Extended Reality Audio-Visual Instruments: Design Framework
and Case Study

Esther Gruy
esther.gruy@univ-lille.fr
CRIStAL, CNRS, Univ. Lille
Lille, France

Florent Berthaut
florent.berthaut@univ-lille.fr
CRIStAL, CNRS, Univ. Lille
Lille, France

Figure 1: Diverging design of two XRAVI from the same initial instrument. A) Visual-First instrument: creating strokes
inside the environment; B) Visual-first instrument: particle effect when drawing; C) Audio-First instrument: generating
complex visual strokes from virtual and physical sonic expression; D) Audio-first instrument: using visual traces as a guide

to replay a sonic exploration.

Abstract

Scientists, artists and performers have explored the relationship
between visuals and sound on numerous occasions, to try and
find/define ways to fuse both sensory experiences together. Im-
mersive technologies further amplify the possibilities for multi-
modal expression in performance contexts. While previous frame-
works exist for the design of immersive musical instruments and
audio-visual instruments independently, we believe that their
combination raises specific concerns, which might prevent the ex-
ploration of expressive opportunities. In this article, we define the
concept of Extended Reality Audio-Visual Instruments (XRAVI)
and propose a framework for their analysis and design, based
on the literature on audio-visual and extended reality instru-
ments. We evaluate it through a collaborative autoethnographic
work, where an initial shared instrument has been developed
and practised following two different approaches: audio-first and
visual-first. From it, we derive insights and guidelines for the
design of XRAVL
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1 Introduction

The relationship between visuals and sound has been explored
for centuries [7]. The first instances of instruments mixing music
with visual elements were called colour-organs, such as Castel’s
Clavecin Oculaire, Rimington’s Colour-Organ (which has made
the term generic), or Wilfred’s Clavilux [33]. These instruments,
however, were complex and expensive to conceive, which pre-
vented their generalisation.
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The twentieth century’s technological advancements, with the
widespread democratisation of computers, have made it easier
for artists and performers to create their own audio-visual appli-
cations or instruments (i.e., the simultaneous authoring of both
dynamic image and sound [21]). For example, the UPIC system,
achieved in 1977, blends drawing on a 2D surface with sound
production, creating audio-visual compositions that are very mal-
leable. Similarly, Levin has worked on painterly interfaces [21],
using drawings, shapes and animations as a metaphor for sound
production, where both auditory and visual aspects are consid-
ered equally important in the design of the instruments and the
composition process.

More recent advancements, such as the rise of Extended Reality
(XR) technologies in the last decade, has led to the expansion of
Extended Reality Musical Instruments (XRMI) [38]. As XR leads
to the addition of 3D content inside a virtual space (whether it
is mixed with the physical space or fully virtual), it allows for
new interaction methods and opportunities for musical creation
[3]. XR also benefits from its capacity to display complex visuals
(for example with headsets or spatial projection), which makes it
adapted to the creation of audio-visual instruments and perfor-
mances. However, the combination of visual and sonic expression
in Extended Reality, through what we can call Extended Reality
Audio-Visual Instruments (XRAVI), has not been explicitly and
thoroughly investigated.

As musical instruments are typically correlated with gestures
[6], XRAVI create a tight relationship between the sound, the
visuals and the performer’s movements. Depending on the design
process and the chosen mappings, these modalities can influence
one another in various ways, and create multisensory experiences
that are vastly different from one another. However, the absence
of obvious mappings between sound properties and visual effects
raises questions on the process by which such an instrument is
designed. Moreover, the differences between 2D and 3D inter-
action induce a spatialised relationship with the instrument’s
content (audio and visual). If, on one hand, XR instruments do not
typically raise the visual content at the same level as the auditory
content, on the other hand, audio-visual interfaces are less reliant
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on these spatialised interactions. This creates a specific set of con-
straints that lies at the intersection of both types of instruments,
and which we believe requires thorough investigation.

In this article, we propose a framework for the analysis and de-
sign of XRAVI, based on previous literature, and establish several
dimensions to provide a better understanding of the conceptual
choices behind these instruments. We then describe the design
process of two new XRAVI, derived from a common prototype
and through a collaborative autoethnographic approach. The
objective is to analyse how the design of these instruments can
diverge over time when the focus is put either on the audio
modality first, or on the visual modality first. We ground these
instruments into our framework, which allows us to provide a
discussion on the influence of each modalities on the design pro-
cess, over a complete timeline. We conclude by giving guidelines
on the design of XRAVL

2 Related Work

Our research lies at the intersection of Extended Reality Musical
Instruments and Audio-Visual Instruments.

2.1 Extended Reality Musical Instruments

XRMIs have been studied from multiple perspectives. Serafin et
al. [35] present the history, opportunities and challenges of Vir-
tual Reality Musical Instruments, followed by Turchet et al. [38]
which expand the analysis to include Mixed Reality instruments.
Berthaut [3] analyses immersive musical instruments through
the lens of 3D interaction techniques. Among the 3D manipu-
lation techniques described, some relate to changes in material
and shape, which means that there are interactions with both the
visual and sonic aspects of virtual content.

In these analyses and reviews, however, the primary focus
remains on the control of sound. Often, the instruments afford
very limited visual changes, such as transition/rotation/ scaling
of preexisting virtual objects, and sometimes only the selection
of these objects. The visual component of XRMIs often consists
in replicating physical instruments (acoustic or electronic) at dif-
ferent scales and with different organisations. This paper instead
investigates instruments that allow for a rich visual manipulation
of virtual content.

2.2 Audio-Visual Instruments

Audio-visual instruments, or performances, can take many differ-
ent forms and approaches. As briefly mentioned in the introduc-
tion, one possible interaction metaphor for sound production can
be drawing, either in 2D [1, 17, 21, 34, 41], orin 3D [5, 9, 28, 30, 39].
Although some of these projects do not necessarily intend to pro-
vide a complete audio-visual experience and focus on the sound
production first, the naturally visual aspect of drawing still puts
them in the audio-visual instruments category.

Aside from drawing, audio-visual instruments can be driven
from different artistic gestures, like pottery [11], or sculpting
[25, 26], which all imply 3D interaction techniques, even when
visualised on a 2D screen. Other projects work using gestures,
whether they are driven by 2D [22] or 3D hand movements [29],
by external controllers [13, 18, 37], or by full body movements
[8, 16], like for example dancing [14, 36].

There exists interaction metaphors that are not necessarily
based of off gestures, for example with biological signals [23, 27]
or particle systems [31]. It is also possible to find audio-visual
performances controlled by writing [20] or live coding [19].
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We can note that some audio-visual instruments/performances
use specific equipment in order to display the content or interact
with the system, such as transparent reflective panels [5, 13],
tabletop configurations [12, 15], or lasers [32].

In this work, although our instruments generate an audio-
visual output using 3D drawing, we acknowledge the plurality
of possible interaction metaphors, hence the idea of creating a
framework for XRAVI.

3 Extended Reality Audio-Visual Instruments

As stated in the introduction, Extended Reality Audio-Visual
Instruments (XRAVI) merge audio production with the generation
of visual content inside a 3D space. The next subsection gives a
more detailed definition of XRAVI, based on previous literature
about either audio-visual instruments or XRMI.

3.1 Definitions

According to Levin [21], there are several elements that should
compose an expressive audio-visual instrument, namely: 1) the
simultaneous, real-time creation of both images and sound, 2)
a produced content that is inexhaustible, variable and deeply
plastic, 3) malleable sonic and visual dimensions, 4) the definition,
by a performer, of their own visual languages, and 5) a system
that is easily understandable while allowing for the development
of a sophisticated practice. What is of interest for our definition
of XRAVI are the notions of real-time content authoring, equal
attention put on the audio and visual outputs, the variability of
the interaction, and the possibility to develop a mastery of the
instrument over time.

Looking at the definition of Musical XR given by Turchet
et al. [38], their prerequisites encompass: 1) the existence of
virtual elements in one or more sensory modalities, 2) the spatial
persistence of these virtual elements, 3) the interactivity of the
system, and 4) a sonic organisation to convey meaning, intent
and focus that is an essential component of the user experience.
In their framework, Zellerbach and Roberts [42] define Mixed
Reality Musical Instruments as an embodied system for expressive
musical performance, characterized by the relationships between
the performer, the virtual, and the physical environment. Here
again, what we can gather from these elements are the possibility
to interact with virtual elements, no matter the sensory modality,
inside a virtual space, and the relationship between the user, the
environment and its content.

By merging these definitions, we propose the following criteria
for what constitutes an XRAVI:

(1) The system makes possible the creation and performance
of virtual, spatially persistent images and sounds in real-
time.

(2) Sonic and visual dimensions are equally malleable and ma-
nipulated through 3D interaction techniques and physical
interaction devices.

(3) The interaction with both visuals and sounds follows a
"low entry fee / no ceiling on virtuosity" approach.

(4) There is an intricate relationship between gestures, visuals
and sound in the virtual or physical space.

XRAVIs therefore combine both constraints and opportuni-
ties of XRMIs and audio-visual instruments, with respect to the
"spatial” aspect of interactions, the immersion of performers and
audiences, and the intricate relation between sounds and visuals.
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3.2 A Framework for Analysing XRAVI

Several frameworks, related to XRMI or audio-visual instruments,
have been proposed in recent years, to analyse design choices,
propose conception guidelines, and uncover under-explored areas
of a specific research field. For instance, Zellerbach and Roberts
[42] have created a framework for Mixed Reality Musical Instru-
ments, Gruy and Berthaut [10] have reviewed 2D and 3D musical
drawing instruments, and Serafin et al. [35] have proposed an
overview of Virtual Reality Musical Instruments. Although close
in the themes they explore, these frameworks do not dive into the
specifics of both XR and audio-visual instruments mixed together,
since they either focus on the musical aspect exclusively, or only
look at one interaction metaphor within audio-visual instruments
(namely drawing). Thus, we believe that this framework could
benefit the design of future XRAVI.

In order to find XRAVI and analyse their structure, we searched
on several digital libraries (NIME, ACM, IEEE), exclusively choos-
ing those that went through a peer-review process. We then
proceeded to read the abstracts and kept the articles that seemed
to fit the previously established criteria. We read the articles to
refine the list, and gathered each instrument’s characteristics to
find the following common dimensions.

3.2.1  Performer Visual Transportation. The Performer
Visual Transportation (PVT) follows the transportation

dimension established by Benford et al. [2]: consequently,
it here represents the extent to which the performer feels that
they have left their physical visual space to enter a remote visual
space. For example, the performer could see the visual environ-
ment on a simple screen positioned in front of them (Low), or be
immersed inside a virtual environment where they cannot see
the physical space (High).

3.2.2  Performer Sonic Transportation. The Performer
Sonic Transportation (PST), similarly to the previous
dimension, represents this time the extent to which the
performer feels that they have entered a remote sonic space, in
opposition to a local one. That would imply, for example, having
sound come out from a single source where outside noises are
distinguishable (Low), or oppositely, have spatialised sound that
fills up the whole space (High).

3.2.3  Audience Visual Transportation. The Audience Vi-
sual Transportation (AVT) is similar to its performer
counterpart, with the difference that audience members

(or users that are the spectators of another person’s interactions)
are the main focus.

previous dimension, the Audience Sonic Transportation
(AST) is the audience counterpart of the Performer Sonic
Transportation.

3.2.5 Interaction Metaphor. The Interaction Metaphor
(IMe) dimension corresponds to the type of gestures,

performed in the virtual environment, that drives the
interaction. That can be, for example, gestures that mirror what al-
ready exists in the physical space (drawing, sculpting, moving or
rotating an object...), or that take advantage of XR environments
and the possibilities they offer (revealing virtual content...).

C\ 3.2.4 Audience Sonic Transportation. Similarly to the

/\ 3.2.6 Interaction Modality. The Interaction Modality
S ®»

(IMo) dimension looks at the physical means by which
\\07% the interaction happens (regardless of the equipment
1YY g quip

NIME ’26, June 23-26, 2026, London, United-Kingdom

or the hardware that is employed). A few examples could be
clicking on buttons, using one’s voice, doing various hand poses
(i.e., gesture recognition), or using a sound input from an acoustic
instrument.

3.2.7 Inter-Modalities Mappings. The Inter-Modalities
Mappings (IMM) dimension represents how each modal-
ities (sound, visuals and gestures) interact with one an-
other. For example, the gestures can drive the sound that then
drives the visuals (G->S->V), the sound alone can have an effect
on the visuals (S->V), or on the contrary, the visuals can influence
the sound (V->S), and so on.

3.2.8 Collaborative Possibilities. The Collaborative Pos-
sibilities (CP) dimension looks at whether the XRAVI

: allows multi-user interactions, or is limited to a single
person. It does not take into account the potential addition of
collaborative features if they are not implemented, but are envi-
sioned in future work.

Van 3.29 Use of Space. The Use of Space (UoS) dimension
(C[@[ ] dives into the way an XRAVI takes advantage of the
L/ surrounding space as part of the instrument’s interaction
modality. It can be, for example, divided into different zones,
which change the mappings, the sounds, or the visuals. It can
also be continuous, with the possibility to move around without
changing the mappings. Finally, it can be static and only used as a
way to display visual and sonic information (screens, projections,
audio spatialisation...) to an audience.

3.3 Analysis of Existing Instruments

A total of 13 instruments were retained during the selection
process: 10 of these were presented as conference papers [5, 8,
9,11, 13, 18, 25, 26, 28, 37], 2 as posters [30, 39], and 1 as a demo
[29].

The first instrument, Reflets [5], creates performances with 3D
musical virtual interfaces. The audio-visual effects are activated
by slicing though 3D objects, projected on audience members
and reflected on a semi-transparent panel, so that they appear
floating around the musician.

The AirSticks [13] also display the visual content using a semi-
transparent panel and a projector. They use gestures to influence
the sound and the visual parameters.

Cymbalism [37] makes use of the AirSticks, this time placing
the accent on the visuals to inspire the gestural and sonic aspects
of the instrument, and projecting the content on a surface.

GeKiPe [8] is an audio-visual gestural interface designed for
performances. It works with cameras and sensors, and displays
the visuals using a projector.

Entangled [18] is a smartphone-based, multi-users instrument
that uses gestures and particles, influenced by gravitation, to
drive the audio-visual features.

Musical Brush [39] is also smartphone-based. Drawings in the
3D space drive the sonic output.

Similarly, MagneTip [9] uses 3D drawing to produce sound,
this time with a headset. The physical interaction between a
copper coil and a magnet, that acts as a controller, generates the
audio-visual output.

Drawing Sound in MR Space (DSMR) [28] works with a Mixed
Reality headset, and 3D drawings produce audio and visual effects
in a multi-users environment.

Drawing Lines to Connect (DLC) [30] expands on DSMR. In
addition to the 3D drawing in mid-air, there are 360 Al generated
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landscapes, and emotion estimation using physiological signals
to change the strokes’ colours.

Sound Sculpting [26] is a virtual instrument working with
sensors to track hand gestures. The sonic output is controlled
by interacting with 3D virtual objects, that are displayed on a
screen.

Ashitaka [25] follows this 3D sculpting metaphor. The gestures,
performed on a device with several sensors, drive the audio-visual
output, with the image displayed on a screen.

Virtual Pottery [11] uses hand gestures to create 3D pottery ob-
jects and sound at the same time, with the visuals being projected
on a surface.

Finally, Air Maestros [29] is a multi-users Mixed Reality music
sequencer. 3D note objects are placed in the space, and audio-
visual effects are activated by shooting them using gestures.

Table 1 details how these instruments fit into the previously de-
scribed framework. Some equipment specifics were not given, as
they might be context-dependent (e.g., auditory displays impact
both PST and AST dimensions), which explains the "unspecified”
values. To fill the PST and AVT boxes, we used the information
that was available regarding the possibilities of the system, or the
setups in which performances were held (therefore, this analysis
is potentially subject to interpretation). In general, if the sound
parameters and mappings are explained, their displays can be
easily changed or adapted to a venue.

A few conclusions can already be drawn. First of all, there
are no high PVT, since a lot of the instruments were used in
performances or multi-users settings, which induces the cre-
ation of a shared space between the performers and the audience.
Completely leaving the physical space behind raises a lot of con-
straints, mainly equipment-wise (as a fully immersive VR setup
requires headsets). Therefore, if the AVT is an important part of
the instrument, the PVT can hardly go above medium, unless the
content of the headset is streamed to the audience (which will
most likely lead, in return, to a low AVT).

If we look at the IMo dimension, most of the instruments use
some types of gestures, instead of physical objects, to drive the
interaction. This is likely because the IMe are gesture-based, and
therefore it creates a continuity between the two dimensions. As
for the IMM, they follow the same idea, since all audio-visual
effects are gesture driven, even though the visuals and sound can
then influence one another (depending on the mappings).

For the UoS dimension, it is in part linked to the IMe, as the
type of gestures implied by the metaphor at least partly defines
how a performer will move inside the space. For example, all
instruments that are based off of drawing use the space either
continuously or in zones (as building a drawing takes up space),
and those based off of sculpting are mostly static (the only excep-
tion being because there are several sculptures in the scene [11]),
as a sculpture usually stays in one place.

Finally, for the CP dimension, every project could, on a tech-
nical standpoint, support collaborative features. Whether it is a
single-user or multi-users instrument mostly depends on either
the choices made by the designers, or by some technical or mate-
rial limitations (building several instruments, adapting the setup
to a venue...).
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4 Studying the Divergent Design of two
XRAVIs

In order to gain insights on and provide guidelines for the design
of XRAVIs, we investigate the design and practice of two diverg-
ing instruments, analysed through our proposed framework.

4.1 Methodology

We followed a collaborative autoethnographic approach [24] to
study the evolution and appropriation of two divergent versions
of an instrument. Two of the authors therefore each designed and
practiced a version that focused on a different modality (visual-
first and audio-first), in order to ensure contrasting choices and
to nourish the discussions and analyses. Our approach was to
rely on the corresponding existing artistic practice of the authors
(mostly visual/graphical and mostly musical) in order to inform
the analysis.

The author who worked on the audio-first XRAVI has been
playing music for more than 20 years (+ 10 years of acoustic
drums), with electronic drum pads and live-looping, with aug-
mented acoustic drums and with Extended Reality Musical In-
struments, mostly in structured improvised performances.

The author who worked on the visual-first XRAVT has been
drawing for over 15 years using various techniques (pen, pencils,
alcohol markers, various inks, pastels, watercolour, acrylic paint)
and has followed academic courses on art and its history.

The study lasted 5 months. Both authors did at least two indi-
vidual design and practice sessions per week, between September
15th 2025 and January 20th 2026. Once a week, the two authors
filmed a video of the current version and met to discuss and log
all changes made to the instruments, newly discovered playing
techniques and gestures, difficulties/issues, planned or desired
changes and improvements.

4.2 Initial Shared Prototype

The initial shared prototype relies on the MagneTip instrument
[9]. MagneTip relies on a "disassembled speaker" (Figure 2), with
a flat coil layered on a membrane in which the amplified audio
signal is sent and creates an oscillating magnetic field, and a
magnet that the musician moves closer to the membrane in order
to generate mechanical oscillations and therefore sonic output.
The membrane is glued on top of a wooden resonant cylinder.

It is implemented with a Meta Quest headset (versions 2 and 3
were used). One of the controllers is attached to a physical device
held in the user’s non-dominant hand, while the other hand
holds the stylus with the magnet. The sonic output and other
interactions with the box are captured via a piezo transducer
placed below and in contact with the membrane.

The software was developed using the IVMI-builder frame-
work that relies on the Godot game engine and Pure Data [4].

The initial instrument therefore provides as inputs: controller
and head positions and orientations, interaction with the but-
tons and joystick on the controller, audio input from physical
interaction with the membrane and box. Outputs are: 3D visual
rendering, sound output to the box membrane, sound output to
an external speaker.

4.3 Final Version of the Audio-First
Instrument

For the audio-first version of the instrument, the goal was to
obtain an expressive tool for improvised musical performances,
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Table 1: How different audio-visual instruments fit into the framework

Instruments PVT PST AVT AST

Air Maestros [29] Medium  Unspecified Medium  Unspecified
AirSticks [13] Medium  Medium Medium  Medium
Ashitaka [25] Low High Low High
Cymbalism [37] Medium  High Medium  Medium
DLC [30] Medium  Unspecified Medium  Unspecified
DSMR [28] Medium  Unspecified Medium  Unspecified
Entangled [18] Medium  High Medium  High
GeKiPe [8] Low High Medium  High
MagneTip [9] Medium  High Low Medium
Musical Brush [39] Low Unspecified Low Unspecified
Reflets [5] Medium  Unspecified Medium  Unspecified
Sound Sculpting [26] Low Unspecified Low Unspecified
Virtual Pottery [11]  Low Medium Low Medium

IMe IMo IMM Cp UoS
Shooting Gesture recognition ~ G->VS Multi-users ~ Continuous
Moving Gestures G->S->V  Single-user  Static
Sculpting  Gestures G->VS Single-user  Static
Percussion ~ Gestures G->VS Single-user ~ Continuous
Drawing Gesture recognition  G->V->S  Multi-users ~Continuous
Drawing Gesture recognition G->V->S  Multi-users ~ Zones
Moving Buttons G->VS Multi-users  Continuous
Moving Gesture recognition ~ G->VS Multi-users ~ Zones
Drawing Sound input G->S->V  Single-user Continuous
Drawing Buttons G->VS Single-user ~ Continuous
Revealing  Spatial position G->VS Multi-users  Continuous
Sculpting  Footswitch G->V->S  Single-user  Static
Sculpting  Spatial position G->VS Single-user  Zones

Membrane+Coil

Controller holder

Audio

Piezo+Foam Input/Output

Figure 2: Initial instrument. Top: laser-cut resonance box
and engraved membrane with coil. Bottom: connections to
the coil as an audio output, and from the piezo pressed on
the membrane as an audio input

Sound Set +
Audiovisual
persistence

Foam+Metal [[FS
tapping zones

-
~

Figure 3: Physical and visual modifications in the audio-
first instrument. Top left: added materials for extended
interaction with the audio modality. Top right: visual feed-
back on the UoS with sound slices and buttons as IMo.
Bottom left: sonic and visual persistence is controlled with
the joystick or audio onsets, it allows for building audio-
visual landscapes. Bottom right: hovering and scratching
the membrane generates a variety of audio spectrum and
visual strokes.

based on the exploration of a sonic space which would result in
visual (i.e., 3D brush strokes) and musical traces.

In order to increase the sonic capabilities of the instrument, the
box and stylus were both modified, as shown in Figure 3. Foam
and metal pieces were glued to the box, so that they can be used
to play rhythms by tapping with the index and middle fingers of
the non-dominant hand. The stylus was modified so that both
ends can be used, i.e., with a magnet but two different materials:
scratch and foam. This allows for the mix of percussive playing
techniques with the exploration of the electromagnetic field cre-
ated by the coil. Consequently the membrane was reversed so
that the thin layer of copper is not damaged when tapping and
scratching the membrane. For such interactions to be possible,
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the instrument is displayed in Mixed Reality, so that fine grained
interactions on the membrane are clearly perceivable.

The explored sonic space is a cylinder (height = 2m, radius =
1m) centred on the musician. Sounds played using granular syn-
thesis are assigned to slices of the cylinder (i.e, each within
an angle interval), meaning that moving the controller around
the musician’s position allows for crossfading between sounds.
Within each slice, the vertical position of the controller moves the
offset of the granular synthesis within the sound. A button press
on the controller changes between cylinders, i.e., between sets
of sounds. A variable audio delay effect is applied to the sound
captured on the physical box. Delay duration is either defined
according to inter-onset duration, or at a fixed value changed
with the controller’s joystick. This allows the musician to build
more complex phrases and rhythms, with either variable or fixed
tempos.

As shown in Figure 3, the visual output of the instrument is
driven by both the gestures and the sound: the spectrum and per-
ceptual features extracted from the captured sound are mapped
to the appearance of the strokes, while the stroke’s position is
mapped to controller’s position. As seen in Figure 1, the pitch,
brightness and noisiness features are respectively mapped with
the hue, luminance and saturation of the stroke’s colour. The
overall shape, in layers from the centre of the stroke, depends
on the spectrum of the sound, divided in 12 frequency bands.
Drawing is activated when the sound loudness is above a defined
threshold. The visual persistence of the 3D strokes delay feed-
back is mapped to the delay duration, so that the "sonic" strokes
remain audible roughly as long as the visual strokes are visible.

Additional visual feedback includes delay control mode/duration
and cylinder/sound set number shown on the controller, and the
limits of cylinder slices/sounds and hand angle/distance shown
on the floor, as seen in Figure 3.

A large variety of gestures and playing techniques were de-
veloped during the design process, some of which are shown in
Figure 1. This includes: 1) hovering at various positions above the
coil to explore the electromagnetic field and modulate the ren-
dered sound; 2) tapping/scrubbing the surface with the two tips
of the stylus for changes in noisiness and brightness; 3) repeating
a musical phrase by following previous visual strokes, while in-
troducing variations on positions or on physical interactions; 4)
alternating between fast changes in sounds and visuals with the
controller close to oneself and large strokes in the same sound
with the controller further away; 5) visually and sonically fill-
ing the space with slow movements and loud sounds; 6) moving
the head forward to displace the cylinder and be able to switch
between sounds with circular gestures.

4.4 Final Version of the Visual-First
Instrument

For the visual-first instrument, the goal was to create an envi-
ronment that could be explored using the device, with strokes
leading to various effects on the space and on the sound.

In order to immerse the user inside the environment, it is
displayed in VR. The background is fully black, with white pillars
randomly positioned in a circular pattern around the starting
position. There are two lights inside the environment (under and
slightly above the pillars to create depth), and they are dimmed
according to the current visualisation.

For the exploration, four shaders were designed (with exam-
ples available on Figure 4):
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Figure 4: Visual-first instrument: images of the differ-
ent brush modes. From top left to bottom right: Glow,
Passthrough, Chromatic and Thunder.

(1) Glow: The strokes are white and made of an emissive
material. White, sparkle-like particles are emitted from
the brush when drawing. In this mode, all the environment
lights are turned off. The brush and the strokes are the
only elements producing light (with varying tints based
on spatial position for the strokes).

Passthrough: All the environment lights are turned off,
leaving the background to be fully black. When drawing,
the shader relies on the shadow to opacity Godot blend
mode, which is designed to merge the physical and virtual
spaces together. This reveals the physical space onto the
strokes as if tearing the background open.

Chromatic: This shader uses a stencil buffer to reveal el-
ements (cubes) hidden inside the space (fully lit). The
strokes appear transparent, but they also distort the envi-
ronment behind them with a chromatic effect (red, green
and blue hues). Only the hidden elements are not affected
by it, setting them apart from the pillars.

Thunder: The strokes resemble deep blue lightning bolts.
The shader is dynamic, meaning that the thunder effect
moves over time. Same as for Glow, particles are emitted
from the brush. The environment is fully lit.

(2

~

3

=

@

=

For all the visualisations, three temporalities (short, medium
and long) can be chosen by clicking on a controller’s button. This
implies a fading effect on the strokes, as they are not persistent.
For all the visualisations except Passthrough, which shrinks by
getting thinner, a dissolving effect is applied (see Figure 4 with
the Chromatic brush).

As for the sound, made using granular synthesis, it draws a
direct inspiration from the visuals, in order for the two compo-
nents to match. The gestures also have an effect on the resulting
sound. It is described as follows:

(1) Glow: The sound is high pitched, with delay and rever-
beration to make it sound smoother. The height (i.e., the
Y-axis) of the brush creates slight variations of the pitch,
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Visual-First

Figure 5: Timeline of per-week changes for each instrument organised by dimensions of the XRAVI framework

and the speed of the brush has an effect on the distortion

(the faster it gets, the more distorted it becomes).

Passthrough: The physical environment’s sounds are am-

plified with added reverberation and delay.

(3) Chromatic: The sound resembles a low pitched white noise,
with the addition of delay to make it seem like the space
has echo. There is a pulsing effect that indicates the prox-
imity with some of the hidden objects. The height of the
brush changes the pitch.

(4) Thunder: The sound has a low pitch, somewhat granular,
with reverberation and distortion for it to mimic actual
thunder. The speed of the brush has an effect on the distor-
tion (the faster it gets, the less there is), and the position
of the brush on the Y-axis changes the pitch.

(2

~

4.5 Analysis of the Design Process

Figure 5 shows which dimensions were modified during the
design process for each versions of the instrument, and Table 2
details values for the final dimensions. The analysis of the design
process is detailed in the next sections.

4.5.1 Performer Visual Transportation. For the audio-first instru-
ment, the PVT was defined from the start as very low in order to
preserve visibility over the physical instrument and fine-grained
gestures which can be performed on and above the membrane.
For the visual-first instrument, the PVT was the first considera-
tion, since putting the environment in complete VR defined its
main aesthetic. It was updated a few times during the design
process, as the idea on how the environment would look like
evolved over time.

4.5.2  Interaction Metaphor. The audio-first instrument remained
focused on the drawing metaphor, therefore the IMe was not
modified. For the visual-first instrument, an additional IMe was
designed at the beginning. It allowed users to replay the sounds
by moving the device around the strokes. However, it ended up
being scraped, as it did not fit within the project as a whole.

4.5.3 Interaction Modalities. In the audio-first instrument, the
IMo underwent the following modifications: onsets from tapping
the box were used to control the audio-visual persistence of the
strokes; new scrubbing and tapping techniques with the modified
stylus and box; buttons and joystick to control sound synthesis
parameters. Multiple weeks were dedicated to refining practice

with new gestures, and controls at the end were added very incre-
mentally, once it was clear that they were really necessary. For
the visual-first instrument, the IMo was changed at the beginning
to add an interface, made visible using a button. It allowed to
disable the fading of the strokes and to erase the canvas. A few
additional options were planned, but the idea was abandoned af-
ter a few weeks, since it would have added too much complexity
to the overall design.

4.54  Inter-Modalities Mappings. In the audio-first instrument,
although the interaction between gestures, visuals and sound
was clear from the start, it was refined and amplified over time.
The extracted audio features and the sound to visual mappings
were often modified, so that the visual output correctly reflects
changes in the perceptual features of sounds captured by the
piezo. For the visual-first instrument, the IMM was the most
explored dimension, as the interaction relied on the relationship
between the gestures and the visual outcome.

4.5.5 Use of Space. In the audio-first instrument, the UoS be-
came an important aspect as it allows for the selection of sounds
and for granular synthesis parameter control. Over time the po-
sition on the Z-axis was removed from the mappings, but sets of
sounds associated with corresponding subdivisions of space were
made changeable. For the visual-first instrument, the UoS was
tweaked a few times, as there are zones that change the active
audio-visual effects. Once the code was correctly defined, there
was no need to touch it anymore.

4.5.6  Performer Sonic Transportation. In the audio-first instru-
ment, the PST was defined from the beginning and did not change,
because the system already allowed for both local (with the phys-
ical box) and global sound diffusion. For the visual-first instru-
ment, the PST was defined at the very end of the design process,
because the sounds were added only when the visual side of the
instrument was considered final (since the sonic aspect serves the
purpose of grounding the visuals into the virtual environment in
a cohesive way).

4.5.7 Unused dimensions. For both prototypes, some dimensions
were not explored in the design process. Audience considerations
were not situated at the core of the instrument, since no actual
performance could be planned until we had a functioning pro-
totype. Since both instruments work with an XR headset (and
therefore will rely on projecting the performer’s view to the au-
dience), the AVT will most likely be low. The AST will depend
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Table 2: How the audio-first and visual-first instruments fit into the framework

Instruments PVT PST AVT AST
Audio-first Medium High Low
Visual-first High High Low

on a venue’s logistics, but a medium transportation should be
expected (hence the values reported in Table 2). Collaborative
possibilities were not explored, as both versions of the instrument
focused on a single-user use case.

5 Discussion

From our review of existing instruments and the analysis of the
design process of our two instruments, we derive insights and
guidelines for the design of XRAVI

5.1 Design through Dialogue and Interactions
between Modalities

In both instruments, one can observe a dialogic rather than syn-
chronous process between audio and visual modalities during
design [40], i.e, one modality was designed as a response to the
other.

In the audio-first instrument, visual strokes served first as a
guide for the sonic exploration of the physical space. Only when
this aspect was sufficiently refined, in that case with the correct
transparency settings to see overlapping strokes, that the focus
changed to making sure that the visuals reflected expressively
what was happening in the sound. Strokes were eventually made
larger and longer lasting in order to make the visuals more salient
and improve the balance between audio and visual output. In the
visual-first instrument, the sound was used to add depth to the
visual effects and ground them into the environment. As a result,
it is only when a clear idea of the visual direction emerged that
the sonic aspect of the instrument was explored.

In both cases, one can therefore observe different interactions
between modalities, which evolve over time. We believe that this
relation, through the IMM dimension of our framework, should
be regularly examined during the design process.

5.2 Tensions between the Interaction
Dimensions during the Design Process

As they are built from a shared prototype, both the audio-first and
the visual-first instruments had pre-defined IMe (drawing) and
IMo (magnet-coil interaction), in order to create a clear direction
that they could each explore. The IMe and/or IMo then had an
influence on the IMM, but also the UoS (as the IMe impacts how
a performer moves around the space, see Section 3.3).

It is therefore both the IMM and the UoS that have made the
variations between the prototypes more apparent. It can be seen
on Table 2, and especially on Figure 5, where the IMM and UoS
were frequently changed in each instrument’s timelines. It is only
in the audio-first case that the IMo also evolved over time, as it
was used to add playing techniques, which was not necessary in
the visual-first instrument.

We therefore believe that the dimensions of the framework
should be considered together, through their tensions and con-
flicts, when designing an XRAVI.

Medium

Medium

Gruy et al.
IMe IMo IMM CpP UoS
Drawing Sound G->S->V Single-user ~ Zones
Drawing Sound G->VS Single-user  Zones

5.3 Consider both Visual and Audio
Transportation

Contrary to non-immersive audio-visual instruments, XRAVIs
enable immersing both performers and audience members in the
produced visual and sonic content. Instruments from the liter-
ature tend to restrict these dimensions to lower values, which
could be due to technical constraints, aesthetic choices or a lim-
ited exploration of immersive content manipulation.

In our case study, the visual-first instrument had a stronger
(i.e., fully virtual) PVT than the audio-first instrument. This can
be explained by stronger possibilities of manipulations of the
visual environment in a virtual reality setting on one side, and
by the need to preserve the perception of physical gestures on
the other side.

Transportation also constitutes an issue for the audience which
will require further research, either through dedicated, or shared
devices [5]. This is especially the case with XRAVI that rely on
headsets. Using our framework, one could imagine exploring
instruments where the UoS corresponds to different scales to
view a virtual content: e.g., the performers could interact with
a miniature audio-visual scene (with low PVT and PST), which
appears at a much larger scale for the audience (with large AVT
and AST), surrounding them.

5.4 Envisioned Long-term Application of the
Framework

The audio-first instrument has now reached a playable state,
from the author’s point of view. The framework was useful in
making sure both visual and sonic aspects were equally rich.
The main issue for performing with the instrument will be to
ensure a sufficient diversity of audio-visual content to enable long
structured improvisations. While sounds, and eventually audio
effects, can easily be added, in the current form of the instrument,
the produced visual content will not be versatile. This will require
more investigation of the IMM and UoS dimensions, for example
with visual mapping presets or spatial zones.

The visual-first instrument has built a reasonable amount
of visual content to experience, although there can always be
more possibilities (visual and sonic) to be added. The framework
has helped to raise concerns on the audience experience, and
how to include them in a setting that is, equipment-wise, more
fitted to a single-user. This could take the form, for the AST, of a
spatialised sound setup. As for the AVT, the virtual content could
affect the physical space without explicitly showing the virtual
elements, thus creating a diverging experience for the performer
and the audience, and bypassing the issue linked to the headset’s
viewpoint.

Finally, although the framework was validated through the
analysis of existing instruments and of our own design process,
we expect that in the long run, the dimensions might need to be
revised, or even added/removed, depending on evolving practices
and on changes in technologies.
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6 Conclusion

In this paper, we defined the concept of Extended Reality Audio-
Visual Instruments (XRAVI), and proposed a framework for their
analysis and design, based on previous literature.

Following this, we presented the design of two XRAVI, di-
verging from the same prototype, to each focus on a different
modality. This way, we were able to see how the focus on a
specific modality above the other can influence the design pro-
cess and the resulting instrument. We analysed the evolution of
both prototypes according to our framework, provided a detailed
discussion on the design choices, and proposed guidelines for
the creation of XRAVI. Future work will focus on refining the
instruments and the framework through long-term practice.

7 Ethical Standards

This research was conducted using public University funding
for the equipment. One ethical issue comes from the use of pro-
prietary headsets (Meta Quest), which cannot easily be main-
tained and for which the conditions of production are unknown.
We attempted to avoid depending specifically on this hardware,
through the use of open standards and protocols (OpenXR, Open-
SoundControl). The rest of our implementation is done using
Free and Open Source Software and will be released under a
free license, including the hardware, with instructions on how to
rebuild. In future versions, these instruments will also be imple-
mented using more maintainable technologies such as projectors
and cameras.
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