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ABSTRACT  
In this paper, we propose a novel interactive composition approach in which 
locomotion within a virtual environment is used as a means to trigger 
predefined sound events, attenuations of sound parameters, immersive 
sound spatializations, and reverberations. To implement such an approach, 
we developed a virtual environment consisting of a large auditorium shaped 
like a nautilus, where users move via handheld controllers. We tested the 
proposed virtual environment and composition approach by conducting a 
user study with 15 expert composers, where we compared the 3 locomotion 
techniques most used in VR to move in a 3D virtual space using a handheld 
controller: continuous (i.e. walking), discrete (i.e. teleporting), and mixed 
movement (i.e. walking and teleporting). Our results showed a preference for 
the mixed locomotion technique. We provide a critical re1ection on such a 
result as well as on various insights that arose from the composers’ comments.
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Introduction

The last twenty years have witnessed a con-
siderable expansion in artistic and scientific 
research using the Extended Reality (XR) med-
ium in the music scenario. This expansion has 
led to the development of a new research area 
referred to as Musical XR, which includes all 
interactive music processes in virtual and aug-
mented environments (Turchet, Hamilton, and 
Çamci 2021). Moreover, recent developments 
in Virtual Reality (VR) technology have 
brought back interest in techniques related to 
spatial audio, such as Ambisonics and binaural 
audio, which oMer significant advantages for 
immersive audio experiences (Çamci 2019).

In general, audio design in VR experiences 
should be dynamically generated, contain 

forms of interaction, and be immersive (Ather-
ton and Wang 2020). Typically, the 3D inter-
action techniques that the user in VR can 
experience are divided into locomotion, selec-
tion, manipulation, and application control 
(Berthaut 2020). During the last decade, several 
systems related to musical composition in vir-
tual environments (VEs) have emerged that 
would consider these interactions. Neverthe-
less, to the best of the authors’ knowledge, no 
work in the literature on VR has considered 
locomotion as an interaction tool for generat-
ing and managing music composition by com-
posers as well as for allowing users (intended as 
listeners) to explore the composition at their 
leisure, becoming a sort of active performer 
of the composition itself. With the term 
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locomotion, we refer to the fact that the user 
can move freely in any direction in the VE.

The objectives of this study are threefold. 
First, we aim to propose a novel, replicable 
approach for sound designers and composers 
to create interactive compositions for VR 
based on the user locomotion technique. 
Second, we aim to assess which is the most pre-
ferred locomotion technique for both compos-
ing and exploring the open-form musical piece 
we created. Third, we aim to understand the 
composers’ user experience interacting with 
the developed system.

A video showcasing our system in action is 
available online1. Our approach leverages the 
user’s locomotion to trigger diMerent compo-
sition layers in real-time and manage specific 
sound parameter attenuations, which involve 
amplitude, spread, focus, filtering, reverbera-
tion zones, and immersive sound spatialization 
techniques dependent also on the user’s head 
movements. We refer to our proposed 
approach with the term ‘composition’ because 
it relates to sound material organization, inter-
active creation, and open-form structure. By 
the term ‘open-form’, we refer to the fact that 
the overall structure of the piece we have com-
posed with our approach is an open-form, in 
the sense that the music and sounds employed 
change each time the piece is played because 
they depend on the user’s position in the VE. 
This type of art format (i.e. open-form) is clo-
sely associated with the concepts of nonlinear 
interactive music and sound design inspired 
by game audio methodologies (Zdanowicz 
and Bambrick 2019).

The user, by moving around, triggers the 
predefined set of sounds and also manages 
the predefined attenuation curves of various 
parameters, which we explain in detail in this 
paper. By the term ‘predefined’, we denote 
that the sounds and the parameter settings of 
the attenuation curves are determined by the 
authors of this paper and are triggered by 
user interactions. Consequently, users do not 
generate or compose the sounds themselves.

By means of locomotion using handheld 
controllers, the user becomes an active perfor-
mer, as the whole composition approach is 
directly linked to the user’s behaviour. User 
locomotion brings diMerent structural func-
tions that change according to the individual 
experience because each user makes diMerent 
movements and routes. We provide an evalu-
ation of our approach to composition by gath-
ering insights from the experience of 15 expert 
acousmatic music composers interacting with 
the developed system. In addition, we also pro-
pose the evaluation of the role of locomotion 
techniques in VR music composition, studying 
and investigating which locomotion technique 
is preferred for composing and exploring a 
musical piece. Specifically, we compared 3 
diMerent locomotion techniques that can be 
carried out in VR using a handheld controller: 
the first is the classic walk, which we refer to as 
continuous locomotion movement; the second 
is the possibility of teleporting from one point 
to another of the VE, which we refer to as dis-
crete locomotion movement; the third, referred 
to as mixed locomotion movement, is a mix 
between the two, where users are given the 
freedom to choose between walking, teleport-
ing or using them simultaneously. Our investi-
gation was driven by two main research 
questions: 

1) How can we design a system to generate 
music by user locomotion in VR?

2) What are the most preferred locomotion 
techniques to explore an interactive compo-
sition in a VR environment?

To address these questions, we conducted 
the user study described above, where we 
investigated further aspects such as the design 
we proposed, the advantages/disadvantages of 
this design, the agency in controlling the diMer-
ent parameters proposed, and more general 
aspects regarding sound organization and 
localization.
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Additionally, we investigated cybersickness, 
often referred to as visually induced motion 
sickness in VR environments, characterized 
by symptoms such as nausea and headache 
(Kwok, Ng, and Lau 2018). This dimension 
was investigated because previous studies 
have found that such locomotion techniques 
we used can cause this phenomenon (Mayor, 
Raya, and Sanchez 2019).

2. Related works

This Section describes the previous related 
works from which we have drawn inspiration. 
We have divided it into two parts: the first 
describes the locomotion techniques most 
commonly used in VR; the second part focuses 
on previous works related to creating musical 
experiences using locomotion and similar 
techniques.

2.1. Locomotion techniques in VR

Several locomotion techniques are currently 
available in VR, and the one that delivers a sig-
nificant immersive experience is ‘real’ or ‘natu-
ral’ walking (Slater, Usoh, and Steed 1995; 
Steinicke et al. 2013), which means that a user 
physically walks around the space without 
using additional controllers (see e.g. Turchet, 
Burelli, and Serafin 2012). However, natural 
walking is not widely used because the size of 
the positional tracking area bounds it, or it 
entails the usage of complex, cumbersome, 
and costly systems such as omnidirectional 
treadmills (Lohman and Turchet 2022). In 
addition, in several situations VR users do 
not have as much physical space to move freely, 
and because of these space constraints, artificial 
locomotion techniques delivered via control-
lers have been increasingly used (Liu et al. 
2018).

Nevertheless, various locomotion tech-
niques have been developed in the last decades, 
such as Walk-in-Place (Steinicke et al. 2013), 
,ying (Robinett and Holloway 1992), 

redirected walking (Freitag, Rausch, and Kuh-
len 2014). The reader is referred to the works 
presented by Bozgeyikli et al. (2019) and 
Zayer, Paul, and Eelke (2018) for in-depth sur-
veys and comparisons of the most common 
locomotion techniques utilized for room- 
scaled tracked areas. As these surveys show, 
the most common locomotion techniques cur-
rently utilized in VR are continuous (i.e. using a 
handheld controller for moving in a walking 
fashion) and discrete (i.e. teleporting). The 
work presented by Riecke and Zielasko (2021) 
discussed in detail the benefits and disadvan-
tages of using such techniques for diMerent 
VR scenarios. However, to the best of the 
author’s knowledge, no study has thus far 
tested the preferences of locomotion tech-
niques concerning exploring the open-form 
type acousmatic composition in VR.

2.2. Locomotion techniques in musical 
contexts

A substantial work that we were inspired by to 
create this study is Versum (Barri 2009b), 
where the author presented an audiovisual 
sequencer for creating diMerent audiovisual 
works. For example, in the audiovisual work 
created with Versum entitled Lought (Barri 
2009a), the user could ,y and, therefore, 
move via a joystick within an abstract virtual 
world, and every entity (sphere or line) present 
in this abstract virtual world produced a single 
sound. The closer the user got to each entity, 
the louder the sound. However, our work is 
very diMerent from that proposed by Barri, as 
the author did not use VR as a means of frui-
tion. Versum was designed to create sound and 
visual eMects in a 3D environment as a new 
form of artistic practice. Our work instead 
aims to investigate the best locomotion tech-
nique from those most used in VR to explore 
a musical piece we created with our approach. 
It also aims to oMer a detailed technical descrip-
tion to allow for the replication of our approach 
from composers and sound designers. 
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Furthermore, our work was tested by compo-
sers during the evaluation phase, aiming to 
bring insights regarding the use of locomotion 
techniques for the exploration or creation of 
interactive musical pieces in VR environments.

Another example is SongVerse (Costa et al. 
2019). The authors of this system have created 
a VE where it is possible to compose loop- 
based music by selecting and manipulating vir-
tual objects represented in the form of stars, 
satellites, and planets, which enable the cre-
ation of a complex musical composition. 
Another example is the Wedge (Moore et al. 
2015). The authors developed a VR interface 
for composing and playing custom music com-
positions where the user must use a 3D virtual 
keyboard formed by cubes representing the 
diMerent octaves of the musical system to com-
pose. Another composition work is Maps and 
Legend (Hamilton 2008), which tracks users’ 
virtual positions and activity data within a 
VE. By streaming these data over a network, 
the actions and paths performed in the VE gen-
erate a music content output in a real physical 
room. In this case, locomotion and movement 
interactions within the VE occur via keyboard 
and mouse.

However, except for Barri’s work, these two 
systems use interaction forms related to selection, 
manipulation, and application control. Only one 
uses locomotion performed through classical 
input, such as a mouse and keyboard, to generate 
musical materials in a real environment.

Another interesting work is the one devel-
oped by Wozniewski, Settel, and Cooperstock 
(2006), where authors developed several more 
natural controls (e.g. head rotation and move-
ments) that allow one to manage diMerent 
spatial sound parameters. Such a work has 
some similarities with the sound mapping 
strategies used in the present study. However, 
it does not deal with locomotion as a technique 
for creating a musical composition and explor-
ing a musical piece.

Another essential example is the VR work 
presented by Naef and Collicot (2006). Such 

work allowed the user to position the sound 
sources at will in the 3D space and change 
their relative sound spatialization. However, 
our work follows another paradigm since it 
does not give users the freedom to position 
the sounds as they wish. Still, our work aims 
to assess the preferred locomotion technique 
by composers to explore our musical piece 
actively and whether our proposed approach 
to the interactive composition may be of inter-
est to composers. Furthermore, during the user 
study, we investigated whether the precise 
localization of the spatialized sound sources 
arranged in the VR environment changes per-
ceptually with the variation of the locomotion 
techniques tested.

The last important example we want to 
cite is the one developed in the PHASE pro-
ject proposed by Cahen, Rodet, and Lambert 
(2005), where authors used gestural control 
with haptic, visual, and sound feedback to 
achieve the goal of playing music. However, 
this work diMers from ours for the purpose 
since we were more interested in studying 
how and what the best form of locomotion 
that the user can perform in our proposed 
VR auditorium to explore the composition 
at will and what it elicits from the compo-
sers’ perspective during the evaluation about 
this form of composition’s exploration and 
approach.

3. Design

To address the two research questions outlined 
in Section 1, we first created a 3D model of a 
large auditorium. Externally, the auditorium 
resembles the shape of a nautilus, while 
internally it is designed to function as a large 
venue for music listening or organizing 
Musical XR concerts. We selected a virtual 
auditorium because we wanted to simulate a 
conventional mode of musical fruition, which, 
in reality, usually takes place in theaters and 
auditoriums. In addition, an auditorium 
represents an ideal virtual place to install a 
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spatially distributed virtual loudspeaker sys-
tem, as detailed in Section 3.2.

3.1. The nautilus-shaped auditorium

We divided the whole nautilus-shaped auditor-
ium into two parts: the first part is that of the 
foyer, and the second part is that of the central 
area of the auditorium, where we installed the 
diMerent virtual loudspeakers. To get to the 
foyer, the user has to enter through an entrance 
tunnel to the auditorium (see Figure 1). After 
the foyer, the user descends via virtual steps 
into the auditorium’s central part to experience 
our composition approach.

3.2. The spatially distributed virtual 
loudspeaker system

We developed a network of 32 virtual loud-
speakers within our auditorium, each with dis-
tinguishable shapes and sizes. The design of 

these virtual loudspeakers was inspired by the 
loudspeakers commonly used in a real acous-
monium, which is a sound system consisting 
of various groups of loudspeakers spatially dis-
tributed and diMering in construction sizes and 
shapes (Kermit-Canfield 2016). After designing 
the virtual loudspeakers, we positioned them 
with diMerent orientations in the auditorium’s 
main central area. We located each loudspeaker 
at a distance ranging from 20 to 60 meters from 
the other to cover the main central area (see 
Figure 2).

In detail, we positioned 16 virtual loudspea-
kers on the auditorium ,oor, an octophony of 
loudspeakers positioned at the height of 3 
meters, and another octophony of loudspea-
kers positioned on the ,oor at the end of the 
auditorium, where there are some arcades. 
This area represents the end of the auditorium, 
where we have implemented 8 arcades that are 
not widely spaced with each other and can be 
crossed by the user. For this reason, this is 

Figure 1. Screenshot of the 3D model of the entire nautilus-shaped auditorium, with the indication of the di0er-
ent areas corresponding to the entrance tunnel, foyer, auditorium, and the auditorium’s final part formed by the 
arcades.
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the only space where we have deliberately 
placed the 8 loudspeakers closer together, one 
for each arcade. Our vision was that inside 
the auditorium, our virtual sound diMusion sys-
tem had the role of increasing the sense of 
immersiveness and playing a fundamental 
role in the composition processes that we detail 
in Sections 4 and 5.

3.3. Interaction design and pilot study 
regarding two parameters of the XR 
Interaction Toolkit

We aimed to develop a single-user VR system 
with first-person viewing. We used the Meta 
Quest 2 head-mounted display (HMD), con-
nected to the computer via the Meta Quest 
link cable. Each user managed the locomotion 
via the Meta Quest 2 handheld controller. In 
the continuous technique, we used the control-
ler thumbstick to manage the directionality and 

walking in the VE. In the discrete technique, 
however, the user chooses the point to teleport 
by simply moving her/his head, looking for the 
point with the controller, and then using the 
trigger button to carry out the actual teleporta-
tion toward the point s/he has chosen. In the 
mixed technique, the user utilizes the controller 
thumbstick to walk in the VE as in the continu-
ous technique, but s/he simultaneously could 
teleport as in the discrete technique. In the dis-
crete and mixed techniques, the user always had 
an active raycast showing the arrival point of 
the teleportation.

To analyze the walking speed and length of 
the raycast, we performed a pilot study with 3 
expert composers. They were left the freedom 
to choose the walking speed in the range of 1– 
10 of the XR Interaction Toolkit Unity’s com-
ponent used for developing the locomotion 
techniques in our system. The composers 
chose the value 7 in the ‘Speed’ parameter of 

Figure 2. A screenshot of the main auditorium central area where it is possible to see the di0erent loudspeakers 
that were located on the floor at a distance ranging from 20 to 60 meters. Moreover, it is possible to see some 
loudspeakers (those circled in green) of the octophony positioned at 3 meters high.
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the walk, which represents the speed, in units 
per second, to move forward. They reiterated 
that, in their opinion, it was the best walking 
speed to experience the composition. In 
Unity, the unit of measurement is the meter, 
and a value of 7 denotes a speed of 7 meters 
per second. While this value might initially 
appear exaggerated, it is appropriate given 
the dimensions of the nautilus-shaped audi-
torium we designed.

Regarding the length of the raycast, which 
represents the teleportation arrival point, we 
used the same Unity toolkit, and we left the 
pilot study’s composers the freedom to 
choose the raycast length in the range of 5– 
30 meters. They chose the 15-meter raycast 
length because, in their opinion, this was 
the correct value to carry out the experience 
accurately. In the mixed technique, we there-
fore used both values. Participants in the pilot 
study did not take part in the evaluation 
phase.

4. Composition approach

In this section, we present our composition 
approach. Nevertheless, we do not describe in 
detail how we created the sounds used for our 
open-form acousmatic composition because 
our primary intent is to make clear our general 
approach, which can be extended especially to 
electronic musical genres where the beat is 
not a predominant element (e.g. ambient, 
experimental, and acousmatic music). In gen-
eral, for creating our composition, we thought 
it was essential to think of the sound as a single 
element that always dialogues with others 
according to the user’s locomotion.

Notably, each sound object created for the 
composition is a mono signal, which is then 
encoded via the virtual Ambisonics approach 
and decoded in binaural within Wwise, as 
explained in Section 5.2. Moreover, each 
sound is also adjusted within Wwise via par-
ameter-related attenuation curves, as explained 
in Section 5.1.

4.1. Foyer

In the foyer, we leveraged the gamification 
approach (Seaborn and Fels 2015). We 
implemented a sound game where the user is 
invited to find all the hidden sounds through 
locomotion. We composed various amounts 
of simple and complex electronic sounds that 
were displaced in the space. Each user has to 
move to find and trigger the distinguishable 
sounds positioned in diMerent places. For the 
realization of the simple and complex sounds 
and the organization of the sound material in 
the foyer, we followed the subsequent compo-
sition design choices: 

1. To verify and listen to the simultaneous 
activation of several sounds. During this 
phase, it was essential to work with sounds 
in the Digital Audio Workstation (DAW) 
regarding filtering (equalization) and 
dynamics to avoid reaching too high a 
loudness;

2. To avoid using reverb or panning eMects 
within the DAW, as these were 
implemented, with due precautions, within 
the Unity-Wwise software, which we 
explain in detail in Section 5;

3. To create groups of sounds with diMerent 
simple and complex sounds more or less 
similar in timbre, allowing us to replace 
one with the other to create an interactive 
aleatory musical system. This point is help-
ful to achieve a sound bank that is always 
ready for variation and also avoids the per-
ception of a loop by the user.

This third point could probably be equal to 
the concept of ‘Aléa’ (Trenkamp 1976), as in 
the example of the composition Serenata per 
un Satellite by Bruno Maderna. In that compo-
sition, each performer has freedom of choice 
and plays a central role within the composition 
and performance itself because each performer 
can select and play diMerent parts of Maderna’s 
score. In our case, the performer is the user 
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who must find and activate the sounds by walk-
ing or running near or over the diMerent 
sounds staged in the foyer; consequently, the 
experience and the produced sounds change 
every time based on the diMerent movements 
of the user.

4.2. Auditorium

In the main auditorium, we developed specific 
internal compositions, one for each loudspea-
ker, each formed by the union of sound tex-
tures created by diMerent electronic sounds 
dialoguing with each other. We referred to 
these internal compositions with the term 
sound object. Every sound object can dialogue 
in musical terms with the other sound objects 
positioned in the same area. In this way, there 
are two diMerent musical dialogues to consider 
in our composition: internally (e.g. the musical 
dialogue that happens from the diMerent 
sounds that form a single sound object) and 
externally (e.g. the musical dialogue that hap-
pens between diMerent sound objects). By the 
term musical dialogue, we refer to the parallel 
stream of spectromorphologically similar 
sound objects. The idea of musical dialogue 
in this work is inspired by the work of Denis 
Smalley (1997) and the book of Bruce Ellis Ben-
son (2003).

The user can freely move, explore the space, 
and listen to various sound objects by 
approaching and moving away from the virtual 
loudspeakers we placed inside. From a compo-
sition perspective, there are two sound layers: 
one consists of the octophony positioned at 
the 3-meter height, which has the function of 
always playing a sound object with the role of 
remaining as a background sound layer in the 
composition.

The other layer is related to the sounds pro-
duced by the 16 loudspeakers and the octoph-
ony positioned in the arcades. Each of these 
loudspeakers positioned on the ,oor has the 
function of reproducing its specific sound 
object. The challenging aspect of our approach 

was to make each sound object related to the 
other sound objects that the loudspeakers 
emit to create a ,uid, spatialized and well- 
amalgamated acousmatic composition. To 
overcome such a challenge, we organized and 
created sound objects by taking into account 
the following two composition design choices: 

1. Each virtual loudspeaker must have its tim-
bre, mix, and unique sound object. Each 
sound object may last from a minimum of 
1→ minute to a maximum of 2→30→→ minutes;

2. Every relationship between sound objects 
should try to make the listener perceive a 
sort of union and continuity so that the lis-
tener understands that these sound objects 
are all part of the same unicum and that 
they are all tiny fragments of the same 
piece. This criterion refers more to musical 
genres where the synchronization between 
the various sound layers must not be essen-
tial or depend on the precision of temporal 
control like other genres (e.g. rock, folk, 
hip-hop, techno).

3. Each sound object must have its internal 
composition form; when more than one is 
reproduced, they form the global compo-
sition form. This form’s dual classification 
is fundamental because it refers to the 
user’s freedom, placing the user active 
with diMerent abilities to choose from 
within the experience.

In this manner, each user can interact with 
each sound object in two ways (see Figure 3). 
First, the user can listen and interact with it 
individually, positioning near each loudspeaker 
to listen to each specific sound object. Second, 
the user is free to move around the space and 
discover the global composition, listening to 
the sum of multiple sound objects emitted 
from multiple loudspeakers. The relationship 
between multiple sound objects must, in turn, 
contribute to creating the composition’s global 
form. However, the global form is entirely 
shaped by user locomotion, while the user 
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cannot shape the internal form of each sound 
object. On the other hand, with these modes, 
the user shapes the temporal structure of the 
whole composition. Furthermore, each user 
hears the global composition diMerently 
because the sum of the diMerent sound objects 
depends on the user’s position and the sound 
parameters that the user attenuates and mod-
ifies, which we explain in Section 4.

5. Technical implementation

This section describes all the technical steps we 
performed to develop our system. Firstly, we 
developed the 3D model of the nautilus-shaped 
auditorium with the Autodesk Maya software. 
Subsequently, we imported it as an FBX file 
into the Unity software, where we managed 
all the VE, such as the terrain, the sky, the vir-
tual loudspeakers, and all the textures and 
lights. An FBX file is a kind of 3D model file 
made utilizing Autodesk FBX software, such 

as Autodesk Maya or Blender. Secondly, we 
developed the 3D models of the diMerent loud-
speakers we used in the auditorium within 
Blender and imported them as FBX files within 
Unity. After creating the VE within Unity, we 
linked it with Audiokinetic Wwise, a software 
mainly used by composers and sound designers 
to organize and manage interactive compo-
sition, sounds, and spatial audio in video 
games and interactive media.

5.1. The use of the attenuation curves for 
controlling amplitude, filtering, spread, 
and focus in Wwise

User locomotion within the VE also triggers a 
series of attenuations concerning amplitude, 
filtering, spread, and focus that vary from 
zone to zone.

The user controls the parameters of these 
attenuations when moving near or far from a 
sound source and around it. We concentrated 

Figure 3. Screenshot explaining user interaction concerning the two di0erent types of compositions. If the user is 
in front of or near loudspeaker 1 or 2, the user hears that specific loudspeaker’s sound object (internal compo-
sition). Suppose the user is in the intersection between the two loudspeakers, which in this figure is represented 
by the number 3, i.e. the area bounded by the blue line. In that case, the user hears the global composition (sum 
of both sound objects). This rule can be extended to all other loudspeakers in the auditorium.
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on these parameters because, after several 
trials, they seemed to be the ones we needed 
most for our composition needs. In Wwise, 
the attenuations are based on the following 
properties: 

1. Distance attenuation conditions diMerent 
audio signal parameters according to the 
distance between the sound emitter and 
the user. The distance attenuation is 
defined using a series of curves;

2. Cone attenuation conditions the amplitude 
of an audio signal based on the orientation 
of the sound emitter concerning the user. 
Cone attenuation is determined using a 
series of angles defining areas in front 
of, beside, and in the back of the sound 
emitter.

Our approach utilizes consolidated game 
audio methodologies, whose description falls 
beyond the scope of this paper. Many of the 
concepts related to the implementation of 
sound attenuations in the field of nonlinear 
sound design and music, which are used pri-
marily in the video game domain, have been 
described accurately in the literature. The 
reader is referred to the works of Zdanowicz 
and Bambrick (2019), Schütze and Irwin- 
Schütze (2018), Robinson (2019), and Phillips 
(2014) for an in-depth overview of the diMerent 
methodologies.

Our work utilized distance and cone attenu-
ation curves to adjust parameters such as 
amplitude, filtering, focus, and spread based 
on the user’s position (see Figure 4). These 
adjustments were made in real-time using 
Wwise’s Real-Time Parameter Controls 
(RTPC), allowing real-time dynamic changes 
as the user moves in the VE. Based on the 
user’s position, messages are sent from Unity 
to Wwise that control the values of the diMerent 
cone and distance attenuations. In more detail, 
amplitude faded out naturally as the user 
moved away from sound sources, mimicking 
a natural distance-based decay. We also 

developed distance attenuation into the filter-
ing parameters, explicitly modifying the cutoM 
frequency of a low-pass filter, to simulate the 
attenuation of high frequencies with increasing 
distance from the sound source. Cone attenu-
ations were applied to mimic the directionality 
of each of the auditorium loudspeakers, with 
amplitude decreasing as the user moved away 
from and to the sides of the loudspeakers. 
Focus and spread attenuation curves were 
also implemented to enhance directionality, 
with spread increasing as the user moved closer 
to a sound source, and focus condensing the 
sound sources when close. This approach and 
the diMerent attenuations we utilized aimed to 
replicate how humans perceive sounds in 
reality.

5.2. The use of virtual Ambisonics

We implemented spatial audio within Wwise 
and linked it with Unity in our VR system. 
Spatial audio includes all the technologies, 
such as Ambisonics and binaural, that can pro-
duce the feeling of diMerent sound sources 
positioned in space, just as we perceive the 
directionality of sounds in real life. In general, 
Ambisonics is a method that allows the tridi-
mensional recording and playback of audio sig-
nals, enabling the production of spatial sound 
content in any playback system of loudspeakers 
by applying appropriate decoders (Frank, Zot-
ter, and Sontacchi 2015). Ambisonics consists 
of several orders and the dimensions for 
which the sound field is accurately reassembled 
increase using high-order ambisonics (Daniel 
and Moreau 2004). However, this type of tech-
nology needs extensive refined sound system 
installations.

For this reason, the most widely adopted 
system for the reproduction of three-dimen-
sional content is binaural audio using head- 
related transfer functions (HRTFs), which can 
be appreciated by any listener simply with a 
pair of headphones (Nicol et al. 2014). The 
directionality of a sound source concerning 
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the listener’s eardrum depends on a set of 
HRTFs, which encodes acoustic information 
used by humans to localize sounds in space 
and is essential in the perception of sound 
localization in headphones (Kulkarni, Isabelle, 
and Colburn 1999). We used the virtual Ambi-
sonics approach to decode Ambisonics signals 
in virtual loudspeakers. The convolution of 
these loudspeaker signals with HRTF creates 
left and right ear signals, allowing binaural 
reproduction (Noisternig et al. 2003). We uti-
lized a virtual Ambisonics approach to encode 
all the monophonic signals we employed to 
create our piece with third-order Ambisonics. 
Then, we decoded them for binaural reproduc-
tion using the Atmoky Ears binaural plugin 
within Wwise.

5.2.1. Implementation in Wwise
Our VR system utilized each sound we encoded 
in Ambisonics by managing the ‘Positioning’ 
property in Wwise, enabling ‘Listener Relative 
Routing’ and ‘3D Spatialization’, and setting 
the latter into the ‘Positioning plus Orientation’ 
configuration, which is the action of panning 
each sound based on the relative user’s position 
and the diMerent sound emitters’ orientations. 
The Meta Quest 2’s head-tracking provided 
the relative user’s head position in real-time, 
which was sent from Unity to Wwise to man-
age spatial sound perceptions. This enabled 
users to hear sounds in tridimensional sur-
round as they move their heads. Moreover, 
we designed 3D sound trajectories for certain 
sound objects in the auditorium’s composition 

Figure 4. A screenshot of one of the di0erent attenuation curves and angles. Each curve has a di0erent colour 
because it refers to a di0erent parameter, as in this example where the red curve is related to the amplitude of the 
audio signal (output bus volume) and the green curve to the spread. In addition, the cone attenuation, which the 
composer can fully configure, is displayed at the bottom right of this figure.
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using the automation options available in 
Wwise’s ‘Position Editor (3D Automation)’. 
The ‘Position Editor’ enables us to write and 
automate sound trajectories within a classic 
surround panner interface. Finally, each 
sound was routed to a binaural bus, where 
the Atmoky Ears binaural plugin was inserted, 
allowing for the rendering of all sounds in 
binaural. With this setup, every time the user 
moves in any direction and moves the head, 
s/he has the perception of hearing the sounds 
in a three-dimensional way.

5.3. The use of convolution reverbs

In our system, we utilized 1st-order Ambiso-
nics convolution reverbs, which are reverbera-
tions created by algorithms where a dry audio 
signal is convolved with an Ambisonics room 
impulse response. We chose to use 1st-order 
Ambisonics convolution reverbs because it 
has been shown that there is no perceivable 
advantage in using those with higher orders 
(Engel et al. 2019). We used two convolution 
reverbs: one for the foyer and one for the audi-
torium. For example, when a user goes from 
the foyer to the auditorium, the user hears a 
diMerent reverberation that simulates the pas-
sage from one virtual place to another. In 
detail, we utilized the ‘Darkside-50’ convolu-
tion reverb (Adriensen and Monacchi 2013) 
for the Foyer. We used the ‘Hamilton Mauso-
leum’ impulse responses (Murphy 2006) for 
the central auditorium part. The choice of 
reverberation used for our study was based 
on our own aesthetic choice after trying diMer-
ent types of convolution reverbs.

5.4. Linking musical expressiveness with 
user locomotion in Wwise and Unity

To link user locomotion with our composition 
approach, we used AkEvents within Unity, 
which connects Unity’s events with Wwise’s 
sound events. We implemented invisible col-
lision spheres that trigger real-time sound 

events when the user enters. These spheres, 
adjustable in size, send control messages for 
attenuation curves, angles, reverberations, and 
spatial audio techniques, as described in Sec-
tion 5.2. Each AkEvent trigger uses the AkTrig-
gerCollisionEnter function, ensuring Unity 
triggers specific sounds and manages the 
described sound parameters to Wwise. The 
naming of AkEvents and their corresponding 
sound events in Wwise must match to facilitate 
this communication.

We called these collision spheres compo-
sition spheres (see Figure 5) and worked with 
them as follows: 

1. In the foyer, we created a small size of all the 
composition spheres. A specific simple or 
complex sound is triggered every time the 
user enters these spheres. We created sev-
eral random containers in Wwise, which 
allowed us to continuously vary the diMer-
ent sounds triggered by the user so that 
the user avoids the perception of a loop of 
the same sound. A random container is a 
function that allows for continuous vari-
ation of the diMerent sounds played. To 
avoid the loop perception by the user in 
our sound game, we composed an extensive 
sound bank with many simple and complex 
sounds;

2. In the auditorium, we created a larger size of 
all composition spheres, as seen in Figure 5. 
We placed each composition sphere in 
each loudspeaker, matching precisely the 
sphere’s center with the sound emission 
zone of the loudspeaker, which corresponds 
precisely with the loudspeaker’s cone. Each 
time the user enters the sphere and 
approaches a loudspeaker, the user hears 
more of the internal and less of the global 
composition. On the other hand, if the 
user moves away from a loudspeaker, s/he 
remains in an intersection zone between 
diMerent spheres. Thus, s/he hears the sum 
of the sound objects produced by individual 
loudspeakers, as seen in Figure 3.
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This approach allowed us to create an inter-
active composition based on user locomotion. 
In addition, thanks to the distance and cone 
attenuations, each user hears the sounds diMer-
ently because these curve and angle attenu-
ations control diMerent parameters, allowing 
us to create an ever-changing composition 
experience in terms of timbre.

5.5. Replicability of our approach in 
other works

In this section, we describe how a composer or 
sound designer interested in our approach can 
replicate it with their sounds and music and 
how they can make changes to the parameters 
relating to the attenuation curves to make it 
customizable based on needs and aesthetic 
choices, the type of music and sounds used.

The Wwise and Unity projects are made 
available in an online repository2, where it is 

possible to download and install them follow-
ing a set of step-by-step instructions. Interested 
practitioners can adopt our approach to create 
their pieces inside the nautilus-shaped VR 
auditorium. Below, we try to summarize the 
fundamental steps for correct replication: 

- If the user wants to adopt our approach as 
presented in this paper but would only 
like to upload the personal sounds instead 
of using the ones we composed for the cre-
ation of our piece, the user just needs to 
replace the monophonic files in Wwise 
and check them in Unity by verify the 
AkEvents in Unity (regarding the diMerent 
composition spheres) and the sound events 
in Wwise. Each Wwise sound event con-
taining each sound is linked to Unity via 
AkEvents, and the names of the Wwise 
sound events and the Unity AkEvents 
names are the same.This means that it is 

Figure 5. Screenshot of one of the composition spheres in one of the virtual loudspeakers located in the main 
auditorium area.
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enough to find the same name in Unity to 
understand which sound event and which 
sound file will be triggered when the user 
passes through the composition sphere. 
Regarding the foyer, however, if the user 
wants to use the random container, as we 
utilized it in our approach, simply replace 
the sounds with ours within the Wwise 
project alone, and verify the same concept 
described above of having the same names 
in Unity and Wwise.

- Regarding the attenuation curves and the par-
ameters used, the user is required to mod-
ify each single AkEvent of the project and 
open the ‘Attenuation Settings’ in Wwise, 
as shown in Figure 4. By opening that win-
dow, the user can play and modify all the 
parameters based on their aesthetic and 
can do this in all the events created in 
Wwise that communicate with Unity.

However, suppose a user wants to modify 
the size of the composition spheres or change 
the settings relating to the XR Interaction 
Toolkit. In that case, the user must accomplish 
these actions manually in the Unity editor.

6. Evaluation

In this Section, we describe how we carried 
out the evaluation phase to compare the three 
locomotion techniques utilized and collect 
feedback and insights from composers regard-
ing their interaction and our compositional 
approach.

6.1. Apparatus and Participants

Fifteen composers participated in the evalu-
ation (11 males and 4 females, aged between 
23 and 48, mean age = 32, standard deviation  
= 6.7). Participants were recruited via a mailing 
list of acousmatic composers interested in VR. 
Eligibility criteria consisted of having (i) over 
five years of experience in acousmatic compo-
sition; (ii) previous experience with at least 

five Musical XR applications using handheld 
controllers; and (iii) right-handed preference. 
Recruitment also depended on the availability 
of the necessary experimental setup. All 
recruited participants were of Italian national-
ity. We decided on these eligibility criteria to 
ensure that all participants were expert acous-
matic music composers and had experience 
with previous Musical XR projects. This was 
necessary to obtain evaluations aligned with 
the scope of this work, as we expected that par-
ticipants’ expertise and familiarity with the 
medium would have provided more relevant 
and insightful feedback.

Participants took, on average, one hour to 
complete the experiment. The approved pro-
cedure, authorized by the local ethics commit-
tee, adhered to the ethical standards outlined in 
the 1964 Declaration of Helsinki. The exper-
iment was conducted online via a Zoom 
video call for each participant. To perform it 
online, we prepared 3 diMerent Desktop-VR 
applications (one for each technique), sent 
them, and asked each participant to download 
them before starting the experiment and verify 
that the applications ran with 60 frame-per- 
seconds on their computer’s desktop. Being a 
Desktop-VR application, participants con-
nected to their computer’s desktop via the 
Meta Quest Link cable. We asked each partici-
pant to use their studio’s headphones and their 
own Meta Quest 2 HMD and to remain seated 
during the experimental phase.

6.2. Procedure

The evaluation procedure consisted of the fol-
lowing steps. First, participants were briefed 
about the experiment and signed a consent 
form. Afterward, we explained how to use the 
three techniques with the handheld Meta 
Quest 2 controllers and showed some photos 
(screenshots) of the system, particularly the 
auditorium. The experiment aimed to investi-
gate the composers’ preferred locomotion tech-
nique for exploring the interactive composition 
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we developed and to understand the rationale 
behind their preferences. It also aimed to col-
lect feedback and insights from composers 
regarding their interaction and experience 
with our system. The experimental phase con-
sisted of trying while sitting, the VR system and 
the composition for 4 minutes for each tech-
nique, for a total of three trials (one with the 
continuous locomotion technique, one with 
the discrete locomotion technique, and one 
with the mixed locomotion technique).

Furthermore, during the pilot study, we 
decided to start the experiment directly 
from the beginning of the part of the auditor-
ium where our composition begins, thus 
avoiding the sound game we developed in 
the foyer. Each trial used the first 30 s as a 
familiarization phase to allow the composer 
to adapt to our tested techniques. After the 
first 30 s of the familiarization phase, each 
participant had to explore our musical piece 
in VR for 3.30 minutes. This procedure was 
conducted for each of the 3 conditions (i.e. 
for the 3 diMerent techniques tested). Neither 
during the familiarization phase nor the 
experiment participants were informed about 
the study’s purpose. The 3 conditions were 
presented in randomized order across partici-
pants. Before starting each trial, participants 
were asked to complete the Cybersickness in 
Virtual Reality (CSQ-VR) questionnaire 
(Kourtesis et al. 2023) reported in Table 1, 
which is based on the items to be assessed 
on a 7-point Likert scale:

After each trial, participants were asked to 
fill out the CSQ-VR again to analyze whether 
there were diMerences regarding cybersickness 
before and after each trial. Moreover, after 
each trial, participants were invited to fill in 
an administered ad-hoc questionnaire formed 
of the items reported in Table 2 to be assessed 
on 11-point Likert scales.

After completing all trials and question-
naires, participants underwent a semistruc-
tured interview involving the open-ended 
questions reported in Table 3.

Table 2. Questions of the ad-hoc questionnaire.
1) Agency clarity How clear was it that it was 

you who turned on 
(triggered) the di0erent 
sounds you heard?

Not at all, 
very clear

2) Agency 
control

How in control did you feel 
in this aspect?

Not at all, 
very in 
control

3) Agency 
parameters

How clear was it that you 
also controlled some 
parameters? (e.g. amplitude, 
filtering) of the di0erent 
sounds?

Not at all, 
very clear

4) Utility How useful is this technique 
for the exploratory purposes 
of interactive composition?

Not at all, 
very useful

5) Localization How precisely were you able 
to localize sounds in space?

Not at all, 
very able

6) Enjoyment How much did you enjoy 
this experience?

Not at all, 
very much

Table 1. Questions of the CSQ-VR questionnaire.
1) Nausea A Do you experience nausea (e.g. stomach 

pain, acid reflux, or tension to vomit)?
2) Nausea B Do you experience dizziness (e.g. light- 

headedness or spinning feeling)?
3) Vestibular A Do you experience disorientation (e.g. 

spatial confusion or vertigo)?
4) Vestibular B Do you experience postural instability (i.e. 

imbalance)?
5) Oculomotor A Do you experience a visually induced fatigue 

(e.g. feeling of tiredness or sleepiness)?
6) Oculomotor B Do you experience a visually induced 

discomfort (e.g. eyestrain, blurred vision, or 
headache)?

Table 3. Open-ended questions.
1) Which of the three locomotion techniques did you prefer? 

Why?
2) What did you like about this system? Why?
3) What did you not like about this system? Why?
4) How would you improve the system?
5) Did you realize that the spatialization and the sound 

trajectories depended on the movement of your head?
6) What are the added values of this system? If there are some, 

please list them.
7) What are the limits of this system? If there are some, please 

list them.
8) What was the overall experience of using this system? (e.g. 

relaxing, boring)? Why?
9) Would you use this system to create interactive composition 

experiences using locomotion alone? Why?
10) Is locomotion enough as a form of interaction with sound to 

create interactive compositions in VR environments?
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7. Results

7.1. Results of the CSQ-VR Questionnaire

The results of the responses to the CSQ-VR ques-
tionnaire questions are reported in Figure 6. An 
ANOVA was performed on generalized linear 
mixed-eMects models created for each response 
variable. Each model incorporated the response 
variable (‘Nausea A’, ‘Nausea B’, ‘Vestibular A’, 
‘Vestibular B’, ‘Oculomotor A’, and ‘Oculomotor 
B’) and the condition (continuous, discrete, mixed 
techniques) as fixed factors while treating the 
subject as a random factor. For each model, the 
assumption on the normality of residuals was 
verified. Post-hoc tests were performed on the 
fitted model using pairwise comparisons 
adjusted with the Tukey correction. No signifi-
cant main eMect emerged from these tests.

7.2. Results of the ad-hoc questionnaire

The results of the responses to the administered 
ad-hoc questionnaire are reported in Figure 7. 

An ANOVA was performed on generalized lin-
ear mixed-eMect models created for each 
response variable. Each model incorporated the 
response variable (‘Agency clarity’, ‘Agency con-
trol’, ‘Agency parameters’, ‘Utility’, ‘Localiz-
ation’, and ‘Enjoyment’) and the condition 
(continuous, discrete, mixed techniques) as fixed 
factors while treating the subject as a random fac-
tor. For each model, the assumption that the 
residuals follow a normal distribution was 
thoroughly assessed. Subsequently, post-hoc 
tests were performed on the fitted model and 
were executed through pairwise comparisons, 
with adjustments made using Tukey’s correction.

Regarding ‘Agency clarity’, we found a sig-
nificant main eMect between the diMerent 
responses among the techniques (jχ = 6.8904, 
df = 2, p = 0.0319). Post-hoc tests indicated 
significant diMerences between discrete and 
mixed techniques (respectively, p < 0.005, p =  
0.0429).

Regarding ‘Agency control’, we found a 
significant main eMect among the diMerent 

Figure 6. Mean and standard error for each technique concerning the individual questions of the CSQ-VR 
Questionnaire.
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techniques’ responses (jχ = 10.063, df = 2, p =  
0.006529). Post-hoc tests indicated significant 
diMerences between discrete and mixed tech-
niques (respectively, p < 0.005, p = 0.0101).

Regarding ‘Agency parameters’, we found 
a significant main eMect between the diMerent 
responses among the techniques (jχ = 6.1401, 
df = 2, p = 0.04642). Post-hoc tests indicated 
significant diMerences between discrete and 
mixed techniques (respectively, p < 0.005, 
p = 0.0526). For the result of that particular 
question, the main eMect is roughly around 
the p = 0.005 limit. Nonetheless, we have 
considered it and reported it in the 
figure, as it aligns with the results from 
the open-ended questions described in 
Section 7.3.

Regarding ‘Utility’, we found a significant 
main eMect among the diMerent techniques’ 
responses (jχ = 19.032, df = 2, p = 7.366e-05). 
Post-hoc tests indicated significant diMerences 
between continuous and discrete techniques 
(respectively, p < 0.001, p = 0.0009) and between 
discrete and mixed techniques (respectively, p <  
0.001, p = 0.0066).

Regarding ‘Localization’, we found a signifi-
cant main eMect between the diMerent responses 
among the techniques (jχ = 19.191, df = 2, p =  
6.803e-05). Post-hoc tests indicated significant 
diMerences between continuous and discrete tech-
niques (respectively, p < 0.001, p = 0.0014) and 
between discrete and mixed techniques (respect-
ively, p < 0.001, p = 0.003). No significant main 
eMect was found for the ‘Enjoyment’ dimension.

Figure 7. Mean and standard error for each technique concerning the individual questions of the administered 
ad-hoc questionnaire. Legend: * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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7.3. Results of the open-ended questions

We collected the responses provided by com-
posers to the open-ended questions and ana-
lyzed them with a re,exive thematic analysis 
(Braun and Clarke 2006). We conducted such 
an analysis by generating codes and then 
organized them into themes that re,ected 
patterns.

7.3.1. Themes regarding the continuous 
technique
Preference. Six participants reported that they 
prefer to use the continuous technique to 
explore an interactive composition and to use 
it for the creation of their composition works 
(e.g. ‘The gradual technique (continuous) 
allowed me to enjoy the composition and the 
experience, because with that technique I 
heard all the variations more gradual, and 
therefore I liked it better from a musical’s per-
spective’.; ‘I preferred the continuous tech-
nique because I was able to understand the 
management of sound parameters (filters, 
etc.) much better, and therefore, I could con-
centrate more on the composition and related 
sound design. I would use it for my work’.).

Open-form composition feature. Four par-
ticipants emphasized that the composition is 
open-form only with this technique and 
found this feature very interesting from an 
experiential point of view (e.g. ‘I noticed that 
I enjoyed the open-form composition feature 
more with the continuous technique. I decided 
whether to hear a part endlessly, and I could 
also modify it by moving in space. This feature 
is the one that interested me the most’.; ‘With 
the continuous technique, I could enjoy the 
characteristic of the composition without a 
beginning and an end because it was I who 
gradually decided what to listen to’.).

Spatialization. Eight participants reported 
that they still preferred this technique for the 
aim of sound localization because it is the tech-
nique that allowed them to localize the sounds 
more precise in the space, being the most 

gradual (e.g. ‘Even if the sound in the space 
seemed a bit too diMuse, I found it easier to 
localize them better with the continuous tech-
nique, perhaps due to its characteristic of mak-
ing one listen to everything more gradually, 
based on the space’s locomotion’.; ‘With the 
continuous technique I have sometimes mana-
ged to hear much more precisely the origin of a 
sound from a loudspeaker. This feature also 
made me feel more genuinely present in the 
virtual environment’.).

7.3.2. Themes regarding the discrete 
technique
Preference. Two participants prefer the dis-
crete technique for exploring and composing 
in a VE (e.g. ‘The discrete technique made 
me understand more quickly that based on 
where I was, I turned on a diMerent sound, 
and consequently, if I liked it, I stayed still 
and listened to it. Otherwise, I moved forward 
more quickly’.; ‘I preferred the discrete tech-
nique because in the continuous movement, 
also because it was slow, I wasn’t very aware 
of triggering the sounds. I didn’t feel like I 
was in,uencing the sounds and dynamics! 
What I liked about the discrete technique was 
the speed; in the experience, I gave a lot of 
importance to speed!’).

Immediacy and jerkiness as compo-
sitional elements. Three participants liked 
that this technique allows one to move much 
faster in the VE and, therefore, reported that 
even if it does not allow gradual listening, 
they would use it for their compositions, 
using immediacy and jerkiness as compo-
sitional elements (e.g. ‘On a compositional 
level, I would choose the discrete technique 
because the immediacy of the shot is more 
useful to me if I were to compose something, 
while the gradual technique is more advan-
tageous for exploring’.; ‘I would use the jerki-
ness given by this technique as a 
compositional element, in the sense that I 
would match each jerk with a specific gesture 
or a specific musical passage’.).
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7.3.3. Themes regarding the mixed 
technique
Preference. Seven participants reported that 
they prefer to use the mixed technique to 
explore and create their interactive compo-
sitions (e.g. ‘The mixed technique convinced 
me the most because sometimes I like to 
experience a gradual musical situation (like 
the one I experienced with the continuous 
technique), sometimes, instead, I like to be fas-
ter and more snappy, and for this reason, I use 
the discrete technique’.; ‘If I had to choose, I 
would use the technique where I can move 
(walk) and where I can also teleport because 
teleportation is very useful for moving from 
one scene to another in a very short time, or 
if I want to feel an eMect faster’.).

Sound organization feature. Five partici-
pants referred to us that this technique has 
numerous advantages in exploring a musical 
piece and in organizing the sounds in a compo-
sition (e.g. ‘This technique convinced me 
because I found it new, in the sense that it 
gave me the possibility to choose, to move 
quickly or not, to direct the composition, to 
return to a sound if I liked it’.; ‘With this tech-
nique, I have much more control over the 
sound organization because I can stop, listen, 
and walk around a loudspeaker for as long as 
I want, but simultaneously, I can teleport 
myself to another place and completely change 
the musical situation’.).

‘Play the space’ feature. Five participants 
reported that the mixed technique is the one 
that best allows one to ‘play the space’ because 
it allows the most excellent ,exibility of move-
ments in the VE (e.g. ‘What I liked about this 
technique is the fact of playing space, playing 
with space and seeing it as an exploratory and 
compositional element. I could move slowly, 
play a loudspeaker, then teleport to the window 
and hear the filtered sound. This feature is 
unique to this technique’.; ‘With this technique, 
I felt an integral part of the space; I had the feel-
ing and a sensation that I was playing the space 
myself, determining it’.).

7.3.4. General themes
More musical interactions. Six participants 
reported that locomotion as a form of inter-
action to create their musical compositions is 
insuHcient. They considered it interesting to 
explore compositions in VEs. Still, according 
to them, since VR is used, new gestural inter-
actions with sound can be introduced (e.g. ‘I 
would add interactions with objects to make 
the experience more alive. I would like to 
have tools with which I can actually modify 
the sounds in real-time, or I can draw them 
in space as if I were playing a musical instru-
ment within the soundscape’.; ‘If I have the 
possibility of touching sound objects or seeing 
animations or visual reactions, the experience 
would undoubtedly be more engaging, and I 
would also have more opportunities to use 
these elements in a composition’.).

Lack of animations and visuals. Ten par-
ticipants reported that the visual part is too sta-
tic. For this reason, they would like some visual 
feedback in the VE (e.g. ‘I would greatly 
improve the visual component because 
everything is too dull and therefore after a 
while the experience becomes boring’.; ‘With-
out the visual reaction, we cannot speak of an 
audiovisual composition for this experience. 
As it is, it might have the risk of being boring. 
I would work a lot on the visual aspect. For 
example, it would be enough to show that the 
loudspeaker cone vibrates when a sound is 
reproduced’.).

The nautilus-shaped auditorium design 
adds value. Nine participants reported that 
what they noticed as an added value of the sys-
tem was the design of the VE itself and the 
related listening system made up of this sort 
of spatially distributed virtual loudspeaker sys-
tem (e.g. ‘The thing that impressed me most 
about the system was the design of the virtual 
environment itself. I really enjoyed moving 
between these acousmonium-style loudspea-
kers inside this completely virtual auditorium. 
It impressed and involved me a lot, and I 
would use it for many other purposes’.; 
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‘Compared to other VR experiences that 
seemed stylistically much closer to a video 
game with poorly defined textures, I found 
great definition in this auditorium. The com-
position I explored made me feel part of a 
magical system I had never experienced. I 
would expand this auditorium and listening 
system with other activities, such as organizing 
ambient concerts in VR!’.)

Site-specific composition. Eight partici-
pants reported that it is necessary to address 
this approach as one addresses compositions 
made especially for a particular place (site- 
specific) because, in the act of composing, 
one must think about how it will be experi-
enced and, therefore, the organization of the 
sound is not linear or canonical enough about 
the timeline. Timeline, a characteristic element 
of music, no longer has meaning in this type of 
experience (e.g. ‘If a composer wants to insert a 
strong gesture, such as a climax, one must keep 
in mind that the user triggers that gesture and 
therefore, it is not like in linear compositions, 
where the composer controls the time. The 
user has control of the tempo in these types 
of compositions. The composer must consider 
the composition when thinking about a site- 
specific work and how the work will be experi-
enced by the user in that particular space’.; 
‘This type of composition refers to a particular 
place and way of experiencing. A composer 
must, therefore, think about how to organize 
the space, the place, and the organization of 
sounds takes on a completely diMerent 
meaning’.).

8. Discussion and Conclusion

Overall, our results suggest that the mixed tech-
nique is the one most preferred by the partici-
pants because it gives them more control over 
the musical parameters and, at the same time, 
allows them to experience musical composition 
gradually. It is most preferred compared to the 
continuous technique because, through the use 
of teleporting, a user can also move quickly 

within the VE, allowing greater agility in 
choosing where to move. These conclusions 
are supported by the results of the conducted 
thematic analysis. We believe that this result 
is fundamental, especially in those VR environ-
ments that could be much larger (in terms of 
size) than ours that we have proposed. Never-
theless, the mixed and continuous locomotion 
techniques are much preferred in comparison 
with the discrete technique, which would 
seem not to be an ideal technique for musical 
purposes because it does not allow for the per-
ception of gradual musical listening.

Regarding ‘agency clarity’, a statistically sig-
nificant diMerence emerged between the dis-
crete and mixed techniques, which means that 
participants noticed more with the mixed tech-
nique that they were themselves triggering the 
diMerent sound objects with locomotion. 
From our perspective, this technique made 
the users more cautious and attentive to the 
composition’s events, and this meant that the 
users realized that they were triggering the 
diMerent sound objects in the composition.

Regarding ‘agency control’, the same signifi-
cant diMerence emerged between the discrete 
and mixed techniques. The participants seemed 
to feel more in control over the triggering 
aspect of the sounds with the mixed and con-
tinuous techniques compared to the discrete 
techniques. In line with what emerged from 
the qualitative results, it seems that these tech-
niques allow users to gradually perceive the 
variations in the music (such as the fact of trig-
gering sounds). Therefore, these techniques 
allow users to better notice all the changes in 
the sound. The mixed technique is probably 
preferred for this aspect because it also allows 
for greater ,exibility and agility in moving 
within the VE.

Also, regarding the ‘agency parameters’, the 
same significant diMerence emerged between 
the discrete and mixed techniques. From our 
point of view, for this dimension, users realized 
that they were not only triggering the diMerent 
sound objects but also controlling the diMerent 
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parameters because the mixed technique 
allowed them to gradually perceive the vari-
ation in the sound parameters, compared to 
the discrete technique. Furthermore, it can be 
seen from Figure 7 that participants noticed 
this variation more with the continuous tech-
nique compared to the discrete technique. 
This is because both techniques (mixed and 
continuous) allowed them to gradually experi-
ence the variation of the parameters of the 
musical composition. Still, the mixed technique 
was preferred because it allows for considerable 
variations to be experienced when teleporting 
is also used.

Regarding ‘utility’, however, it would seem 
that participants prefer the continuous tech-
nique over the others. However, both tech-
niques (continuous and mixed) show a 
statistically significant diMerence compared to 
the discrete technique. This preference does 
not seem to precisely align with what emerged 
from the qualitative results, where the mixed 
technique was the most preferred. However, 
this locomotion technique seems to be the 
most suitable and stable for gradually experien-
cing the musical piece we created and experien-
cing all the nuances and details of the sounds, 
such as the variation of parameters. Further-
more, it would seem to be the technique com-
posers would use to create their interactive 
compositional works.

Regarding ‘localization’, which means the 
precision in localizing sounds in space, it is evi-
dent that continuous and mixed techniques are 
preferred and show statistically significant 
diMerences compared to the ability to perceive 
sounds in space with the discrete technique. 
This preference is because continuous tech-
niques allow spatialization to be experienced 
more precisely than discrete techniques, 
where instead, a user must sprint (teleport) 
from one point of the VE to another to move, 
creating a sort of distraction in the sound per-
ception. Unfortunately, with the discrete tech-
nique, these peculiarities of the sound are lost 
due to the nature of the technique itself. At 

the same time, these perceptive characteristics 
are preserved with the gradual movement in 
the VE.

As regards the ‘enjoyment’ dimension, no 
statistically significant diMerences emerged 
between the various techniques, and in general, 
the experience seems to have been enjoyed. 
However, it would seem that the fact that the 
visual part remains static throughout the 
experience could make our system boring if it 
is experienced more than the time shared in 
the experiment. This consideration is very rel-
evant and requires future investigations 
because there is a need for more research in 
investigating how much the visual part impacts 
the quality of the experience even in VR sys-
tems more linked and developed around 
sound and composition.

Regarding Cybersickness, the quantitative 
results indicate that participants suMered 
more with the discrete technique than with 
the other two. However, no statistically sig-
nificant results emerged between the tech-
niques. Furthermore, from the quantitative 
results of the CSQ-VR Questionnaire it 
emerged that the continuous technique led 
to the smallest amount of Cybersickness, 
although very close to the scores of the 
mixed technique. Overall, the total Cybersick-
ness score that emerged from the CSQ-VR 
Questionnaire is meager, indicating that the 
participants did not suMer from Cybersickness 
so much as to compromise the experience. 
More studies should be carried out on the 
impact of Cybersickness while standing, 
given that our experiment was carried out 
while sitting.

Below we propose critical re,ections regard-
ing our compositional approach derived from 
analyzing all the participants’ quotes and our 
critical observations regarding the usage of 
our system. The re,ections concern the pro-
posed approach, its overall structure and 
open-form, some aesthetic choices made in 
creating the piece, and the use of locomotion 
in this approach. 
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. Interaction and composition: Basic inter-
actions in our VR system, like user loco-
motion, can lead to complex sound 
organization within the composition and 
allow participants to experience the compo-
sition’s open-form characteristic, as 
reported from some quotes of our partici-
pants in the thematic analysis. However, in 
our opinion, the sole usage of locomotion 
could limit musical expressiveness and 
user-controlled musical interaction. Future 
developments could include functionalities 
allowing direct control over the compo-
sition’s form (e.g. introducing silence or 
musical crescendos via handheld controller 
buttons).

. AkEvent and sound events generation: In 
our opinion and also according to some par-
ticipants, the use of composition spheres and 
AkEvent in Unity and Wwise, together with 
parameterized attenuations and random 
sound event generators within our 
approach, have allowed us to create dynamic 
musical situations, making the experience 
diMerent each time.

. Parameters: During the realization of the 
piece utilizing our proposed approach, we 
noticed that critical parameters like ampli-
tude attenuation, filtering, and convolution 
reverbs are pivotal and facilitate the musical 
dialogue between sound objects.

. Binaural sound localization and rever-
berations: In our opinion, implementing 
virtual Ambisonics and binaural decoding, 
coupled with the head-tracking system, 
enhances performance and realism in the 
VR environment, as it is possible to visualize 
in the ad-hoc questionnaire results for all 
three locomotion techniques. However, 
from our point of view, in creating the 
piece, we mixed particular sound objects 
with too much convolution reverbs, giving 
it excessive significance to the point of creat-
ing too much sound diMusion, as reported in 
the thematic analysis. This aspect created 
challenges in accurately localizing the 

sound sources in the headphones. Moreover, 
while crucial, convolution reverbs lack par-
ameter control and result in uniform 
sounds. Using algorithmic reverbs with par-
ameter control based on VE textures and 
topology might improve the localization. 
Furthermore, we believe that, due to the 
complexity of the sound objects we have 
used, a composer must try to simplify the 
sound material and avoid timbral homogen-
eity to improve localization accuracy. How-
ever, this aspect regarding timbral 
complexity and localization of sounds in 
space in VR needs more research.

It is worth noticing that this study presents 
some limitations. Firstly, the majority of par-
ticipants were Italian, and most of them were 
male. Including a broader group of composers 
from various countries and cultures, along with 
a more balanced gender distribution, would 
enhance the generalizability of our findings. 
Secondly, the confounding variables of this 
study, which are the walking speed and the 
length of the raycast, were not accounted for 
because their values were solely based on the 
outcomes of the preliminary pilot study we 
conducted. Consequently, the final results 
might vary if users were given the freedom to 
control these variables. Notably, the interaction 
radius of 15 meters might seem substantial. 
However, this radius is relative to the VR 
environment’s size/scale, and the settings 
tested in the preliminary pilot study were set 
based on the composition and design of our 
VE. This choice about the radius aMected the 
intensity of cybersickness and general con-
fusion of the user. The same concept can be 
applied to the chosen movement speed and 
the absence of continuous camera rotation, 
coupled with the relatively low exposure time. 
All of these aspects potentially significantly 
reduced the motion-induced eMect of nausea. 
Consequently, the preferences we identified 
for mixed locomotion and cybersickness may 
only be applicable to this specific 
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implementation and study. Further research is 
needed on these aspects to enhance the gener-
alizability of our results.

However, it would seem to emerge from our 
study that the technique that mixes continuous 
and discrete locomotion is the most appropriate 
for creating musical environments linked to the 
composition. Nevertheless, it is also essential to 
present that this result is significantly related to 
our study and our design of the VE. A plausible 
reason is that it allows one to experience a com-
position gradually and, therefore, to listen to all 
the particularities in the variations that happen 
to the sound, but at the same time, it allows 
for greater ,exibility and agility in moving 
quickly within the VE thanks to teleporting.

Moreover, to answer the first research ques-
tion, it would seem that, also from what 
emerged from the qualitative results, the design 
of our system seemed to be liked by participants 
as they identified the aesthetic of the nautilus- 
shaped auditorium and the sort of spatially dis-
tributed virtual loudspeaker system as an added 
value of the experience. Furthermore, several 
participants defined our approach as very simi-
lar to what happens with site-specific works. 
However, some reported the need to have 
more interactions to create a greater sense of 
immersion and involvement with VR technol-
ogy, but these aspects need further research.

Notes
1. https://youtu.be/Py9x1LRxsgk
2. https://drive.google.com/drive/folders/ 

1BCEp0YtVcVFKIeix5hyJVhtqzZ5ZCcdR? 
usp=sharing
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