach has received relatively
less attention. Previous work includes compositions
for violins [60], rehearsals and recording spaces for
rock bands [27, 52], systems for learning and play-
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Fig. 2. The two main approaches for realistic jamming in the MM with XR musical instruments (a) and with physical musical Instruments
(b). (a) A representation of an XR musical instrument: three musicians represented as 3D embodied avatars play a virtual collaborative
sequencer in VR. The sound is created in real time through a synthesis engine (see [21, 50, 57, 65]). (b) A representation of a physical
musical instrument: two musicians play a percussion. They see each other through MR glasses and are represented as volumetric
point-cloud videos. They hear the sound produced by the other in real time (see [26, 28, 29, 66]).

ing percussion [29, 61], and group singing [62]. An
example of this approach is shown in Fig. 2(b).

These examples cover several applications from group
rehearsals to concerts in 3D environments. The difference
in these approaches has an impact on the type of data trans-
mitted and on computational and network requirements.
They also represent the most complex use of real-time mu-
sical interactions in the MM, and they will be analyzed in
terms of the issues of audio technologies. After presenting
a framework and examples to highlight the key characteris-
tics of the MM, it is essential to recognize that, despite the
possibilities it offers, realizing this vision involves a series
of technical challenges. In the following sections, the focus
is on the ones related to audio technologies.

2 HARDWARE AND SOFTWARE CHALLENGES

The first step for identifying technical challenges is to
analyze how current XR and NMP technologies capture
and deliver audio to networked musicians, and how existing
metaverse systems process audio. Except for a few systems
available to the general public, most of the exploration of
the MM is composed of prototypes, applications designed
for user studies, and proofs of concept.

2.1 Audio Hardware
At the Self Reality level of the MM lie the physical de-

vices that enable musicians to experience it. While advance-
ments in embedded and wearable hardware technology have
propelled the capabilities of computing devices for XR to
unprecedented heights, limitations persist. These limita-
tions manifest in various forms, from processing power and
memory constraints to the intricacies of audio input/output
interfaces. As such, bridging the gap between the compu-

tational demands of immersive audio experiences and the
capabilities of existing hardware represents a significant
hurdle in the realization of the MM.

HMDs and goggles are the primary devices used to ex-
perience the immersive contents of the MM, mainly at the
visual level. Various types of devices are available on the
market, from professional to entry-level devices. Recent
products have transitioned from tethered and wireless head-
sets (where computation is performed on a host computer)
to standalone headsets (where the computation is performed
directly on the device itself). Therefore, most of the innova-
tions in this area have focused on reducing the weight and
size of HMDs, advancing optics, display resolution, and
improving the field of view. While these characteristics are
crucial for delivering realistic experiences capable of cre-
ating a solid sense of presence and immersion [64], what
about audio? As detailed below, this aspect appears to have
been overlooked thus far.

For the MM, the hardware used to capture and render
audio are as critical as the means used to experience virtual
environments at the visual level. Most commercially avail-
able HMDs are equipped with integrated audio devices for
both input and output. A summary of the audio input and
output capabilities of some of the most popular headsets is
provided in Fig. 3.

2.1.1 Audio Input Technologies
In current metaverse environments (not only musical),

sound is primarily used as a means of communication be-
tween users through voice chats [67]. Voice chats represent
the way social interaction unfolds in shared immersive envi-
ronments. For this, the majority of HMDs are equipped with
an array of omnidirectional microphones for capturing the
voice of the user. These systems feature active noise can-
cellation and dynamic compression. These arrangements
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Fig. 3. A summary of the audio input and output features of the most prominent and widely used HMDs available today in the XR
market for AR, MR, and VR applications. The authors distinguish AR and MR devices by defining AR devices as those that use optical
see-through displays and MR devices as those that use video pass-through displays. For a comprehensive summary of the differences
see [66].

are far from ideal when used for capturing sounds from
musical instruments and singing voices. Different from
speech-based interactions, musical interactions require a
high degree of temporal and spectral resolution.

However, most headsets on the market have neither mi-
crophones dedicated to binaural sound capturing nor do
they provide classic stereo microphone setups. Moreover,
at the moment, external microphones are still not officially
supported by any standalone headsets available on the mar-
ket. Beyond voice, as far as audio input is concerned, there
are no current HMDs that provide a dedicated audio in-
put interface comprising analog-to-digital converters with
Tip Ring Sleeve or External Line Return inputs and audio
drivers for managing audio in real time for XR applica-
tions. While these issues can be circumvented with teth-
ered HMDs, it is currently unfeasible to directly connect
audio equipment, such as physical musical instruments, to
standalone headsets, which are the most widespread and
commercially available types of HMDs.

2.1.2 Audio Output Technologies
Audio in immersive systems is usually presented through

the use of 2D or 3D audio. While 2D audio represents the
prevalent way that music is experienced, 3D audio (or spa-
tial audio) has been identified as a pivotal element for en-
hancing both the realism and the user’s sense of presence
[68]. Among modern spatial audio techniques, binaural au-
dio stands as one of the most used in the context of the MM
[69] because it is compatible with common audio playback
devices such as headphones [70, 71].

In most HMDs, sound is delivered to users through di-
rectional transducers embedded in the headset, placed near
the ears (e.g., the near-field extra-aural earphones of the
Valve Index or the dual-driver audio pods in the Apple Vi-
sion Pro). Whereas this represents a practical solution to
sound delivery in terms of usage for musicians, it might
not represent the best option. Only a few HTC Vive models
include actual headphones, although they cannot be com-
pared with professional audio equipment. Notably, most of
today’s HMDs leave this issue to users by providing a stan-
dard 3.5-mm jack output to plug in their own headphones.

From this brief analysis of what is available on the mar-
ket, it is possible to notice that audio is mainly considered as
an ancillary component in XR hardware. While quality has
improved over time, the currently available technologies
are not ideal for musicians.

2.2 Software for Audio
Building robust audio processing and rendering systems

that can seamlessly integrate with the MM requires sophis-
ticated software architectures. Moreover, ensuring cross-
platform compatibility and optimizing performance across
diverse computing environments add layers of complexity
to software development efforts.

When it comes to software, XR applications usually fall
into two categories: i) native applications, which can be
used on a host computer or downloaded directly in a stan-
dalone HMD, and ii) browser-based applications. This dis-
tinction already hints at differences in how audio is handled.
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2.2.1 Audio in Native Applications
For native applications, the most common tools used for

developing multiuser musical XR applications are game en-
gines, such as Unity 3D and Unreal Engine [69]. In the con-
text of XR, game engines are used as multimedia software
for designing and implementing the visual and auditory
components of an immersive application. However, they are
primarily focused on the former compared with the latter.
While both provide sophisticated audio systems (including
audio mixers, built-in effects, filters, equalization, and spa-
tial audio), only Unreal has a dedicated high-performance
audio utility, named MetaSounds, which gives developers
full control of the digital signal processing (DSP), that is
especially useful for designing real-time and procedural
audio synthesis [72, 73].

However, the audio processing components of these soft-
ware applications are not comparable with the ones pro-
vided by professional digital audio workstations. More ad-
vanced and sophisticated sound processing can be achieved
with the use of dedicated tool kits and authoring appli-
cations (e.g., WWise or FMOD) or third-party libraries
for integrating binaural audio (i.e., Atmoky trueSpatial).
Similarly, custom plug-ins can also be created using au-
dio frameworks and languages such as Faust, ChucK,
CSound, LibPD, or RNBO of Cycling’74 Max. Nonethe-
less, doing so will require specialized work to ensure
compatibility through different hardware and Operating
Systems for XR applications such as Windows, Android,
or visionOS.

2.2.2 Audio in Web Applications
For browser-based applications, audio is mainly man-

aged by the WebAudio API (WAA) for DSP, real-time
audio synthesis, and rendering. The WAA is a standard
developed by the World Wide Web Consortium and is sup-
ported by most web browsers across various devices, in-
cluding those available on standalone HMDs (e.g., Meta
Quest Browser, Wolvic, Safari). The WAA also provides
direct access to audio input devices when available (i.e.,
microphones), basic audio spatializers, and several li-
braries and tools have been developed and explored for this
purpose [74–76].

Over the years, a variety of web-based tools and frame-
works have emerged, building upon the functionalities of
the WAA (e.g., Tone.js, Howler.js). These tools have al-
ready been used in MM applications leveraging WebXR
[21] and have been further enhanced with audio tools specif-
ically designed for browser-based, multiuser immersive ap-
plications such as PdXR [22, 24].

Another approach that has been recently explored in
the MM is the use of Web Audio Modules. They allow
the creation of articulated and high-quality synthesizers in
multiuser web-based virtual experiences [25]. Web Audio
Modules are units designed for high-level synthesis and
processing of audio signals in the browser. They can be
considered an equivalent of dedicated audio plug-ins used
in digital audio workstations but designed to be compatible
with web browsers and web audio [77, 78]. While these

approaches represent a promising direction for implement-
ing the MM on the web, it is currently unclear how web
browsers, particularly those on commercial HMDs, perform
in terms of audio processing.

3 THE LATENCY ISSUE

As prior research has highlighted, creating a functional
metaverse requires some foundational prerequisites: low
latency and stable jitter in communication networks and
systems for seamless audio and visual synchronization [79,
80]. Communication latency refers to the delay between a
control action and its reception at the receiver side, while
jitter denotes the variability of such delay.

Achieving low-latency, jitter-free audio transmission in
networked immersive environments presents a large set of
challenges [81]. The inherent limitations of network com-
munication combined with the complexities of real-time au-
dio capture, processing, and rendering, exacerbate latency
and synchronization issues. Moreover, fluctuations in net-
work conditions introduce jitter, further complicating the
task of maintaining temporal coherence across distributed
audio streams. While latency and jitter have been exten-
sively studied and analyzed in the fields of NMP [6] and
social XR [35, 48], it has not been systematically addressed
in MM systems. Ensuring low communication latency and
constant jitter is a staple for very tightly coupled and highly
sensitive systems such as the ones oriented toward real-time
interactive music.

Communication latency is a critical concern in interactive
multimedia systems because can negatively affect users’
sense of control and overall Quality of Service. Especially
in immersive environments, latency can disrupt the sense
of presence [82, 83]. Additionally, latency has a negative
impact on task completion time and adverse effects on user
social interactions such as mutual understanding between
collaborators and perceived workload [84].

Substantial research has consistently demonstrated that
when musicians play in the same location (e.g., a room for
rehearsals or a concert hall), they can tolerate a latency of up
to 25–30 ms (which corresponds to a distance among mu-
sicians of 8–10 m). These results become significant in the
context of NMP systems [85, 86]. Beyond these thresholds,
precise synchronization and rhythmic cohesion, especially
in group-based performances, become unattainable. While
latency in a physical space is dictated by the speed of sound
in the air, in a networked system is based on a much more
complex chain of processes needed for capturing, analyz-
ing, and transmitting audio data (for details, the reader is
referred to [6]).

Latency can accumulate in various parts of a system.
These include the process of analog-to-digital conversion,
the buffering of audio-capturing and audio-rendering de-
vices, and the digital-to-analog conversion. Moreover, DSP
algorithms can add significant processing latency. In terms
of acquisition, audio interfaces typically introduce a delay
that depends on their settings of the audio block size [87].
In terms of rendering, the use of algorithmic reverberation
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in spatial audio processes also sums to the overall latency
[49, 88, 89].

Moreover, the transmission between Self and Distant Re-
ality and the characteristics of the network (such as its speed
and bandwidth) can introduce significant delays. Especially
across vast distances, the conditions of the network may
also cause high amounts of jitter, which makes it difficult
to predict whether certain packets might be delivered or not,
resulting in noticeable audio dropouts. A way to cope with
this issue is to buffer a certain amount of packets (i.e., using
the so-called “jitter buffers”). However, adjusting the buffer
size involves trade-offs between reducing jitter, maintain-
ing synchronization, and managing latency: a higher buffer
size results in higher latency [6]. Even in ideal conditions,
the speed of light represents the ultimate physical limit to
the transmission of content over the internet: the network
latency adds at least one ms per 300 km of the signal path
[90].

Due to these technical limitations, not only does long-
distance music performance become challenging, it is also
difficult to create conditions to keep latency under the per-
ceptual threshold of 30 ms and maintain the jitter minimally
and constant. However, it should be noted that these find-
ings came from systems that concentrated mainly on audio
rather than full multimedia experiences. The MM will have
other elements that go significantly beyond the sole trans-
mission of sound, including its integration with immersive,
multisensory, and interactive technologies.

In the metaverse, creating successful immersive expe-
riences requires virtual sensory inputs that match human
expectations. Latency can severely disrupt this experience.
The sources of latency occur both in local processing (Self
Reality) and in remote connections (Distant Reality).

3.1 Self Reality Latency
In the MM interaction model, Self Reality exhibits sev-

eral delays that characterize the different elements used to
present virtual objects and environments to the user and
the means for interacting with them. The first type of delay
is referred to as motion-to-photon, which is the temporal
interval between an input (e.g., a movement performed by
the user while rotating the head) and the moment when
a full frame of pixels reflecting the associated changes is
displayed. This latency encompasses all delays caused by
processes involved in rendering the viewport, such as HMD
tracking, signal processing, logic updates, and display re-
fresh cycles.

Several studies have shown that to avoid this side effect,
the latency between head movements and viewport ren-
dering should not exceed 50 ms [91–93]. However, other
studies have established a lower threshold of 20–25 ms
[94].

While this is true for VR systems, in MR and AR devices,
this type of latency is often referred to as photon-to-photon.
This represents the time taken for a photon from the real
world to hit a camera and a photon from the display to reach
the user’s eyes. To date, current AR/MR HMDs show a

photon-to-photon latency between 11 and 40 ms, depending
on the system used (pass-through or see-through).2

The motion-to-photon and photon-to-photon latencies
are metrics of particular importance because temporal de-
lays can degrade sensorimotor performances, which are
fundamental in musical interactions. High latency causes
virtual environments to become decoupled from the user’s
motion and orientation. This not only disrupts the immer-
sive experience but can also lead to motion sickness [95].

Another type of latency that affects perception is frame
delay, which refers to the time it takes for the Graphics
Processing Unit to process a frame and send it to the dis-
play. Ideally, frame latency should be half of the motion-
to-photon latency [63].

Moreover, in musical applications, another element that
is important to consider is action-to-sound latency [96],
such as the delay occurring between an action performed
by the user and its impact at the auditory level on the sound
delivered by headphones or loudspeakers. The close cou-
pling of action and sound has been recognized as being
of prime importance for building effective interactive digi-
tal musical systems. Wessel and Wright described this close
coupling [97] as fundamental for maintaining a valid causal
link between action and sound that contributes to an em-
bodied engagement with an instrument [98].

While Wessel and Wright suggested that musical systems
should aim at latencies of at most 10 ms, McPherson et al.
[99] showed that this standard is still not met by many hard-
ware and software systems commonly used by researchers
and artists. While there are studies and proposed solutions
for reducing motion-to-photon latency in the context of
XR, knowledge about action-to-sound latency is limited
to a few studies mostly focusing on VR and fatigue (e.g.,
[100–102]).

Immersive environments, such as those in the MM,
should also support speech communication. The delay be-
tween when a sound is uttered and when the listener hears
it is known as mouth-to-ear latency. Low mouth-to-ear la-
tency is essential for maintaining a natural flow of conversa-
tion and shares many similarities with musical signals. Ide-
ally, this latency should be less than 150 ms [103], which is
nearly five times higher than the threshold for group music.

Another element contributing to latency is spatial audio.
Previous research has shown that spatial audio algorithms
(including encoding, room simulation, sound scene rota-
tion, and decoding) can increase system latency [88]. This
latency must be carefully managed in networked musical
applications [49, 90, 104, 105, 106].

3.2 Distant Reality Latency
In the MM, actions and the sounds produced by a mu-

sician should be perceived in real time by other connected
users, both visually and aurally. In the metaverse, latency
is influenced by various factors, as highlighted in recent

2Apple Vision Pro Benchmark Test 1, https://www.
optofidelity.com/insights/blogs/apple-vision-pro-benchmark-
test-1-see-through-latency-photon-to-photon.
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studies that examined the end-to-end latency of platforms
such as Rec Room, VRChat, and Horizon Worlds [48, 107].
These studies found that latency can vary across platforms,
depending on factors such as the distance between clients
and servers.

Because the metaverse is a social space, each environ-
ment must support the presence of a potentially high num-
ber of concurrent users interacting together. Studies have
shown that latency and throughput increase almost linearly
with the number of connected users. For example, when
two users are connected, Rec Room and VRChat exhibit
an end-to-end latency of around 100 ms that increases to
approximately 140 ms when up to seven users connect, be-
cause each client must receive data related to the newly
connected users. In multiuser environments, latency also
depends on server processing, with the processing latency
on the receiver typically being much higher than on the
sender. Furthermore, latency increases when virtual worlds
are rendered locally on the headset, compared with sys-
tems using remote rendering. Although these results do not
specifically pertain to musical environments, they clearly
illustrate the impact of latency on applications in general.

Whereas the measurement of the latency exhibited at the
different components of Self Reality has been conducted
multiple times, measuring the latency of Distant Reality
is more challenging, and only a handful of methods have
been proposed [108]. These methods require specialized
equipment that should be not only multiplied depending on
the number of users to be measured but also synchronized.
While there have been some attempts, these are limited to
local networks and somewhat simplified environments [27,
28, 109]. Therefore, these measurements as can only be
taken as indicative. However, it is worth noticing that the
acceptable thresholds reported in such studies are at least
three times higher than the ones required for collaborative
music making.

While latency and jitter depend on a variety of techni-
cal and structural factors, it was also demonstrated that, in
the musical context, they can also depend on the tempo of
a musical piece, the instruments used, the proficiency of
musicians, the number of performers, and the expectations
of the users [110, 111]. An examination of the latency-
related challenges affecting musical activities in the meta-
verse revealed several bottlenecks, primarily impacting its
users. Such bottlenecks involve the processing capabilities
of HMDs, hardware and software used for recognizing ges-
tures performed by the users, and protocols used to encode
and decode audio.

Regardless of their source, the latency constraints for
musical interactions over the network constitute hard lim-
its. These constraints must be carefully considered when
developing consumer electronics tailored for the MM.

3.3 Data Streaming
Latency also depends on the type of data exchanged be-

tween connected users. An analysis of the literature reported
in [69] has revealed two main approaches used in multiuser
XR musical systems. They share similarities with the two

use cases outlined in SEC. 1.2: one approach focuses on
sending sound control data (such as the ones used for con-
trolling XR musical instruments), while the other focuses
on transmitting actual audio data generated by physical
musical instruments between peers.

3.3.1 Sound Control Data
In this approach, audio is generated locally in response

to a remote event, such as a gesture of a performer or
a key event on a control surface, using sound generation
techniques. Transmitting sound control data offers several
advantages. First, sound control data require less bandwidth
to be transmitted. Second, concealing packet loss is easier
and can be handled in various ways. For example, a late
note can be skipped by the system or, in some instances,
can be predicted. Third, this approach allows musicians to
exchange data encoded in different communication proto-
cols such as MIDI or Open Sound Control. This approach
was explored extensively in the context of NMP (e.g., [112–

119]) and was one of the main approaches to be adapted for
multiuser musical environments.

An example of this approach is LeMo [50]: the instru-
ments are two sequencers controlled by a 3D UI. The two
clients use the same application, which contains the same
sound engine. When a client presses a button on the se-
quencer, it sends control data to its synthesizer. The same
control data are then broadcast to the other client to syn-
chronize the two events (see Fig. 4).

This has the advantage of being compatible with several
commercial and custom-made controllers and synthesizers.
Moreover, sound control data can be encoded in custom
messaging systems such as WebRTC data channels, which
provide a low-latency way of transmitting data through the
internet [21, 22]. Additionally, this can be compatible with
live-coding practices [56]. One of the problems of NMP is
the difficulty of handling very consistent rhythms and music
heavily based on beats and regular pulses. In this case, audio
data need to be quantized. However, the use of sound control
data in networked systems is constrained by the choice of
specific sound generation algorithms and synthesizers. It
requires managing several data streams at the same time,
which might increase with the number of connected clients.
Moreover, sound control data should run in parallel with all
of the other control data used to synchronize non-musicals
actions and events.

3.3.2 Audio Data
The other approach is based on the actual transmission

of audio over Internet Protocol–based networks. Although
many metaverse platforms allow for streaming speech data,
they currently lack the necessary audio quality and low
latency required for musicians to play together.

Over the last twenty years, the use of audio data has been
extensively explored by the NMP community. In contrast
to the approach focused on sound control data, research
efforts have led to significant advancements in this area.
These efforts have resulted in the development of several
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Fig. 4. A breakdown of the main components that contribute to latency in a system that uses sound control data to create a VR musical
experience in the metaverse. The example is based on the case illustrated in Fig. 2(a).

commercial and open-source software and hardware sys-
tems.

These include applications for stand-alone devices [120]
ranging from specific implementations of protocols, such as
WebRTC [121], to peer-to-peer solutions, such as 4D Jam
Connect3 and SonoBus,4 to client/server applications, such
as Jamulus.5 Platforms such as LOLA [90], UltraGrid,6

and JamKazam,7 allow the streaming of concurrent live
video, or even the integration of videoconferencing tools
such as Zoom if properly configured. Widely used tools
like JackTrip [122] can be seamlessly operated on both
desktop computers and single-board devices, such as the
Raspberry Pi. Conversely, the company Elk has released a
companion hardware interface for their Elk Live8 system,
which is based on an audio-specific low-latency operating
system [123] and allows musicians to better manage latency
and jitter locally.

Dante9 is another widely used system that transmits
uncompressed, low-latency audio. Industry standards like
AES67 [124] and SMPTE ST 2110,10 were developed
for applications where precise synchronization is essen-
tial. These standards were originally designed for media
broadcasting, and are mostly used in sports and theater.

34D Jam Connect, https://www.4dcreatives.ca/jam.
4SonoBus, https://www.sonobus.net/.
5Jamulus, https://jamulus.io/.
6UltraGrid, https://www.ultragrid.cz/.
7JamKazam, https://jamkazam.com/.
8Elk Live Bridge, https://www.elk.live/the-bridge.
9Dante, https://www.getdante.com/.
10ST 2110 Suite of Standards, https://www.smpte.org/stand-

ards/st2110.

An example of this approach is shown in Fig. 5. Here,
musicians play together by sending and receiving audio
data through a NMP system (i.e., JackTrip, Elk Live) and
see each other as volumetric videos captured by one or more
stereoscopic and depth cameras [26, 28].

While this approach offers a promising way to connect
musicians playing acoustic, electric, or digital instruments,
it also presents significant technical challenges. It requires
careful integration of hardware, software, and networking,
including the streaming of avatar control data or point cloud
data, all while ensuring low-latency and high-quality audio.

The applicability of such solutions within the metaverse
environment remains a subject of inquiry. Nonetheless, the
evolution of a music-oriented metaverse is intricately linked
to the availability of high-quality and low-latency network
connections. To the authors’ knowledge, there are no com-
prehensive and consistent studies on the impact of the differ-
ent types of latency in musical immersive multiuser systems
beyond just a few performers.

While very few have attempted to integrate current NMP
technologies (e.g., JackTrip, Elk Live) with XR systems
[28, 125], such integration is not straightforward. There is
a lack of systems, both software and hardware, capable of
handling both sound control data and audio signal stream-
ing.

Finally, network congestion and limited bandwidth can
introduce delays and jitter. Techniques for latency mitiga-
tion are discussed in SEC. 3.3.4.

3.3.3 Audio-Visual Data Synchronization
Different from existing NMP technologies, an MM will

require musicians to see each other in 3D, either in VR or
integrated into their environment with Mixed Reality. Dif-
ferent from purely audio NMP systems, a crucial element
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Fig. 5. An analysis of the key factors causing latency in systems that use sound control data to craft MR musical experiences in the
metaverse. This example is based on the case illustrated in Fig. 2(b).

is represented by the synchronization between the auditory
and visual representation of the connected musicians. Pre-
vious studies have shown that mismatches between audio
and video can be tolerated up to 250 ms [126].

Recent studies have investigated the impact of audio-
visual latency in the context of XR-based NMP, and two
main ways to present musicians were explored: through
3D-embodied avatars or real-time 6 Degrees of Freedom
volumetric videos. The case of avatars was explored in the
study by Cairns et al. [27], which focused on the effect of
latency on synchronization. They tested a four-piece band
(bass, keyboard, guitar, drum) playing together with avatar
control data and audio streamed in a Local Area Network
with three different audio latencies (at 19, 24, and 29 ms).
They found no significant differences in the perception of
the latency between the seen gestures produced by a musi-
cian and the corresponding heard sound.

In a similar study, Hunt et al. [52] focused on how avatars
are perceived by a group of four musicians (bass, voice, gui-
tar, drum) using a low-latency NMP system (<15 ms). They
recorded mixed responses from the different musicians re-
garding the audio and visual latency. At the same time,

the drummer relied on visual cues for keeping the tempo,
and the bass player reported a lack of them, especially for
nonverbal communication.

When musicians are represented as 3D point clouds, the
user experience changes significantly. A study tested the
feasibility of capturing, streaming, and rendering real-time
audio and point cloud data [28]. The results revealed that
the audio-visual mismatch was unsustainable for two pro-
fessional musicians, with a video latency of approximately
400 ms.

However, all of these studies can be considered prelim-
inary because they suffer from a few limitations, such as
being conducted within local networks and with two or four
musicians connected at the same time. Ensuring precise
synchronization of audio data across distributed nodes is
critical for maintaining musical cohesion, especially when
timing and rhythm are important. Managing synchroniza-
tion becomes increasingly challenging as the number of
participants and geographic distribution of nodes increases.

Taken together, these findings suggest that synchronizing
avatars use fewer resources compared with point cloud cap-
turing, resulting in a reduced system and perceived latency;
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this is why most multiuser-networked XR systems use 3D-
embodied avatars. Volumetric point cloud videos can be
beneficial for fostering more natural interactions among re-
mote users [127, 26]. However, previous works have shown
that current dedicated systems for capturing, delivering, and
rendering point cloud data in real time also show high la-
tency [128, 127] that, even if compatible with thresholds
found for 2D video conferencing (i.e., below 200–600 ms)
[129], makes them incompatible with the requirements for
musical interactions over the network.

3.3.4 Taming the Latency
While NMP systems favor wired Local Area Net-

works, the metaverse and its musical side will be pre-
dominantly experienced via standalone HMDs and gog-
gles equipped with wireless connectivity. The develop-
ment of 5G and 6G networks plays a pivotal role in the
advancement of the metaverse implementation [130–132].
Recent works have shown the feasibility of streaming low-
latency audio over 5G [133–136]; however, at the moment
there are no specific solutions for multiuser immersive
systems [137–139].

It can be hypothesized that coupled with current advance-
ments in edge and cloud computing, an effective metaverse
for music should be capable of offloading some of the pro-
cessing to different cloud services and potentially creating
more scalable architectures and low-latency applications.
Other solutions might be considered, such as the use of ded-
icated hardware (e.g., the Elk Live Bridge or the JackTrip
Analog Bridge) to offload input and output processes from
XR devices that will prioritize visual rendering. However,
these avenues have not yet been explored (most existing
works have not included musical or Audio-First applica-
tions). Still, they represent a more stable solution, espe-
cially for mobile networks [140–142]. Furthermore, several
approaches have been proposed for integrating spatial au-
dio systems, such as offloading the encoding and decoding
processes to edge computing within a 5G network [90, 107,
143].

Several other techniques for latency mitigation have
been explored in the NMP community. These include
client-side prediction, server reconciliation, and interpo-
lation to ensure smooth and responsive interactions among
users [6]. An approach that received particular atten-
tion but currently is not explored in the context of the
MM employs the mechanism of prediction and anticipa-
tion of either performers’ gestures [144–146] or musical
events [147–149].

It is also necessary to mention other solutions that do not
depend on data transmission but have been explored pre-
viously, although not yet in the context of the MM. When
the first NMPs appeared, several musicians thought of in-
corporating latency as an inherent characteristic of remote
performances [150]. This resulted in several attempts to ex-
plore alternative approaches to the realistic jam that focus
on experimentation. An example is Ninjam [117], where
musicians play asynchronously to the music, receiving the
sound delayed of one measure. In his Quintnet.net, Hajdu

introduces the idea of a conductor that can control and direct
the musical outcome of the connected performers [117].

NMP researchers have also explored the use of visual
cues (from video streams) and alternative feedback mech-
anisms to mitigate the effects of latency. This includes the
use of “adaptive metronomes,” which are metronomes ca-
pable of tracking musicians’ tempo and adapting it to the
latency variability caused by the network [151]. Similar
approaches can be used to accelerate the advancements of
more stable and realistic musical interactions in the MM.

Finally, emergence of novel types of frameworks and
tools such as CoreLink [125] and Holodeck [152] must be
acknowledged. They represent some promising approaches
for the transmission and synchronization of various data
(audio, video, motion capture) between different nodes in
a network. Moreover, Grimm et al. [153] have recently
proposed a system for the synchronization of audio data
with electroencephalography and other biophysical sensor
data for creating multimodal networked experiences, which
can also be beneficial for the MM.

4 INTEROPERABILITY AND STANDARDIZATION

The Musical Metaverse will likely consist of intercon-
nected and shared environments containing both virtual ob-
jects and physical objects captured digitally. Moreover, the
MM should accommodate the use of different hardware,
including both HMDs and musical instruments, whether
physical or virtual.

Therefore, interoperability becomes a crucial element for
the success of the MM, enabling seamless integration and
interaction across diverse audio technologies and platforms.
The absence of unified industry standards for audio tech-
nology in the MM is a significant barrier to interoperability.
Different platforms may adopt their own standards, leading
to a lack of cohesion and the fragmentation of the field. Es-
tablishing industry-wide standards for audio formats, spa-
tial audio protocols, and real-time processing is essential
for facilitating interoperability. The following points need
to be addressed in future standardization activities.

• Real-time audio processing and synchronization:
For live performances in the MM, audio streams
need to be processed and synchronized with mini-
mal latency. For the technologies that must be used
to experience the MM (i.e., HMDs, Operating Sys-
tems, web browsers), one of the fundamental re-
quirements is the interoperability between various
real-time audio processing systems and protocols.
Differences in how platforms such as standalone
and browser-based applications or differences be-
tween an Android- based operating system (i.e.,
Meta Quest, Pico) and iOS (i.e., Apple Vision Pro)
handle latency, buffering, and synchronization can
result in audio lag and timing issues that disrupt
the real-time collaborative experience. At the mo-
ment, the only existing standard for audio that can
be adopted in the MM are Web Audio and Web
MIDI. However, this limits immersive worlds to the
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ones running on a web browser, and performance can
vary between browsers and Operating Systems. This
represents an open challenge that requires further
investigation.

• Integration of spatial audio: The implementation
of spatial audio can vary across platforms and also
depends on techniques and methods used for encod-
ing, rendering, and delivering 3D sound. The lack
of standardized spatial audio protocols complicates
the integration of audio experiences in metaverse
environments, leading to inconsistent user experi-
ences and potential technical conflicts. While some
attempts have been proposed and documented [154,
155], a proper standardization and interoperability
are still a distant goal. The only viable standard for
spatial audio that was explored in the context of the
MM is the one available through the Web Audio API
[21, 25, 77].

• Audio formats and codecs: To stream, encode, de-
code, and process audio data, the MM encompasses
a wide range of audio formats, each designed for spe-
cific purposes and offering different levels of quality
and compression. Ensuring that these diverse for-
mats can interact seamlessly is a major technical
challenge. The lack of standardized audio formats
can lead to compatibility issues, where audio con-
tent created on one platform may not be playable or
may lose quality when transferred to another plat-
form. However, codecs such as MPEG-I [156, 157]
and 3GPP IVAS [158, 159] are emerging as viable
solutions for supporting high-quality, low-latency
immersive audio across various networked applica-
tions. They represent a promising step toward inter-
operability and standardization for the MM.

5 CONCLUSION

In this article, the leading audio technologies needed for
the creation of a functional MM were described. Next, sig-
nificant issues and challenges in consumer electronics were
identified as essential considerations for the realization of
a Metaverse that supports musical activities. Through this
analysis of state-of-the-art hardware and software used to
stream and experience audio in shared virtual environ-
ments, it was found that audio technologies play a sec-
ondary role in current metaverse environments. Whereas
human speech is well supported in XR hardware and
software, playing music in real time entails requirements
that are far more demanding than those of speech-based
interactions.

By looking at how audio is streamed and rendered in
current metaverse environments, it was shown how latency
represents the factor that more than others hinders the es-
tablishment of a metaverse capable of supporting musical
activities. From the algorithms used for audio spatialization
to the devices used for acquiring and tracking human ges-
tures and the type of Internet connection used, every process
involved adds its own latency. Together, all these aspects

entail very hard requirements for immersive performances,
especially when considering many concurrent users.

However, this paper shows how recent work at the cross-
roads of NMP and XR have started to tackle these issues,
especially the latency of audio and visual components.
While this analysis showed that very little research has
been conducted in this area, especially on wireless and
edge computing systems, this represents an opportunity for
future research. Research on perceptual limits, transmis-
sion protocols, packet-loss prediction and correction, and
strategies for synchronization of audio and visual XR will
not only enable the possibility of creating a more musi-
cally oriented metaverse but will also significantly impact
the development of more user-friendly and realistic support
of human activities in massive shared virtual environments
in general.

Notably, an element that this study did not investigate in
detail is the social aspects and user needs of musicians and
audiences. This aspect is poorly understood in the context
of music and started only recently to be actively explored
[160]. This calls for further research.

Creating a functional MM also opens challenges that
have not been clearly addressed, even in the broad re-
search on the metaverse. How will interoperable, social,
and persistent immersive worlds manage hundreds of con-
current users occupied both in listening and making music
in real time? How will resources regarding computation
and networking be managed? Such issues go beyond the
focus of this article; however, they highlight that the dif-
ferent disciplines (both scientific and artistic) required to
tackle them are varied and require collaboration. It is hoped
that this paper will inspire researchers in both academia
and industry to address the many challenges and issues
identified, enabling the MM to flourish and offer radi-
cally novel art forms and musical experiences to different
stakeholders.
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marie, M. Leman, and P.-J. Maes, “The Virtual Drum Cir-
cle: Polyrhythmic Music Interactions in Mixed Reality,” J.
New Music Res., vol. 52, no. 4, pp. 316–336 (2024 Apr.).
https://doi.org/10.1080/09298215.2024.2339244.

[30] R. Hupke, S. Preihs, and J. Peissig, “Immersive Net-
worked Music Performance: Impact of Extended Reality on
the Quality of Experience,” in Proceedings of the IEEE
5th International Symposium on the Internet of Sounds
(IS2), pp. 1–9 (Erlangen, Germany) (2024 Sep./Oct.).
https://doi.org/10.1109/IS262782.2024.10704092.

[31] L. Bruns, B. Saurbier, T. M. Voong, and
M. Oehler, “Presence and Flow in Virtual and
Mixed Realities for Music-Related Educational Set-
tings,” in Proceedings of the IEEE 5th Inter-
national Symposium on the Internet of Sounds
(IS2), pp. 1–7 (Erlangen, Germany) (2024 Sep./Oct.).
https://doi.org/10.1109/IS262782.2024.10704115.

[32] H. Dong and Y. Liu, “Metaverse Meets
Consumer Electronics,” IEEE Consum. Electron.
Mag., vol. 12, no. 3, pp. 17–19 (2023 May).
https://doi.org/10.1109/MCE.2022.3229180.
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