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This paper discusses technical and conceptual approaches to incorporate 3D spatial 

movement in electroacoustic music. The Ambisonic spatial audio format attempts to recreate a 

full sound field (with height information) and is currently a popular choice for 3D spatialization. 

While tools for Ambisonics are typically designed for the 2D computer screen and 

keyboard/mouse, virtual reality offers new opportunities to work with spatial audio in a 3D 

computer generated environment. An overview of my custom virtual reality software, VRSoMa, 

demonstrates new possibilities for the design of 3D audio. Created in the Unity video game 

engine for use with the HTC Vive virtual reality system, VRSoMa utilizes the Google Resonance 

SDK for spatialization. The software gives users the ability to control the spatial movement of 

sound objects by manual positioning, a waypoint system, animation triggering, or through 

gravity simulations. Performances can be rendered into an Ambisonic file for use in digital audio 

workstations. My work Discords (2018) for 3D audio facilitates discussion of the conceptual and 

technical aspects of spatial audio for use in musical composition. This includes consideration of 

human spatial hearing, technical tools, spatial allusion/illusion, and blending virtual/real spaces. 

The concept of spatial gestures has been used to categorize the various uses of spatial motion 

within a musical composition. 
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CHAPTER 1 

INTRODUCTION 

1.1 Regarding Space 

The development of electronic sound and other technological advances in the twentieth 

century created new possibilities for the use of space in musical composition. The results of 

these innovations are two-fold; the technological—in other words, the objective positioning of 

sounds in space through multi-channel loudspeaker arrays or headphones—and the 

conceptual—how the spatial characteristics of sound can be used as a musical parameter. 

Composers have developed various techniques to address both of these areas, utilizing new 

tools to more realistically represent spatial sound trajectories and working within technological 

limitations to allude to spatial qualities.  

Spatial music itself is not a recent development and can be seen in numerous purely 

acoustic works through the positioning of performers and exploitation of architectural 

peculiarities. The importance of space can be seen in the works by Renaissance composers such 

as Adrian Willaert (1490-1562) and Giovanni Gabrieli (1554-1612), whose polychoral works took 

advantage of spatial separated performers and the layout of the San Marco church in Venice.1 

In the nineteenth century, Gustav Mahler would often use off-stage performers, as seen in 

1 Ongaro, G., Selfridge-Field, E., & Zoppelli, L. (2001, January 01). Venice. Grove Music Online. Ed.  accessed 16 Aug. 
2018, from 
http:////www.oxfordmusiconline.com/grovemusic/view/10.1093/gmo/9781561592630.001.0001/omo-
9781561592630-e-0000041311. 
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works such as the fifth movement of Symphony No. 2 (brass and percussion) and Symphony No. 

3 (off-stage snare drum).2  

Many composers in the twentieth century utilized spatially positioned performers to 

achieve various effects; more importantly however, was the development of techniques to 

allude to different spaces through purely musical means. American composer Charles Ives 

(1874-1954) often combined various distinct elements simultaneously, blending multiple 

tonalities and complex rhythms together. He also experimented with using instruments to 

evoke real physical spaces. Examples of this can be seen in Central Park in the Dark, where the 

sounds of nature are represented as a series of atonal chords moving in parallel motion, with 

noises and music of the city occasionally interrupting the texture.3  

With the development of recording and amplification technologies in the mid-twentieth 

century, it became possible to remove a sound from its sounding body, creating a layer of 

abstraction in the delivery to a listener. French composer and engineer Pierre Schaeffer (1910-

1995) was among the first to compose with recorded sounds and led to the development of a 

new style entitled Musique Concrète. Also a prolific writer, Schaeffer’s text À la Recherche 

d’une Musique Concrète (The Search for a Concrete Music) theorized about performer 

controlled movement of sound along trajectories sonores (sonic trajectories) and how static and 

dynamic spatial textures could be contrasted with one another.4 This theory of performer 

                                                      
2 Edna Bates, “The Composition and Performance of Spatial Music,” PhD Diss., Trinity College Dublin (Aug 2009): 
118. 
3 Peter Burkholder, James Sinclair, and Gayle Sherwood, “Charles Ives,” Grove Music Online, accessed Aug. 23 
2018. https://libproxy.library.unt.edu:2147/10.1093/gmo/9781561592630.article.14000 
4 Pierre Schaeffer, In Search of a Concrete Music, Trans. by North, Christine; Dack, John. London: University of 
California (2012). 
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controlled sound position was first put into practice during a performance in Paris in 1951 (with 

the help of Jacques Poullin), which utilized multiple monophonic turntables routed to four loud 

speakers place around the audience. A fifth track was routed to a downward facing speaker and 

controlled via a pontentiometre d’espace.5 Regarding the spatial experiment, Schaeffer stated, 

“. . . le nouveau procede est une dialectique du sons dans l’espace et je pense que le terme de 

musique spatiale  lui conviendrait miuex que celui de sterephonie” [emphasis in original; the 

new process is a dialectic of sound in space and I think that the term spatial music could fit 

better than stereophony].6 

Spatial music has seen numerous developments since the 1950s and approaches to 

spatial composition can generally be divided into two categories; spatial illusion and spatial 

allusion. Spatial illusion refers to the transmission of sound and the technological means to 

achieve realistic portrayal of a perceived space. This category considers the limits of human 

hearing, the listening space, as well as the relation between sound events. Spatial allusion deals 

with alternative approaches to represent space through musical or other means. This method 

implies spatial qualities rather than attempt to realistically reproduce a sound field.7 

 

1.2 3D Sound Objects 

The concept of a sonic object was first proposed by Pierre Schaeffer describing the 

                                                      
5 Edna Bates, “The Composition and Performance of Spatial Music,” PhD Diss., Trinity College Dublin (Aug 2009): 
128. 
6 Pierre Schaeffer, “Journal d’Orphee,” in E Bayle, ed., Pierre Schaeffer l’ceuvre musicale. INA/GRM and Libraririe 
SEGUIER, Paris (1990). 
7 Natasha Barrett, “Spatio-musical composition strategies,” Organised Sound 7(3), 2002: 314-316. 
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characteristics or quality of a small unit of sound. In his own words, Schaeffer considers a sound 

object in the following terms: 

This unit of sound [sound-object] is the equivalent to a unit of breath or articulation, a 
unit of instrumental gesture. The sound is therefore an acoustic action and intention of 
listening.8 
 
Although this concept can be applied to instrumental music, the term is most often used 

to describe an electronic sound, abstracted from its original sound source. Discussion of sound 

objects typically concentrates on timbral or rhythmic qualities within a unit of time; however, 

spatial trajectories can also play an important role in sound object perception. The idea of the 

sound object is crucial to ideas presented within this document, as discussion will include 

consideration of a spatial sound object, virtual sound object, and gesture-based control over 

these 3D objects.  

 

1.3 Virtual Reality 

Spatial audio research has seen a recent surge of interest, partly due to the recent 

advancements and availability of virtual reality (VR) devices. In addition to a motion-tracked 

head mounted display (HMD), realistic sound portrayal greatly adds to the sense of immersion 

within VR. The technology of Ambisonics is often chosen for VR spatial audio since the format 

easily allows for manipulation of audio based on head rotation. Initially proposed in the 1970s, 

a number of high quality Ambisonic design tools are available as modern computer hardware 

                                                      
8 Pierre Schaeffer, Traite Des Objets Musicaux: Essai Interdisciplines. Paris: Editions du Seuil (2002): 271. 
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can easily support the required processing.9 Further discussion of Ambisonics and spatial audio 

for VR is presented in Chapter 3. 

VR has seen a growing amount of success in gaming and cinema, but the use of the 

technology as a tool is rather undeveloped. There are clear advantages in working within VR for 

3D design such as architecture or 3D modeling. Applications such as Google Tilt Brush (a 3D 

painting program) also show the medium’s potential as an artistic design tool. Designing 3D 

audio within VR seems a logical step and new systems such as the HTC Vive10 allow for 

advanced gestural control and interaction. This realization encouraged the development of a VR 

application for the purpose of 3D sound design, now entitled VRSoMa (derived from Virtual 

Reality Sound Mapper). Technical details and conceptual concerns of this software is a primary 

focus of this document. 

 

1.4 Dissertation Overview 

The following chapters document my recent approaches to composing for spatial audio. 

While both spatial audio and virtual reality are topics that encompass a wide range of 

considerations, discussion within this document is limited to the most immediate issues 

surrounding my creative experiments using virtual reality for 3D spatialization and the context 

of these projects within existing tools and compositions. Crucial to the conceptual use of space, 

is an understanding of aural perception. An examination of human spatial hearing is presented 

in Chapter 2. The ways in which humans hear is an important consideration when designing 

                                                      
9 Michael Gerzon, “Sound Reproduction Systems,” Patent No. 1494751. 
10 www.vive.com/us/ accessed 17 Sept. 2018. 

http://www.vive.com/us/
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new 3D audio technologies or selecting sound material for a composition. The concepts 

reviewed in this section provide a foundation for further technical and conceptual discussions. 

There are many technical approaches to spatial audio design and while it is beyond the 

scope of this document to discuss all of these methods, a brief overview of Ambisonics is 

presented in Chapter 3. This chapter also focuses on virtual reality and its relation to spatial 

audio. Chapter 4 discusses approaches to gesture-based spatialization and design 

considerations for VR development. An in-depth review of my custom designed VR software, 

VRSoMa, is also presented.  

My most recent work, Discords (2018) for 3D audio, uses Ambisonic spatial audio 

techniques derived from recordings, VRSoMa, and various third party VST plugins. Creative uses 

of these technologies is discussed alongside the broader conceptual issues such as spatial 

illusion/allusion, spatial gestures, and blending virtual/real spaces in Chapter 5. 

3D spatial audio in electroacoustic music is a relatively young field with many 

technological issues still being addressed. The aesthetics of composing for 3D audio is evolving 

as well, both in tandem with the technological developments and within the current limitations 

of spatial illusion. Chapter 6 concludes this document with a discussion of potential future 

directions in spatial audio and the use of virtual reality. 
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CHAPTER 2 

SPATIAL HEARING 

2.1 Introduction 

Before continuing onto more technical discussions of spatial audio, it is first important 

to have a basic understanding of how humans perceive sound. Under ideal circumstances, the 

human auditory system can localize sounds in the forward direction with an accuracy between 

.75 and 11.8 degrees depending on the sound source.11 Sound localization is based upon three 

key factors: 

1. Characteristics of sound source

2. The human auditory system

3. The acoustic environment of both the sound source and listener

Each of these factors plays an important role in determining the spatial position of a 

sounding body.12 Consideration of how these elements interact can—and should—influence a 

composer’s choice of sound material and provide an idea of how that material will be perceived 

by the listener. The review contained in this section is not meant to be exhaustive, but will 

provide an introduction to terms and concepts that will be relevant later in this document, 

especially concerning the technology of Ambisonics and spatial audio for VR. 

11 Jens Blauert, Spatial Hearing: The Psychophysics of Human Sound Localization, MIT Press (Cambridge, MA, 2001): 
39. 
12 Edna Bates, “The Composition and Performance of Spatial Music,” PhD Diss., Trinity College Dublin (Aug 2009): 
14.
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2.2 Time Difference in Sound Wave Arrival 

If a sounding object is directly in front of us, the wavefront emitted will arrive at both 

ears simultaneously. As the object moves left or right, the arrival time of the wavefront will vary 

slightly, reaching one ear before the other (see figure 1.1). This is known as interaural time 

delay (ITD). This knowledge can be applied in stereo audio configurations to give a mono source 

a perceived direction by delaying the signal in one speaker by a short amount (up to 40ms). This 

method is commonly referred to as the precedence effect, first defined by Wallach, Newman, 

and Rosenzweig in 1949.13 It may also be referred to as the Haas effect, named after the author 

and his examination of the effect in speech intelligibility.14 The minimum difference in arrival 

time required for localization depends on the sound source, but can vary between .6 to 1.5 

ms.15 

 
Figure 2.1: Lateral sound example 

                                                      
13 Wallach, H., Newman, E.B., and Rosenzweig, M.R., “The precedence effect in sound localization,” American 
Journal of Psychology (1949): 315-336. 
14 Helmut Haas, “On the Influence of a single echo on the intelligibility of speech,” Acustica 1 (1951): 49-58. 
15 Durand Begault. 3-D Sound for Virtual Reality and Multimedia. Cambridge: Academic Press, Inc. (1994): 45-46.  
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2.3 Level Differences 

Another localization cue is the sound level difference between the two ears. If a sound 

source is positioned to the left of the listener, the sound wave will directly hit the left ear, but is 

diffracted by the head before reaching the right ear. This obstruction by the head causes a 

reduction in amplitude and is referred to as interaural level difference (ILD) or interaural 

intensity level (IIL). 

 

2.4 Spectral Filtering 

The shape of the human head and ears filter the frequency content of an incoming 

sound. This filtering effect is subtly different for each ear and changes with the movement of 

the sounding object. This is referred to as head-related frequency response (HRFR). In practice, 

the HRFR is typically combined with both ILDs and ITDs and referred to as head-related transfer 

function (HRTF). HRFR is one of the main mechanisms for determining if a sound is located in 

front or behind the listener. HRTFs are implemented in most VR devices, since the primary 

means of audio transmission is through headphones. HRTFs are most successful when using 

individualized measurements since the shape of each person’s ears vary. This is not possible in 

most cases and therefore general, non-individualized HRTFs are used. This can reduce the 

listener’s ability to localize sound, in some cases quite drastically.16  

                                                      
16 Durand Begault. 3-D Sound for Virtual Reality and Multimedia. Cambridge: Academic Press, Inc. (1994): 57-71. 



10 
 

2.5 Head Movements 

A sound source at 0 or 180 degrees will have little or no variation in ITD or ILD. Rotating 

the head will increase or decrease the interaural differences, allowing the listener to more 

accurately position the sound (especially for rear sources). 

 

2.6 Distance Perception 

Our perception of distance is primarily influenced by loudness, high-frequency 

reduction, and the acoustics of the environment. The loudness of a sound is reduced as 

distance increases and under anechoic conditions (an environment with no sound reflections), 

the inverse square law can be used to determine the sound intensity reduction with increasing 

distance. This law states that the intensity of any given omnidirectional sound source will 

decrease in intensity by 6 decibels for each doubling of distance from a source.17 However, in a 

highly reflective space the reverberant sound waves from the source remains largely 

unchanged. This can make a sound difficult to localization, but the directions and delays of the 

early reflections in a sound wave provide clues to the source position. Higher frequencies are 

also reduced with distance, as water molecules in the air absorb much of the energy in a sound 

wave (higher frequencies contain much less energy).18 

 

2.7 Vertical Localization 

The perception of elevation is more difficult for humans and is generally less 

                                                      
17 Durand Begault. 3-D Sound for Virtual Reality and Multimedia. Cambridge: Academic Press, Inc. (1994): 85. 
18 David Malham, “Towards Reality Equivalence in Spatial Sound Diffusion,” Computer Music Journal Vol. 25 (4), 
Winter 2001: 33. 
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understood. Research suggests that both the spectral content of the sound source and the 

spectral response from the listener’s ears play a part in localization on the vertical plane.19 This 

is an ongoing area of study and future developments could assist with the design of 3D 

spatialization systems. 

                                                      
19 Robert Butler and Richard Humanski, “Localization of sound in the vertical plane with and without high-
frequency spectral cues,” Perception and Psychophysics Vol. 51 (2), 1992: 182-186. 



12 

CHAPTER 3 

SPATIAL AUDIO FOR VIRTUAL REALITY 

3.1 Introduction 

Interest in spatial audio has existed for some time within the electroacoustic music 

community; however, recent developments in both 360 video and VR has created a surge of 

research and available tools for spatial audio creation. The immersive nature of virtual reality in 

particular makes it an interesting platform for spatial audio, as spatial illusion is reinforced with 

head-tracking and visual feedback. The technology of Ambisonics is often used to recreate 

spatial audio and is currently a popular format for 360 degree video and VR content creation. 

This chapter will present an introduction to both Ambisonics and VR before moving on to a 

discussion of the author’s implementation of each technology. 

3.2 Ambisonics 

There are various ways to accomplish spatial audio, each with unique advantages and 

disadvantages. While it is beyond the scope of this document to review all of these methods, it 

will be necessary to give a cursory introduction to the technology of Ambisonics, as it is the 

primary method of spatial audio production in both the author’s custom software VRSoMa and 

the format of his composition Discords (2018).  

Ambisonics can be used to recreate a full 3D sound field, including height information. 

The theory of Ambisonics was developed by Michael Gerzon, Peter Fellgett, and others in the 

1970s as a spatialization technique for multi-channel loudspeaker environments. The 

technology is summarized in the following statement by Fellgett: 
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Ambisonics is a technology for surround-sound which aims specifically at not making 
four (or any other number) of loudspeakers audible as separate sources of sound. It is 
designed using appropriate engineering methods and psychoacoustic theory that has 
shown good predictive value to make best use of available channels of communication 
(two or more), and of loudspeakers (a limitation often forgotten), to give stable and 
uncolored acoustic images in any position, keeping the physical means of reproducing 
the sound as unobtrusive as possible. It claims wide freedom of recording methods and 
of source material, as well as protection of recorded material from obsolescence.20 
 
Ambisonics has seen a recent surge in interest, as advancements in CPU processing 

power and available software tools have allowed for wide spread use in music, cinema, and 

video games. Electroacoustic music has made use of the format for a number of years, the 

British composer Natasha Barrett has composed with Ambisonics since 2000. The technology is 

particularly useful for VR applications, since Ambisonics can create a smooth and stable sound 

field even when the audio scene is rotated (as is the case with VR when the user turns their 

head). Other surround sound formats do not provide transitions as smooth and sounds have a 

tendency to “jump” from one speaker to another.21 

 

3.2.1 Encoding and Decoding 

Working with Ambisonics requires a process of recording signals with a specialized 

Ambisonic microphone, such as a Soundfield22 or Sennheiser AMBEO VR microphone,23 or using 

mono sources and panning them to a position in 3D space. First order Ambisonics (FOA) can 

create a sound field using four signals, collectively referred to as B-Format. These four signals 

                                                      
20 Peter Fellgett, “Ambisonics. Part One: General system description,” Studio Sound, Vol. 17, August 1975: 20. 
21 “Ambisonics Explained: A Guide for Sound Enigineers,” https://www.waves.com/ambisonics-explained-guide-
for-sound-engineers accessed 20 August 2018. 
22 www.soundfield.com/#/products/sps200 accessed 17 Sept. 2018. 
23 https://en-us.sennheiser.com/microphone-3d-audio-ambeo-vr-mic accessed 17 Sept. 2018. 

https://www.waves.com/ambisonics-explained-guide-for-sound-engineers
https://www.waves.com/ambisonics-explained-guide-for-sound-engineers
http://www.soundfield.com/#/products/sps200
https://en-us.sennheiser.com/microphone-3d-audio-ambeo-vr-mic
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are labelled W, X, Y, and Z (also known as B-Format FuMa); W being an omnidirectional signal 

and the others are figure of eight polar patterns used to record sound in any of the three 

directions. Figure 1.2 represents these four B-Format microphone signals.24 The mathematical 

equations of these microphone responses can be used to encode a mono source into a B-

Format file, applying the appropriate amplitude weighting in each direction. 

 
Figure 3.1: The four microphone patterns that are required to record first-order Ambisonics. Red 
represents in-phase and blue out-of-phase pickup. Image from Bruce Wiggin’s 2004 dissertation. 

 

Ambisonic microphones are designed with these principles in mind and a design was 

first proposed by Gerzon and Craven in 1975.25 This design uses four sub cardioid microphone 

capsules mounted in a tetrahedral arrangement (see figure 1.3). The capsules are not perfectly 

coincidental and therefore need electronic correction after recording to prevent coloration of 

the sound due to phasing.26 This uncorrected recording format is referred to as A-Format and 

                                                      
24 Bruce Wiggins, “An Investigation into the Real-time Manipulation and Control of Three-dimensional Sound 
Fields.” PhD Diss., University of Derby, 2004: 62 
25 Michael Gerzon and Peter Craven, “Coincident microphone simulation covering three dimensional space and 
yielding various directional outputs,” US Patent No. 05593244, July 07, 1975. 
26 Bruce Wiggins, “An Investigation into the Real-time Manipulation and Control of Three-dimensional Sound 
Fields.” PhD Diss., University of Derby, 2004: 62 
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Ambisonic microphones typically come with software to convert the signals to B-Format. 

 
Figure 3.2: Four microphone capsules in a tetrahedral arrangement. Image from Sennheiser’s 

website.27 
 

Ambisonics is a speaker agnostic system, meaning that the format can be decoded to 

any number or arrangement of speakers (minimum of four to recreate a 3D sound field). 

Decoders use recorded spatial information to determine the appropriate levels of various 

speakers to recreate the sound field.28 To present the most realistic sound field possible for a 

centralized listener, a number of psychoacoustic considerations are built into most decoders. 

Originally, analog decoders were used for Ambisonics; however, a number of software 

decoders are now available. 

 

3.2.2 Higher-Order Ambisonics 

The spatial resolution of first-order Ambisonics is actually quite low and results in a 

blurred or smeared spatial position of a sound. In addition, the ideal listening location or 

                                                      
27 https://en-us.sennheiser.com/microphone-3d-audio-ambeo-vr-mic accessed 17 Sept. 2018. 
28 Edna Bates, “The Composition and Performance of Spatial Music,” PhD Diss., Trinity College Dublin (Aug 2009):  
43. 

https://en-us.sennheiser.com/microphone-3d-audio-ambeo-vr-mic
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“sweet-spot” is rather small, making performances in large halls rather unconvincing for precise 

sound object localization. Higher-order Ambisonics (HOA) can achieve more accurate 

spatialization and expand the sweet-spot area of listening. Most commercially available 

microphones are limited to FOA; however, Core Sound has recently released their OctoMic 

which is capable of recording second-order Ambisonics with an eight-channel recorder.29 Using 

encoders to pan mono sources; second, third, or any higher-order Ambisonics can be achieved 

by expanding upon the principles summarized previously. For any given order x, full sound field 

production requires (x + 1)² signal components; so four channels for first-order, nine for 

second-order, etc. The spatial resolution improvement gradually decreases as the order 

increases. Figure 1.4 shows a visual representation of Ambisonic B-Format polar patterns up to 

third-order. 

Ambisonic audio can be scaled to any number of speakers in any position (within 

reason). If no height channel or rear speakers are available, the signals can be folded down 

without further loss of information. While lower-order Ambisonics can be scaled up to a high 

number of speakers, no additional spatial resolution is gained. Alternatively, higher-order 

Ambisonics can be played back on four channels, but the spatial resolution is reduced to the 

available capabilities of the speaker layout. Many decoders will provide standard speaker 

layouts as presets (quadraphonic, octophonic, hemisphere, 5.1, 7.1), with some allowing for the 

manual addition of speakers.  

                                                      
29 “Core Sound OctoMic,” http://www.core-sound.com/OctoMic/1.php accessed 20 Aug. 2018. 

http://www.core-sound.com/OctoMic/1.php
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Figure 3.3: Ambisonic B-Format components up to third order. Dark areas represent regions where the 

polarity is inverted. 
 

Several manipulations can be applied to an Ambisonic signal, such as tilting or tumbling 

the sound field on a given axis. However, the calculations of the matrices to achieve these 

effects beyond third-order are extremely difficult.30 HOA is also limited by available channel 

busses in digital audio workstations (DAWs), with few exceeding 64 channels (seventh-order 

capable). There also exists the practical concern of speakers, as the cost and positioning of 

numerous speakers can prove prohibitive. Most who work with Ambisonics outside of a 

research capacity use a combination of orders, first for recording purposes and up to fifth order 

for mono source positioning. 

 

                                                      
30 Edna Bates, “The Composition and Performance of Spatial Music,” PhD Diss., Trinity College Dublin (Aug 2009): 
51. 
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3.3 Virtual Reality 

3.3.1 Introduction to Virtual Reality 

Virtual reality (VR) is an immersive audiovisual experience that allows a user to place 

themselves within a computer-generated environment. There are three general categories of 

VR experiences. To be considered VR, at minimum the system must include a head mounted 

display (HMD). Passive systems of VR generally only consist of a HMD and are primarily used for 

viewing cinematic material as there is no interaction. This first tier of VR can be experienced 

with the use of most touch screen phones by purchasing devices such as Google Cardboard,31 

which contains lenses to deliver stereoscopic content to the user. The accelerometer within 

smart phones allows the user to look around within a 360 degree video or computer-generated 

environment. A second tier of VR systems allows for some limited interaction in the virtual 

environment with the use of various controllers, such as a game controller or keyboard/mouse. 

Further mention of VR within this document will refer to the third tier of VR systems, which 

contain a head tracked HMD and motion tracked controllers, allowing for all of the previously 

mentioned features in addition to full range motion within the virtual space.  

 

3.3.2 Spatial Audio for Virtual Reality 

VR is a logical choice as a platform for spatial audio, as the head-tracking and visual 

feedback create a surprising realistic spatial audio illusion. In addition to stereo audio for 

background music, most VR content consists of first to third-order Ambisonics for spatial 

                                                      
31“Google Cardboard,” vr.google.com/cardboard/ accessed Sept. 20, 2018. 

https://vr.google.com/cardboard/
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objects as these lower orders allow for relatively easy rotation and tilting of the sound field 

(critical due to the tracking of head movement). Most content is designed for use with 

headphones, as the use of a HMD makes the technology a personal experience. Ambisonic 

audio can be easily decoded to a binaural format, which takes advantage of psychoacoustic 

phenomena based upon hearing with two ears. This includes many of the spatial hearing 

mechanisms discussed in Chapter 2, such as spectral filtering, ILD, ITD, etc. Occlusion—the 

obstruction of a sound wave by an object—is also commonly included in VR content, especially  

in video games (e.g., to assist in locating the position of an enemy within a building). 
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CHAPTER 4 

APPROACHES TO GESTURE-BASED SPATIALIZATION 

4.1 Introduction 

Spatialization with controllers has a long history in electroacoustic music and can be an 

effective way to infuse a composition with gestural or performative detail. While the word 

gesture has several meanings in music, for the purposes of the current discussion it refers to 

the physical actions of a performer being translated into a spatial trajectory.32 Early methods to 

achieve this can be seen in Pierre Schaefer’s potentiomètre d’espace.33 Diffusion of stereo 

works within a multi-speaker concert hall utilizing faders has developed into a performance 

practice, notably seen in the writings and compositions of Jonty Harrison,34 Annette Vande 

Gorne,35 and Natasha Barrett.36 Efforts to gain gestural control of 3D sound have evolved more 

recently as computational advancements have made the goal more easily achieved. Mixed 

reality devices (virtual and augmented reality—VR/AR) present new opportunities of 

interaction with 3D sound, combining gesture-based controllers with immediate visual 

feedback via head mounted displays (HMD). 

32 Alyssa Aska and Martin Ritter, “Approaches to Real Time Spatialization and Sound Diffusion using Motion 
Capture.” Proceedings of the International Computer Music Conference (2016), Utrecht, The Netherlands: 1. 
33 Pierre Schaeffer, In Search of a Concrete Music, Trans. by North, Christine; Dack, John. London: University of 
California (2012). 
34 Jonty Harrison, “Sound, space, sculpture: some thoughts on the ‘what’, ‘how’, and ‘why’ of sound diffusion,” 
Organised Sound 3(2) 1998: 117–27. 
35 Elizabeth Anderson and Annette Vande Gorne, “An Interview with Annette Vande Gorne, Part One,” Computer 
Music Journal 36(1) Spring 2012: 10-22. 
36 Natasha Barrett, “Spatio-musical composition strategies,” Organised Sound 7(3) 2002: 313-323. 
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4.2 Interaction Modes and Control Mapping 

When discussing gesture-based transformation of sound objects, there are two 

interaction modes that can be distinguished.37 The top-down mode consists of direct 

manipulation of an object’s features through a specific action with a controller. In the bottom-

up mode, sound objects have their own set of rules and properties, and the user influence is 

reduced. Complex interactions can be designed with the use of algorithms or unusual control 

devices (such as an EKG) and can still be applied to either mode. The mapping of a controller 

and the application of data to a sound object is a significant factor in determining the mode of 

interaction. A diagram visualizing both modes can be seen in figure 4.1.38 

 

4.2.1 Top-Down Control 

When mapping a controller to a certain parameter, the challenge is to design an 

intuitive translation of a given gesture to an action. The gesture data is first translated to a 

desired scale and dimension (impacting the parameters of a single object or many), then 

applied to one or several properties of an object(s). Top-down models are the most common 

mode of interaction, since it allows for precise and predictable control over objects. This 

predictability can be somewhat negative, since it can lead to static systems with only one form 

of expression. 

 

                                                      
37 Jan Schacher, “Gesture Control of Sounds in 3D Space,” Proceedings of the 2007 Conference on New Interfaces 
for Musical Expression, New York, NY: 358-362. 
38 Figure from Jan Schacher, “Gesture Control of Sounds in 3D Space,” Proceedings of the 2007 Conference on New 
Interfaces for Musical Expression, New York, NY: 359. 
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4.2.2 Bottom-Up Action 

In the bottom-up interaction mode, the gestural input is mapped to higher level layers 

that determine a sound object’s behavior. This assumes the sound object already contains 

certain properties that give it an inherent character or behavior. This mode can contain several 

layers of abstraction, for example a hand wave gesture could control a centralized point for a 

cluster of objects or a button could activate/deactivate random derivations in trajectories. 

 
Figure 4.1: Top-down and Bottom-up Interaction modes. Figure from “Gesture Control of Sound in 3D 

Space” by Jan Schacher. 
 
 

4.3 Incorporation of Algorithms 

Precisely coordinated spatial trajectories is not desirable in some cases. The 

incorporation of algorithms with gesture-based spatialization can extend the abilities of the 

performer—producing results that would be extremely tedious or otherwise impossible with 

normal methods. Algorithmic methods can be especially useful for creating spatial textures that 

portray a shape or “gestalt”—and while the sonic results are not exactly predictable, they 
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exhibit certain behaviors in relation to other objects or the performer. Using algorithms is 

typically used to design bottom-up interactions, as the direct user control of sound objects is 

reduced. 

Algorithms can be rather simple, such as using LFOs to control distance or height, or use 

more complex models of interaction like Craig Reynolds’ Boids flocking algorithms.39 Tools 

utilizing the Boid algorithm for spatialization purposes (as well as other parameters) have 

recently been developed at the Institute for Computer Music and Sound Technology in Zurich.40 

Implementation of Boid algorithms within the game engine Unity41 can be accomplished with 

available JavaScript or C# scripts42 and parameters could be mapped to controllers with relative 

ease. Gravity simulations are another easily implemented feature within Unity and will be 

discussed later in this document for use with 3D spatialization. 

 

4.4 General Design Principles for Virtual Reality 

Virtual reality offers new possibilities for interaction within 3D spaces, and while the 

controller mechanics are relatively understood, designing VR software requires consideration of 

several other factors. Jeremy Bailenson, founding director of Stanford University’s Virtual 

Human Interaction Lab, discusses several features of virtual reality to consider before building 

                                                      
39 Craig W. Reynolds, “Flocks, Herds, and Schools: A Distributed Behavioral Model,” Proceedings SIGGRAPH 87, 
Computer Graphics 21(4), July 1987: 25-34. 
40 Jan C. Schacher, Daniel Bisig, and Philippe Kocher, “The Map and the Flock: Emergence in Mapping with Swarm 
Algorithms,” Computer Music Journal, Vol. 38(3), Fall 2014: 49-63. 
41 https://unity3d.com/ accessed 16 Aug. 2018. 
42 Two Unity packages licensed under Creative Commons, http://wiki.unity3d.com/index.php/Flocking, 
https://github.com/keijiro/Boids accessed 16 Aug. 2018.  
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VR content in his 2018 book Experience on Demand: What Virtual Reality is, How it Works, and 

What it Can Do.43 The following section presents several questions and considerations to 

readers and offers guidelines when building VR content. Particular focus is given to practical 

concerns rather than the social ramifications of VR, which is beyond the scope of this 

document. 

The first and most important question Bailenson asks is, “Does this need to be in VR?” 

The immersive nature of the medium is admittedly one of the more satisfying aspects of the 

technology, but this feature also leads people to forget their physical surroundings. During a 

recent VR art installation of mine,44 I personally witnessed many participants walk forward into 

other bystanders or reach out to touch objects in the virtual world (this installation used Google 

Cardboard devices which lacks any motion tracking or interaction). It would be prudent to 

consider this disconnect from physical reality when deciding to create VR content. 

Developers should also consider the current state of VR hardware. VR systems are 

rather uncomfortable with heavy HMDs, cable tethers, and less-than-optimal screens that can 

make users fatigued after prolonged use. Applications should be designed with this in mind and 

it would be best to limit VR use to shorter durations.  

A concern that should be paramount for all VR content creators is the potential for 

inducing nausea with VR. There are two primary sources for sickness in VR, low frames per 

second (FPS) on the HMD and unnatural motion of the user’s perspective. 90 frames per second 

                                                      
43 Jeremy Bailenson, Experience on Demand: What Virtual Reality is, How it Works, and What it Can Do (New York: 
W.W. Norton & Company, 2018), Kindle Edition, Location 3410-3555.  
44 “KALEIDREAMSCOPES,” https://corporeality2017.wordpress.com/kaleidreamscopes/ accessed Sept. 9 2018. 

https://corporeality2017.wordpress.com/kaleidreamscopes/
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is recommended for a comfortable VR experience as lower FPS causes latency that can result in 

a stuttering of the display. Higher FPS can be achieved by developing in efficient design 

architecture such as the Unity or Unreal video game engines. While VR tools exist for Cycling 

74’s Max/MSP/Jitter software,45 which may provide a familiar visual coding environment for 

artists, the software is somewhat inefficient for demanding graphics, in part due to the lack of 

support for the newer versions of the OpenGL API.46 In addition to the choice of design 

software, general minimizing of demanding CPU and GPU elements can also contribute to 

stable VR experiences. Further advances in computer processing power will in large part 

eliminate many of these concerns. 

Motion in VR is an interesting subject in itself and novel methods of movement are still 

being explored by developers. With more advanced VR systems users are able to naturally walk 

in the virtual environment. However, apart from specialized setups,47 walkable (i.e., trackable) 

areas are restricted to a 3.5m X 3.5m (11ft 5in X 11ft 5in) space.48 One of the most common 

methods to extend motion within VR is teleportation, typically accomplished with the user 

aiming at the desired location, followed by a short fade out/in from one spot to another. Other 

methods of motion often consist of aiming the controller in the desired direction and simulating 

thrust from the controllers to produce a “sliding” motion or flight. Whatever method one 

chooses, the important rule to follow is to minimize—or eliminate completely—uncontrolled 

                                                      
45 https://github.com/worldmaking/Max_Worldmaking_Package accessed 15 Aug. 2018. 
46 This refers to the Max 7, version 8 is supposed to address some of these issues. 
47 Treadmills systems and large trackable areas are possible, but not feasible for most developers. 
48 https://www.vive.com/us/support/vive/category_howto/what-is-the-recommended-space-for-play-area.html 
accessed 15 Aug. 2018. 

https://github.com/worldmaking/Max_Worldmaking_Package
https://www.vive.com/us/support/vive/category_howto/what-is-the-recommended-space-for-play-area.html
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motion of the user’s field of view, let the user control the motion. Sudden shifts in the visual 

field can cause nausea, although the human brain can overcome this when the motion is 

anticipated.49 

The final guideline to consider is simply this: if the task can be done outside of VR, then 

it is probably best accomplished outside of VR. Many tasks are better suited to the 

keyboard/mouse and computer monitor rather than the bulky setup of current VR systems. In 

the design of my own VR software, I have considered these guidelines carefully and while some 

are irrelevant to my goals (motion is stationary for example), others such as the need for virtual 

reality use is still a present issue. In the following section I will discuss an overview of my 

software VRSoMa, addressing the previously stated guidelines when appropriate. 

 

4.5 An Overview of VRSoMa 

4.5.1 Introduction to VRSoMa 

VRSoMa is an interactive spatial audio design application for use in virtual reality. 

Designed in the Unity video game engine for use with the HTC Vive virtual reality system, the 

software allows users to intuitively “grab” a sound and position it within a 3D space. In addition 

to the positioning of a single audio source, the software allows for a variety of sonic interaction 

and manipulation to design complex spatial trajectories. Performances in VRSoMa can be 

recorded and exported as FOA files for use in numerous Digital Audio Workstations.  

 

                                                      
49 Jeremy Bailenson, Experience on Demand: What Virtual Reality is, How it Works, and What it Can Do (New York: 
W.W. Norton & Company, 2018), Kindle Edition, Location 3505-3555. 
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Figure 4.2: Overview of VRSoMa Unity Project. Red highlight – project hierarchy, green highlight – 

project folder/file structure, yellow highlight – scene view, blue highlight – inspector 
 

A short introduction to Unity will make the workflow of VRSoMa clearer. Much of the 

interaction within VRSoMa is currently accomplished through the Unity editor. A screen shot of 

the VRSoMa Unity project is presented in figure to 4.2 to facilitate a better understanding of 

the Unity editor. The “play” button (center-top) is pressed to enter game mode (launching the 

program) and pressing the “stop” button (replaces the play button when game mode is active) 

exits game mode. The scene window (highlighted yellow) displays the arrangement of items in 

the 3D environment and allows the user to position, rotate, or scale objects around the virtual 

world. The hierarchy tab (highlighted red) shows all of the current objects within the scene 
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(e.g., lights, floors, audio sources, etc.). The inspector tab (highlighted blue) presents the 

attributes of the current selected object. Within the inspector tab the user can give an object 

individual qualities such as becoming an audio source, user interactivity, or any number of 

custom properties. The project tab (highlighted green) shows all of the current folders and files 

in the project. Any files located within the “assets” folder will be included in the final build of 

the software. 

 

4.5.2 Design Goals of VRSoMa 

While many excellent tools exist for creating 3D spatial movement—such as Spat/Server 

GRIS,50 the Facebook 360 Spatial Workstation,51 Sound Trajectory,52 or Rondo36053—nearly all 

are restricted to the surface of a 2D computer screen. The motion tracking of the Vive’s HMD 

and controllers give an immersive experience with full range of motion (limited by the play area 

and tether). This allows the user to operate in a 3D virtual environment that has several 

advantages and disadvantages compared to the traditional computer screen. A general design 

goal of VRSoMa is to recognize and exploit the benefits of virtual reality as a medium, while at 

the same time minimizing the shortcomings. The current goal of development is to create a 

performance environment where users (performers) can create personalized spatial audio for 

use in electronic music composition. To achieve this goal, interactions were designed to provide 

intuitive control over 3D sound by directing interacting with sound objects in 3D space.  

                                                      
50 www.cirmmt.org/research/tools accessed 17 Sept. 2018. 
51 facebook360.fb.com/spatial-workstation/ accessed 17 Sept. 2018. 
52 www.tripinlab.com/ accessed 17 Sept. 2018. 
53 dysonics.com/rondo360/ accessed 17 Sept. 2018. 

http://www.cirmmt.org/research/tools
https://facebook360.fb.com/spatial-workstation/
http://www.tripinlab.com/
https://dysonics.com/rondo360/
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Switching between the virtual reality HMD/controllers and keyboard/mouse is a 

necessary, but at times tedious process and as such the software is designed to maximize the 

time one can spend within virtual reality, while leaving tasks better suited to the 

keyboard/mouse on the computer screen. VRSoMa, in its current state of development, relies 

on pre and post production tools outside of virtual reality to achieve satisfying results for music 

composition. Some of this process is inherently necessary due to the medium and existing 

hardware, while other limitations may be overcome in future development. For example, 

renaming files or assigning audio files to a large number of objects would be time consuming 

within VR, but trivial using the keyboard and mouse. 

 

4.5.3 Spatial Audio in VRSoMa 

To handle the spatialization within Unity, VRSoMa utilizes the multi-platform spatial 

audio SDK Resonance Audio designed by Google.54 As of 2018, Google has made Resonance 

Audio open source, which makes it a desirable option for those looking to develop software 

with spatial audio. Resonance supports up to third-order Ambisonics; however, Unity itself is 

currently limited to second-order. The SDK takes advantage of many psychoacoustic 

phenomenon including, ITD, ILD, HRTFs, head movement tracking, early reflections and reverb, 

occlusion, and sound directivity. Due to the efficient design of Resonance’s Ambisonic mixing 

                                                      
54 “Resonance Audio,” https://developers.google.com/resonance-audio/ accessed 15 Aug. 2018. 

https://developers.google.com/resonance-audio/
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paradigm, hundreds of audio sources can be spatially rendered simultaneously with minimal 

increase in CPU usage.55  

Audio files to be spatialized should be in mono format and loaded into the Unity assets 

folder. The files should then be placed on the desired sound object through the Unity editor. 

While mono files are appropriate for use with Ambisonic panning—users can also place stereo 

or Ambisonic files into the scene. Amplitude attenuation curves based on distance can be 

adjusted for individual audio objects, as well as the amount of Doppler based sound alteration.  

All spatial audio generated within VRSoMa can be captured via Resonance’s Ambisonic 

sound field recorder component, which renders all audio in the scene into a FOA ogg file. By 

default, the sound field recorder cannot be activated during runtime (and is unable to capture a 

user’s performance); however, with some manipulation of the C# script the recorder can 

function during runtime with only minimal disruption (the virtual space disappears for 

approximately five seconds when the recorder is stopped). See Appendix A for the altered C# 

scripts. The sound field recorder is contained within the ResonanceAudioListener script and 

must be placed on the same object as Unity’s default AudioListener script in order to function.   

Unity only allows for only one AudioListener script in the scene, which typically is placed 

on the VR HMD object (i.e., sound is delivered to the user’s point of view). In most cases, this 

limitation is not a problem since games are generally played through a single perspective and 

audio does not need to be altered for other perspectives. However, this is problematic to 

record a performance intended for audiences since all audio transmitted to the user is altered 

                                                      
55 On the google pixel mobile device, 200 objects were spatialized with third-order Ambisonic algorithms with only 
a 60% CPU load. https://youtu.be/M-MhP2T3Adw?t=18m13s accessed 15 Aug. 2018. 

https://youtu.be/M-MhP2T3Adw?t=18m13s
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by head rotation. Since the goal of VRSoMa is to capture audio for use in the concert hall or 

headphones, a static front-facing audio listener must be created. Although this static listener 

could be placed anywhere within a scene, in VRSoMa its default location is in the center of the 

scene to simulate the center of the intended listening space. When sound is sent to this static 

listener the user is unable to monitor audio—due to the single audio listener limitation—and 

therefore requires an alternate approach. Audio can be captured by the static listener and 

monitored at the same time (while still maintaining head rotation sound alteration) by 

activating the SteamVR audio listener for user monitoring, while at the same time activating the 

ResonanceAudioListener on the static listener object. This is admittedly not an elegant solution 

and Unity will populate a warning message; however, it does allow audio to be captured from 

an unaltered front-facing listener while still monitoring the audio (albeit at a reduced quality 

since the SteamVR listener is of an inferior quality compared to Resonance Audio). A toggle is 

located within the menu system of VRSoMa to allow the user to switch delivery of the high 

quality audio between the user’s headphones and static listener. 

 

4.5.4 Visualizing Sound 

Visual information plays an important role in human perception of sound and the 

subject has been much discussed in the area of psychoacoustics and cinema. In the area of 

electroacoustic music, the idea of a visual sound object has recently been discussed for use in 

analysis (Thoresen 2007) and notation (Patton 2007). Manuella Blackburn has built upon these 
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systems and expanded the usage of visual sound-shapes56 to include terminology proposed by 

Denis Smalley and his concept of Spectromorphology. The sound-shapes Blackburn 

demonstrates take into account various musical features including timbre, ADSR, texture, as 

well as spatial qualities. Blackburn’s discussion provides a useful starting point in the design of 

visualizations in 3D space. 

 
Figure 4.3: Amplify Shader Editor example. 

 

Since VRSoMa is built with the purpose of creating personal performances using any 

audio source, a neutral sound object was designed that would still provide useful visual 

                                                      
56 Manuella Blackburn, “The Visual Sound-Shapes of Spectromorphology: an illustrative guide to composition,” 
Organised Sound 16(1) 2011: 5-13. 
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feedback. Sound objects contain a custom-built shader designed with Amplify Shader Editor.57 

This add-on to Unity gives users the ability to code within a visual object-based environment, 

similar to Max/MSP (see figure 4.3). This shader is placed onto a sphere and uses a vertex offset 

and oscillation algorithm, both of which react to the amplitude of the assigned audio sample 

(see figure 4.4). Two C# scripts were written to scale the amplitude data to the vertex 

oscillation rate and the extrusion amount (see appendix B for the visual code and C# scripts). 

Future developments could include parameters that react to frequency or spectral quality. 

 
Figure 4.4: Screenshots of audio reactive sphere; no audio (still), medium amplitude (mild movement), 

and high amplitude (fast movement and vertices extrude) 
 
 

4.5.5 User Interface 

The VR interface of VRSoMa gives users various methods and options for creating spatial 

audio movement. Interactions in the software are created using a combination of existing tools 

and custom code. Most important of these tools is the Virtual Reality Tool Kit (VRTK)58, which 

provides numerous VR solutions for use in Unity including locomotion (moving in the virtual 

space), interacting with virtual objects, UI elements, and body physics. All of these elements are 

open source and as such the code can be manipulated to suit the developer’s individual needs.  

                                                      
57 http://amplify.pt/unity/amplify-shader-editor/ accessed 9 Sept. 2018. 
58 https://vrtoolkit.readme.io/ accessed 15 Aug. 2018. 

http://amplify.pt/unity/amplify-shader-editor/
https://vrtoolkit.readme.io/
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The HTC Vive controllers are tracked via the system’s base stations and include a trigger, 

touchpad, two buttons, and two grip buttons. Basic interaction within VRSoMa is handled by a 

laser beam that emits from the primary controller (highlighted green) and is activated by the 

trigger. This laser can alter the various buttons/toggles/sliders or control sound objects. The 

secondary controller (highlighted blue) can trigger sound events, activate animations, or invert 

gravity (discussed in more detail below). See figure 4.5 for a screenshot of the controllers within 

the VR environment. 

The virtual environment is designed so that the user may position a sound object at any 

point within a 360 degree sphere. Currently the skybox is a space nebula scene, which apart 

from being visually pleasing has the benefit of a full 360 degree range of view. To help prevent 

disorientation, a semi-transparent floor is placed at the center of the scene with a cross to give 

directional clues. On this floor there are several interactive buttons, toggles, and sliders to 

provide easy access to the most essential features of VRSoMa (see figure 4.6). Secondary 

options are included in a floating menu that follows the user’s gaze when activated (see figure 

4.7). 

 
Figure 4.5: Primary controller (green) and secondary controller (blue) in VRSoMa. 
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Figure 4.6: VRSoMa interactive floor menu. 

 

 
Figure 4.7: VRSoMa floating menu that follows the user’s gaze. 

 
 

4.5.6 Control of a Sound Object 

To allow intuitive and detailed control over sound object position, the user simply needs 

to point at an object and activate the laser to “grab” the object, locking it to the end of the 

pointer (see figure 4.8). The object’s back and forth motion is then controlled by sliding the 

thumb up and down on the touchpad (see figure 4.9). The speed at which a controlled object 
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moves back and forth can be altered by the slider labeled “trackpad speed” located on the floor 

menu.  

There are several classes of sound objects in VRSoMa, represented by audio reactive 

spheres of various sizes. Each class of sound objects is designed for specific purposes and 

therefore interaction and functionality varies for the different classes. A summary of sound 

objects types and their capabilities is presented in table 4.1, with detailed explanations in the 

following sections. Upon starting VRSoMa, the primary audio sphere appears in the center of 

the user’s vision. Positional data from the primary audio sphere can be recorded by activating 

the “record movement” button on the floor menu, the resulting positional information will then 

be rendered into an animation file. This animation file can then be edited within the Unity 

animation window and mapped to alternate audio spheres. This feature can be useful to create 

coordinated movement between various objects, designing complex choreography. An optional 

timer can be used, which when activated puts a stopwatch in the user’s peripheral vision. This 

timer is reset each time the primary audio sphere is grabbed with the laser pointer. By default 

the audio is looped for each audio sphere, although this can be changed within the floating 

menu, allowing the user to trigger the sound with the secondary controller’s trigger. 

Table 4.1: Summary of sound objects and their spatial trajectories. 

Simple sound object Free spatial trajectories Visualization 

Single audio object Up/down, left/right, 
towards/away 
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Composite sound object Predetermined spatial 
trajectories Visualization 

Bloom 
Eight audio objects expand 
and contract from a 
centralized audio object. 

 

Vortex (not implemented) 
Objects rotate around and 
towards a shared ending 
location. 

 

Resequence (not    
implemented) 

Objects begin at a single 
location, expand outward in 
curved trajectories, and end at 
another shared ending point. 

 

Gravity influenced objects Gravity-based spatial 
trajectories Visualization 

Cluster/swarm Cluster or swarm of objects 
following a gravity source. 

 

Gravity inversion Rapidly push or pull objects 
away from a gravity source. 

 

Black hole Pulls objects towards gravity 
source in the distance 
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   - Orbits 
Audio objects orbit around 
gravity source at various 
speeds and trajectory lengths. 

 
 

 
Figure 4.8: Grabbing a sound object with the laser pointer. 

 

 
Figure 4.9: Primary controller functionality. 

 

While the primary controller’s laser pointer allows for detailed spatial movement, it may 

be desirable to automate audio sphere movement (for the sake of precision or to reduce 

physical fatigue). To this end, a waypoint system was created that allows users to place 
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numbered cubes around the space, that the primary audio sphere, bloom object, and gravity 

sphere can traverse. Waypoints can be added/removed from the scene by activating the + / - 

buttons located behind the user (see figure 4.10). Up to eighteen waypoint cubes59 can be 

placed around the space and once the waypoint toggle on the floor menu is activated, audio 

objects proceed in a straight line from one cube to another sequentially (and backwards once 

the last active waypoint is reached). Traversal speed can be adjusted via the “waypoint speed” 

slider located on the floor menu. Future development plans include the ability to create 

waypoints for multiple audio spheres, each with individualized trajectories and traversal 

speeds. 

 
Figure 4.10: Waypoint system of VRSoMa (first person perspective left, third person right).  

                                                      
59 More waypoint cubes could be created within the Unity editor if desired. 
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4.5.7 Composite Sound Object 

A composite sound object refers to an audio object that consists of multiple objects, all 

of which have predetermined behaviors. The bloom object is the only composite sound object 

currently implemented in VRSoMa; however, others can be designed based upon similar 

principles. The bloom object consists of a center audio sphere with eight smaller audio spheres 

that spread outward before returning to the center (see figure 4.11). Both the center audio 

sphere and smaller spheres can contain audio samples and are spatialized independently. With 

careful audio preparation, this composite sound object can create a powerful spatial image 

where the movements of multiple sources are bonded together to form a connected sound 

event.  

The movements of the smaller audio spheres in the bloom object were created with the 

animation editor within Unity. The animations are then triggered when the bloom object is 

activated and looped—alternatively, the animations and sound samples can be activated with 

the trigger on the secondary controller. The expansion/contraction speed of the smaller audio 

spheres’ spread is altered within the secondary menu if alignment of spatial motion and audio 

sample length is desired.  

Kinematic motion can also be turned on/off for the bloom and primary sound objects. 

Kinematics refers to the branch of classical mechanics that describes the motion of objects 

without consideration to their mass or the force that cause motion. Within VRSoMa this means 

that objects which have kinematic motion enabled will remain stationary after the object is 

moved with the laser pointer. When kinematic motion is disabled, sound objects can be thrown 

into the distance or rotated with the controller. This can create interesting and unexpected 
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sonic results with the bloom object. While not currently implemented, interesting possibilities 

exist if kinematic motion is disabled and combined with Resonance Audio’s directivity feature, 

which could allow the spinning of a sound source that has audio only emitting from the objects 

front surface. 

 
Figure 4.11: Visual representation of bloom spatialization and screenshot sequence from VRSoMa. 

 
 

4.5.8 Gravity Assisted Spatialization 

Utilizing the Unity asset Playing with Gravity (PWG),60 several strategies have been 

developed in VRSoMa that use gravity simulations to create complex spatial trajectories for 

multiple objects simultaneously. PWG is implemented in VRSoMa to create the four following 

trajectory patterns:  

1.  To create clusters of sound objects  

2.  To “slingshot” sound objects around in space  

3.  Inverting gravity to push/pull objects 

                                                      
60 https://pwmgames.com/playing-with-gravity/ accessed 17 Aug. 2018. 

https://pwmgames.com/playing-with-gravity/
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4.  A sonic “black hole” that pulls objects towards a center point 

While PWG allows for the creation of multiple gravity attractor or receiver objects, 

VRSoMa uses a single large sphere as the attractor (not an audio source by default) and as 

many as thirty receivers (additionally receivers can be created if desired). The user can control 

the large sphere or grab the individual smaller sound objects (see figure 4.12). The waypoint 

system can also be utilized, with the large gravity sphere following the path and smaller spheres 

following. The choice of audio samples should be carefully prepared/considered when using 

this method of spatialization. The individual sounds—each with their own complex 

trajectories—tend to be difficult to perceive and instead a single sound cluster or “swarm” is 

heard.  

 
Figure 4.12: Moving the gravity source with receivers following. 

 

There are several gravity options that can be altered within the VR environment to 

produce various results. The strength of the large gravity sphere can be adjusted with a slider in 

the secondary floating menu, from a negative push to a positive pull. The secondary controller 

can invert the gravity instantaneously with the trigger or the primary controller can activate a 
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toggle on the floor menu with the laser pointer. To provide additional visual feedback, upon 

inverting the gravity, a “shockwave” appears when pushing the objects away and an inward 

moving “vortex” activates when pulling (see figure 4.13). The mass and drag of the gravity 

receivers can be changed within the floating menu to create orbiting sound objects. This is 

particularly effective when setting a low drag amount and using the gravity inversion to launch 

the sound objects outward. Upon resetting the gravity attractor to pull, the sound objects will 

orbit around the large sphere (at various speeds in trajectory lengths depending on the 

settings). 

 
Figure 4.13: Screenshots of inverting gravity in VRSoMa. Images 1-3 shows pushing audio spheres 

away from the gravity sphere and images 4-6 shows the pulling motion. 
 

The sonic “black hole” setting requires first that the user activates the “random objects” 

toggle within the secondary menu, this will spawn thirty gravity receiver sound objects at 

various positions around the listener. The subsequent activation of the “black hole” toggle on 

the floor menu spawns a large gravity attractor at a distance. The random objects will rush 

towards the black hole, and once arriving, their positions will reset to their original spawn 

locations (see figure 4.14). Since objects arrive at the black hole at different times—due to 
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variations in both object distance and gravity effect—the texture will slowly be altered when 

objects are reset to their original positions and once again pulled towards the black hole. The 

amount of Doppler effect can be adjusted on the sound objects to add to the sense of motion. 

 
Figure 4.14: Sonic black hole sequence. First person perspective (left) and third person (right). 

 
 

4.5.9 Comparing VRSoMa to Other Software 

Due to advancements in hardware and software in the past few years, both virtual 

reality systems and spatial audio tools have only recently been available to the masses. 

Although these technologies can be purchased with a relatively modest financial commitment, 

the existing tools (both hardware and software) are still in their infancy and as such 

development of applications is fairly limited. The majority of content for virtual reality is in the 
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form of entertainment (games and cinematics) with relatively few utilizing virtual reality as a 

tool, especially in the area of computer music. 

At the writing of this document, I know of only one other project which utilizes virtual 

reality for designing spatial audio, the unreleased plugin Spatial Connect by the German audio 

company Dear Reality.61 Advertisements for the plugin demonstrate the ability to manipulate 

audio source position and amplitude within virtual reality with the Vive controllers (in a 

seemingly similar manner to VRSoMa). This positional data is routed to a DAW through their 

VST plugin and recorded in automation lanes. This approach has the advantage of working 

directly within a DAW, streamlining the process of audio production. More complex spatial 

interactions and algorithmic control over sound sources do not appear to be a part of Spatial 

Connect in its current unreleased state.  

 

4.5.10 Next Steps 

The most immediate development goal of VRSoMa is to make the software easier to use 

and improve the workflow within VR. One such improvement would be a redesign of how the 

motion of individual virtual sound objects are recorded. Instead of recording an object’s 

transform position and saving the data as an animation file, a more refined system could track a 

user controlled object’s movement and drop invisible waypoints along its path. Compared to 

the animation files, this method has the benefit of much less data to compute since only the 

waypoints’ transform position would need to be saved. Waypoints could also be edited within 

                                                      
61 https://dearvr.com/ accessed 14 Aug. 2018. 
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VR during runtime, unlike the GameObjectRecorder API62 designed by Unity which cannot be 

edited or played back without exiting game mode. This will improve workflow greatly, as 

transitioning between the Unity editor window and VR space can be time consuming. 

Implementation of higher order Ambisonics would be one of the more beneficial 

additions to VRSoMa. As mentioned in the introduction, first-order Ambisonics has a fairly low 

spatial resolution and sounds positioned with this method will result in blurred or smeared 

localization. The audio engine in Unity is currently limited to 8-channels and as such can only 

support second-order Ambisonics.63 This limitation may be removed with future versions of 

Unity, but developers may also take advantage of third party audio SDKs or audio middleware 

such as Wwise.64 Third party audio SDKs—such as Google Resonance, Blue Ripple Sound’s 

Rapture3D, or Dear Reality’s DearVR Pro—often will support HOA internally, but still rely on 

Unity’s underlying audio engine and its limited capabilities.  

For more advanced audio features, audio middleware programs such as FMOD or Wwise 

can be integrated with Unity projects. These programs serve as a substitute for Unity’s audio 

engine and provide several advantages. Some of these advantages include easy implementation 

of signal processing capabilities such as filters, randomized sound banks, sound triggers, or 

amplitude fading—while others include advanced audio features such as the creation of various 

audio busses. Of the two programs mentioned, Wwise offers the possibility to create a third-

                                                      
62 https://docs.unity3d.com/ScriptReference/Experimental.Animations.GameObjectRecorder.html accessed 14 
Aug. 2018. 
63 https://docs.unity3d.com/Manual/AmbisonicAudio.html accessed 14 Aug., 2018. 
64 https://www.audiokinetic.com/products/wwise/ accessed 14 Aug., 2018. 

https://docs.unity3d.com/ScriptReference/Experimental.Animations.GameObjectRecorder.html
https://docs.unity3d.com/Manual/AmbisonicAudio.html
https://www.audiokinetic.com/products/wwise/
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order Ambisonic mix and record the output to disk65—a feature that would drastically improve 

the sound localization and record functionality of VRSoMa. Wwise also allows for unlimited 

listeners in the scene, which would overcome the single listener limitation of Unity and 

facilitates the rendering of high quality audio to both the user and static listener object. 

There are also a number of Google Resonance features that could be integrated within 

VRSoMa with a modest time commitment. Changing the size of room and reverb characteristics 

during runtime would be beneficial, although many VST reverb plugins will have more satisfying 

sonic results. Sound occlusion offers various creative possibilities, for example, the user could 

place walls between the listener and sound sources, having the sound object (or walls 

themselves) rotate around the listener. Resonance also allows for the manipulation of the 

directivity of sound sources (i.e., the emission point of sound on the object). This could be 

useful in the design of virtual sound objects that emulate physical properties, such as a cone 

shaped object that emits sound in a highly directive manner. 

As stated previously, both VR systems and traditional keyboard/mouse setups have their 

own benefits. Ideally, the finalized version of VRSoMa would contain a frontend interface for 

both systems, taking advantage of the inherent strengths in each format. All of the 

keyboard/mouse interactions in VRSoMa are currently executed within Unity, a DAW, or 

optional programs such as Max/MSP. Some of these interactions could be implemented within 

VR, others could be developed into a custom-built 2D interface, while some are best left to 

more capable programs with improved workflow between the software. The precise control 

                                                      
65 “Ambisonics in Wwise,” https://www.audiokinetic.com/products/ambisonics-in-wwise/ accessed 14 Aug., 2018. 

https://www.audiokinetic.com/products/ambisonics-in-wwise/
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and visual feedback of individual sound objects in VRSoMa provides a unique environment to 

tangibly work with 3D sound. In addition, the composite sound objects and gravity based 

spatialization methods provide interesting spatial trajectories with creative potentials in music 

composition. 
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CHAPTER 5 

THE USE OF SPACE AS A MUSICAL PARAMETER IN DISCORDS 

5.1 Introduction 

The information presented in this document provides a foundation for many of the 

technical possibilities and limitations of spatial audio reproduction. Only some attention has 

been given towards the act of composing spatial music and conceptual considerations. The 

following chapter provides a framework of understanding for the treatment of spatial audio in 

the context of musical composition. Much of the terminology and concepts presented within 

this chapter primarily derive from the writings of Pierre Schaeffer, Trevor Wishart, Denis 

Smalley, and Natasha Barrett, each who have made important contributions in the musical 

treatment of space. My current research complements their ideas and demonstrates a personal 

approach to spatial composition through a discussion of my work Discords (2018) for 3D audio 

with playback on a multi-channel speaker array, guitar amplifier, and laptop speakers. 

5.2 Spatial Illusion and Allusion 

The choice of sound material is an important act in electroacoustic music composition 

and can impact various aspects of the work. We can generally reduce material into two 

categories: the intrinsic and extrinsic. Intrinsic features include more objective qualities such as 

spectrum content, motion and growth processes (morphology), and the structural relationships 

between sound events. Extrinsic on the other hand, refers to the sound’s ability to suggest an 

association with something that is not present in its more objective sonic features. Extrinsic 

material is cultural, drawing upon references outside the work and the listener’s subjective 
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experiences. Both the intrinsic and extrinsic often interact with each other; a sound can move 

from one quality to another or exist as both simultaneously. Denis Smalley refers to this link as 

source-bonding.66 

The concept of source-bonding can be extended to spatial qualities when discussing a 

sound object’s real position and its imagined or suggested location. Natasha Barrett refers to 

these two states as spatial illusion and allusion.67 Spatial illusion considerations include the 

technological means of sound production and spatial hearing laws to achieve the most realistic 

portrayal of a perceived space. The sound itself can be either recognizable or abstract; 

however, the spectral content can impact spatial perception, as humans more easily locate 

higher frequencies with clear attacks. Spatial illusion is somewhat of an idealized goal as the 

exact reproduction of space with headphones or loudspeakers is not fully possible. If enough 

spatial information is given, the listener will accept the approximated space as real. The 

composer can then use various manipulations to distort or break down the space. 

Spatial allusion considers the sound’s source-bond relationship and the object’s 

inherent nature to suggest a space. If we hear the sound of rain hitting leaves, we assume an 

outdoor forest scene with overcast skies. The quality of an abstract sound can also suggest a 

space, for example, short granular sounds with no reverberation can suggest a small enclosed 

space where a drone texture that is difficult to localize can imply a large open space. The 

motion and distance of a source can also have an effect; the sound of a bird flying overhead or 

a stationary close bird suggest different locations. 

                                                      
66 Denis Smalley, “Spectromorphology: explaining sound-shapes,” Organised Sound 2(2) 1997: 110. 
67 Natasha Barrett, “Spatio-musical composition strategies,” Organised Sound 7(3) 2002: 314-315. 
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The interaction between spatial illusion and allusion can be an important formal and 

structural component. Abstract and referential sounds can combine or transform to create 

multiple spaces existing simultaneously. There is a continuum that exists between real and 

imagined spaces that the composer can explore to create motion between states and connect 

different sonic landscapes. 

 

5.3 Spatial Gestures 

The word gesture has a multiplicity of meanings, traditionally the term involves the 

physical actions of a performer resulting in a sound that is recognized as significant by a listener 

(the interpreter). Gestures can be culturally learned, as is the case with much of music in 

traditionally established mediums such as 19th century Western harmony, or they can refer to 

more objective motion. The development of electronic sound and seeming lack of a performer 

warrants a redefinition of the word. Previously in this document we had defined gesture as the 

physical actions of a performer being translated into a spatial trajectory. While this definition is 

valid, it can be augmented and generalized into the following statement: gesture is the motion 

to and from different states. This can include the continuum between noise and pitch, 

abstraction and reference, spatial illusion and allusion, and any number of other contrasting 

elements. The shifting motion to and from these features becomes the “play” in electroacoustic 

music that allows the composer to inhibit the space of the performer. The following section will 

outline categories of gesture within the context of spatial motion and how these gestures can 

form to create a vocabulary of spatial textures. 
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When defining spatial gestures, one could simply be describing the objective motion of a 

sound object. However, as we have discussed previously, the spectra and abstraction of the 

sound play an important role in how we perceive its spatial position (either real or imagined). A 

spatial gesture in the current context will be defined as a spatial motion(s) with a close 

connection to the sound(s) itself. The connection between motion and sound can be rather 

simple and objective or the two can be tightly bonded to form complex spatial sound objects. It 

is important to note that while the interactions within VRSoMa could be used to create 

gestures, spatial movement alone is not enough to perceive a gestural quality. For example, a 

bloom object containing various sounds of different lengths will sound unconnected. However, 

if a percussive hit in the center of the bloom is followed by an outward explosion of similar 

sound material, the spatial movement and audio can be perceived collectively as a singular 

event. 

 

5.3.1 Simple Spatial Gestures 

A simple spatial gesture can be described as the accurate representation between the 

sound event and its spatialization. For example, a bird sitting on a perch, the passing of traffic, 

or the sound of thunder in the distance. The spatial motion of these sounds need not be 

complex and can be generalized into combinations of up/down, front/back, towards/away, and 

left/right. Simple gestures can form together to create coordinated counterpoint between 

multiple sound objects. However, there is a limit to the number of individual sounds a person 

can perceive and accurately locate. At a certain point the sounds blend together into a 

cacophony of sound. 
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5.3.2 Complex Spatial Gestures 

A complex spatial gesture is defined as a sound event where the sounds and their spatial 

movements share a strong connection. To accomplish a complex spatial gesture, careful 

consideration must be given to the sound materials and motion trajectories. It is not enough 

that sounds interact in counterpoint, they must form together into an overall goal to suggest a 

greater shape. Depending on the audio sources, a composite sound object could be used to 

form a 3D sound object or a complex gesture. For example, if the audio begins at the center and 

“breaks apart” in its spread outward (through granulation or some other method), this would 

suggest a motion of disintegration. Both the audio and spatial movements reinforce the 

transition from one state to another and become a complex gesture. Two of the author’s 

personal examples will illustrate a complex spatial gesture. Audio and video documentation of 

these gestures can be found on YouTube.68 

 
Figure 5.1: Visual representation of the sonic black hole and screenshots from VRSoMa (first person 

perspective). 

                                                      
68 Michael Smith, “VRSoMa Preview,” https://youtu.be/yG_BN8x8ML8 published 5 July 2018. 

https://youtu.be/yG_BN8x8ML8
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The sonic black hole discussed in Chapter 4 can be used to create a complex spatial 

gesture (see figure 5.1). Whether or not the effect is perceived as a gesture or textural 

background would greatly depend on the treatment and choice of sound material. If a variety of 

sounds are used the effect lacks a cohesive character and becomes more of a textural effect. If 

the sound material is similar and builds up around the listener, before being rapidly pulled 

away, then the action is more easily understood as being a connected event. Adjusting the 

amount of Doppler effect in VRSoMa can add to the illusion of movement, strengthening the 

overall gesture. 

Certain gestures will require more detailed preparation of the audio and spatial 

movements. For example, the resequence gesture consists of a sonic object that breaks apart 

into small fragments, moving around the listener, and reforming into another sonic object. See 

figure 5.2 for a visual representation of the gesture along with an image sequence from 

VRSoMa. 

The audio preparation consists of several stages of sound design before creating the 

spatial trajectories.  

1. Sonic objects were created using a combinations of sound sources including electric 
guitar, double bass, a physical modelled flute, and bağlama (Turkish stringed 
instrument). These samples were layered and processed to form several sonic 
objects. The parts of these objects were rendered both as a complete object, and 
also as individual mono sources.  

2. Using a custom granulation patch designed in Max/MSP, the layers of the sonic 
objects were broken into grains that begin with a long duration, transition into short 
grains, then transition back into long grains. Simultaneously the traversal speed was 
altered to begin at normal speed, move to low, and end at a normal speed. These 
parameters were tied to a global bang to coordinate the effect.  

3. The sounds were then moved back into a DAW where the sonic objects were spaced 
out with eight different granulated fragments connecting them. The eight fragments 
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from one object were crossfaded with the destination object, with the destination’s 
fragments reversed. This helped to solidify the illusion of one sound object breaking 
apart and morphing into another. 

 
Figure 5.2: Visual Representation of the resequence gesture and stills from VRSoMa (third person 

perspective) 
 

Moving the completed stems into VRSoMa, the sounds were placed onto nine audio 

spheres. The primary sphere contained the full sonic objects and simply needed to be placed at 

the appropriate location (in the YouTube example front, back, right, and finally ending on the 

left). It was then necessary to record the movements of the other eight spheres that contained 

the fragments. Using the timer and looping the sounds made this process easier since multiple 
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takes were recorded and the most accurate could be selected after. Constructing the full 

gesture could be easier in the future with automatic playback of the spheres’ movements 

(rather than exiting to the Unity editor). The resequence gesture could be a broken into smaller 

gestures, without the transition to another sonic object the gesture could be used to portray 

fragmentation or disintegration.  

The sonic black hole and resequence gestures are just two examples that illustrate 

different approaches to creating complex spatial gestures. In addition to being a valuable tool 

for spatial design, VRSoMa (and VR in general) is also helpful in conceptualizing the use of space 

and the creation of gestures. The addition of visual feedback to 3D sound adds greatly to the 

aural perception since users do not have to rely on only once sense. Without the use of VR, it is 

questionable whether the composite spatial sound objects or complex gestures can be fully 

perceived. This will greatly depend on the audio preparation and the technical reproduction of 

the event (e.g., which degree of HOAs or number of available speakers). 

 

5.3.3 Spatial Textures 

Much like the musical textures of monophony, polyphony, or heterophony in Western 

classical music, spatial textures rely on a global perception of spatial events and their 

interaction. Discussion at this level of detail is less focused on smaller gestural action, but 

concerned with large scale perceived spaces created either by illusion or allusion. Denis Smalley 

discusses six guidelines to help define the global spatial style in a work.69 

                                                      
69 Denis Smalley, “Spectromorphology: explaining sound-shapes,” Organised Sound 2(2) 1997: 124 
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1. Single spatial setting. The listener can be aware of a single space at the onset of the 
piece or over time separate parts are revealed to form a complete space. 

2. Multiple spatial settings. The listener perceives different spaces that cannot be 
placed into a single setting. 

3. Spatial simultaneity. Imagine a typewriter and printer nearby, while in the distance 
cars race by. The listener is aware of both spaces.  

4. Implied spatial simultaneity. The listener remains aware of a space even though it 
has just passed. This can happen when different spaces are presented in rapid 
succession.  

5. Spatial passage. This term is used to describe transitions between spaces, these can 
be sudden, gradual, or accomplished by some other means. 

6. Spatial equilibrium. This term describes the relative balance between spaces and the 
listener’s perspective. 

 

5.4 Virtual and Real Space 

The perception of space does not rely solely on the composed space in the music itself, 

but also greatly depends on the listening space and its technological capabilities. The idealized 

use of space in a work can be described as the virtual space and does not include consideration 

of any limitations in reproduction. Spatialization can provide a window to glimpse at this virtual 

space, but in practice cannot exist outside of the real space.70 The choreography between these 

two elements can be explored by the composer to focus a listener’s perspective, either towards 

an imagined landscape or the sound character of the physical space. Few listening 

environments can come close to realistically emulating the virtual space and compromises are 

often made. In Ambisonic format or stereo pairs of speakers, the sweet spot does not typically 

encompass a large area. The composer can accept this, but also exploit the limitation to create 

                                                      
70 Denis Smalley, “Spectromorphology: explaining sound-shapes,” Organised Sound 2(2) 1997: 122 
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a unique experience based on any listening perspective. This can be accomplished by 

manipulating speaker positions, including a mix of 3D and stereo sound files, exploring the 

reverb of the room, or using loudspeakers with unique timbral qualities (as opposed to the 

typical neutral/flat color of high-end studio monitors).71 

 

5.5 Overview of Discords 

5.5.1 Introduction to Discords 

Discords (ca. 9 minutes 30 seconds) is a fixed media work for 3D audio, with playback 

over multi-channel speaker array, guitar amplifier, and laptop speakers. It was composed in 

2018 as part of my PhD studies at the University of North Texas. The designing of VRSoMa and 

studying of spatial music has led me to consider various aspects of working with space as a 

musical parameter in Discords. The piece does not attempt to explore each and every avenue of 

spatial music, but to use some of these features to form a cohesive composition. It should also 

be noted that while VRSoMa provided useful spatial audio recordings, much of the spatial 

positioning within Discords is derived from recordings with a Sennheiser AMBEO VR72 

microphone and VST plugins within a DAW (such as IEM and Blue Ripple Sound). The A-Format 

recordings were converted to B-Format with software provided by Sennheiser, which is 

specially designed for the AMBEO VR microphone. 

While written in an Ambisonic format, and as such can be decoded to a number of 

different listening environments (headphones, stereo, 5.1, etc.), the ideal environment for 

                                                      
71 Gerhard Eckel, Rumori, M., Pirrò, D., González-Arroyo, R., "A Framework for the Choreography of Sound," 
Proceedings of the International Computer Music Conference (ICMC), Ljubljana,  Slovenia (2012): 1. 
72 https://en-us.sennheiser.com/microphone-3d-audio-ambeo-vr-mic accessed 9 Sept. 2018. 

https://en-us.sennheiser.com/microphone-3d-audio-ambeo-vr-mic
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Discords would be a concert hall with a multi-channel speaker such as the Merrill Ellis 

Intermedia Theater.73 The work also calls for the use of a guitar amplifier and laptop, which are 

placed at the front left and right of the concert hall. These alternate sound sources were used 

to take advantage of their timbral contrasts and to create choreography between real and 

virtual spaces. A guitar amp and laptop are commonly available and the use of these objects 

assists in giving the piece a defining characteristic, especially in halls that cannot accurately 

reproduce a 3D sound field. 

The final arrangement of Discords was composed in Reaper with various VST plugins for 

reverb, delay, compression, and ambisonic encoding/decoding (see figure 5.3 for a session 

screenshot). The top three tracks contain audio that is sent to a subwoofer, a guitar amplifier, 

and laptop. For monitoring purposes these tracks are sent to the master track, although in 

performance they would be sent through sends on the hall’s diffusion system. All Ambisonic 

tracks—either encoded monophonic sources or in FOA B-Format—are sent to a 16-channel bus. 

This bus contains two plugins from IEM; a binaural decoder for monitoring and the AIIRA 

Decoder74 for multi-channel loudspeaker performance. A reverb aux track using IEM’s 

FdnReverb is also used, which allows for reverberation in Ambisonic format. This reverb track is 

also sent to the 16-channel Ambisonic decoder bus. Since Reaper only allows for up to eight 

channels to be recorded with the master track, a folder track was created, which contains all of 

the Ambisonic tracks. This track can be rendered out as stems in the render menu, creating a 

third-order Ambisonic file (16 channels). 

                                                      
73 http://cemi.music.unt.edu/MEIT accessed 9 Sept. 2018. 
74 https://plugins.iem.at/docs/plugindescriptions/ accessed 13 Sept. 2018. 

http://cemi.music.unt.edu/MEIT
https://plugins.iem.at/docs/plugindescriptions/
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The six “AmbiPan” tracks use the Blue Ripple Sound O3A plugin75 to pan monophonic 

sources into a 3D sound field (in third-order resolution). The plugin allows the user to control 

the azimuth angle and elevation of the source through automation lanes, similar to tradition 

stereo panning. “Ambi Track” one and two contain FOA Ambisonic recordings of the bloom 

object in VRSoMa. The Omnicompressor and DualDelay plugins from IEM were used on these 

two tracks to enhance the dynamics and fill out the spatial texture. The Omnicompressor 

functions the same as a normal compressor, but allows for the compression of Ambisonic files. 

The DualDelay plugin contains two delay-lines, each of which can have different settings. This 

plugin also contains a feature where the whole sound field can be rotated every time it runs 

through the delay-line.76 The “Ambi NOFX” tracks contain no effects and are used for FOA 

ambisonic recordings from the AMBEO VR microphone and VRSoMa. The “Ambi Drone” tracks 

use the Omnicompressor from IEM and often send signal to the reverb aux track. These tracks 

contain recordings of hand-held crash cymbals, which were rotated around the AMBEO VR 

microphone (discussed in more detail below). 

 

5.5.2 Sound Material 

The sound sources for Discords include various “noise” materials. Analog electrical noise 

is derived from an electric guitar and amplifier, digital noise recorded with a physical modeled 

flute,77 man-made noise from a water cooled power plant, recordings of cymbals, and noise 

                                                      
75 http://www.blueripplesound.com/products/o3a-core-vst accessed 13 Sept. 2018. 
76 https://plugins.iem.at/docs/plugindescriptions/#dualdelay accessed 13 Sept. 2018. 
77 Initial design by Jon C. Nelson, https://jcnelson.music.unt.edu/seamus-2014-physical-modeling-gen-workshop 
accessed 13 Sept. 2018. 

http://www.blueripplesound.com/products/o3a-core-vst
https://plugins.iem.at/docs/plugindescriptions/#dualdelay
https://jcnelson.music.unt.edu/seamus-2014-physical-modeling-gen-workshop
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from nature consisting of calls from over one hundred species of birds. The subjective nature of 

noise is explored through the juxtaposition and complementation of these various elements.  

Sounds from the electric guitar were derived from experiments with an Ebow,78 the 

guitar’s quarter inch jack, and timing the powering on and off of the amplifier to produce 

“pops.” The Ebow was used in combination with a floating bridge and when depressed, the 

loose strings will “bounce” against the pickup and Ebow, creating a buzzy distorted tone. Noise 

was also produced by removing the quarter inch jack and rubbing the tip along the various 

metal portions of the guitar. Loud “pops” were created by turning the amplifier off and turning 

it on before the power cycle was complete, thus interrupting the sequence and producing a 

percussive hit. These loud pops were used as the center of bloom objects. They were also run 

through a custom granulation patch to serve as the expanding branches of the bloom objects. 

Once the monophonic files were prepared, they were loaded into the audio objects within 

VRSoMa and recorded at various positions in space. 

The Sennheiser AMBEO VR microphone was used to record an outdoor water-cooled 

power plant and also a pair of hand-held crash cymbals. During the field recording of the power 

plant, various objects covered or were placed around the microphone capsules. These objects 

include a metal thermos, a plastic tennis ball container, a mason jar, and crash cymbals. This 

technique exposed different sound qualities through both filtering the power plant and 

activating the resonant frequencies of the divergent objects.  

 

                                                      
78 http://www.ebow.com/home.php accessed 13 Sept. 2018. 

http://www.ebow.com/home.php
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Figure 5.3: Screenshot from Discords Reaper session. 
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The crash cymbals were useful to infuse the power plant recording with gestural information. 

Rotating the cymbals around the microphone capsules filtered the sound from the power plant 

and allowed gestural play with spatialization. This idea was also tested in the recording studio 

with just the cymbals. Striking the cymbals and placing them close to the capsules captured 

their resonance frequencies. Positioning different areas of the cymbals around the microphone 

highlighted different timbral and dynamic qualities. 

Bird calls were recorded into Reaper from an artificial intelligence experiment of 

Google’s that organized sounds from over 14,482 different birds.79 Using recordings from the 

Cornell Lab of Ornithology,80 machine learning was used to organize the sounds by timbral 

qualities and place them into a visualization containing the individual spectrograms. Hovering 

the mouse over a spectrogram plays the audio from that particular bird. However, if the mouse 

cursor rapidly scans through the various spectrograms, a cacophony of bird sounds are played. 

Moving the cursor through each row yielded a variety of bird calls to be recorded. These 

recordings were later spliced and placed onto the “random objects” within VRSoMa. Activating 

the sonic black hole feature created the sensation of birds flying around the listener and being 

pulled into the distance. 

 

5.5.3 Form 

There are several factors that govern the form of Discords;  

1. Spatial textures and passages 

                                                      
79 https://experiments.withgoogle.com/bird-sounds accessed 15 July 2018. 
80 http://macaulaylibrary.org/guide/audio/essential-set-for-north-america accessed 15 July 2018. 

https://experiments.withgoogle.com/bird-sounds
http://macaulaylibrary.org/guide/audio/essential-set-for-north-america
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2. Sound material 

3. Choreography between real/virtual spaces  

An overview of the form can be seen in figure 5.4. Spatial textures/passages and the sound 

material have previously been explained; however, the choreography between real/virtual 

space warrants further discussion. The virtual space in Discords is represented by the 

reproduction of the 3D sound field (however imperfect it may or may not be). A primary goal of 

Ambisonics is to make the loudspeakers “disappear,” with sound seemingly coming from no 

one particular speaker. In essence, the listener is taken out of the real physical space and 

placed within the virtual sound field. Discords explores the virtual and real spaces by using 

multiple sound sources within the hall. The virtual sound world is played through high-end 

monitors (with a near-flat frequency response), while the real space is exposed by the 

“imperfect” timbres of a guitar amplifier (stage left) and laptop speakers (stage right). The 

transfer of sound between these various sound sources focuses the audiences’ attention on 

space, encouraging the recognition of both real and virtual sound worlds. 

The work begins with noise and static emitting from the guitar amp. After approximately 

one minute, a sub bass hit follows with sound erupting from the guitar amp into the 

loudspeaker array. The second section consists of the bloom composite sound objects (derived 

from the electric guitar and amplifier), background static, and high frequency drones. The 

DualDelay VST plugin designed by IEM was applied to these objects, which rotates the sound 

field every time it runs through the delay-line.81  

                                                      
81 https://plugins.iem.at/docs/plugindescriptions/#dualdelay accessed 13 Sept. 2018. 

https://plugins.iem.at/docs/plugindescriptions/#dualdelay
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Figure 5.4: Form of Discords 
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The use of spatial delay and high frequency drones creates a spatial simultaneity, as the listener 

can perceive the position of the center noise burst from the blooms, but localizing the drone 

and delayed granulated textures can prove difficult. 

Passage to the third section is hinted at through the gradual exposure of the power 

plant. The power plant is water cooled, so in addition to the hum of mechanical equipment, 

thousands of water droplets fall into a pool to create a near-full spectrum wash of sound 

(similar to computer-generated white noise). The recordings of the power plant were broken up 

into mono samples and slung into orbits around the listener with the gravity simulation 

features with VRSoMa. Sounds of the power plant are first heard in these fast moving orbits 

before a sudden explosion of the full power plant sound surrounds the listener.  

The full spectrum sound of the power plant is gradually diminished by the filtered 

recordings, exposing the harmony present in the objects’ resonant frequencies. These 

frequencies are crossfaded with recordings from crash cymbals with a FOA microphone, which 

make up the primary sound material for the fourth section. This section represents a negative 

space through the use of drone material that is difficult to localize. Negative space in this 

context is a texture that encourages the listener’s focus on qualities that seemingly exist 

outside of the space. Spatialization is still present in this section, but the sound material leads 

to a “submerged” space where harmony and timbre are at the forefront of the listener’s 

attention.  

At the end of the fourth section, sound objects begin to gather at the center of the 

sound field before being rapidly pulled away towards the sonic black hole in the distance. The 

harmonic material fades away and is overtaken by bird calls, granulated noise, and power plant 
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recordings. Pulsating sonic objects emerge at the center, rising in intensity as the section 

progresses. Eventually a wash of sound rushes around the listener, ending abruptly, with soft 

static and noise emitting from the laptop speakers. This gives the piece a symmetrical ending, 

placing the listener back into the real space after an excursion through a 3D sound field.  

 

5.5.4 Conclusion 

Discords represents my first work outside of the stereo domain and highlights my 

attempts to creatively use space as an important musical parameter. Writing a work for 3D 

sound warrants the acceptance of an imperfect spatial illusion. Ideally Ambisonics presents a 

similar sound field to all audience members. However, the limited sweet spot (especially in 

lower-orders) should be considered and strategies developed to deliver a satisfying experience 

for all listeners. This could include the use of audio for stereo pairs in addition to the Ambisonic 

presentation, or alternate sound sources such as my personal decision to include a guitar 

amplifier and laptop. While including a guitar amplifier and laptop minimizes the work’s 

effectiveness outside of the concert hall, it also adds an additional element of spatial play, 

overshadowing some of the technological limitations in sound field reproduction.   
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CHAPTER 6

 FUTURE DIRECTIONS 

6.1 Introduction 

Creating a work for 3D sound presents new technological and conceptual considerations 

to sound artists. Working with 3D sound in VR, while relatively unexplored, is a logical 

intersection for both technologies and offers new methods of interaction. The added visual 

perception of VR increases the perception of 3D sound objects and spatial gestures. VRSoMa 

provides some methods to work with these ideas and lays the foundation for future additions. 

More development is necessary to make VRSoMa a viable means of spatialization, to this end, 

the software will be made available in some form to the spatial audio and VR communities. 

Creating a GitHub page for the software is the most logical choice, giving multiple developers 

the opportunity to refine existing features or contribute new tools.  

6.2 Interpretation of 3D Sound 

The lack of a performer in fixed media electroacoustic music can be problematic. Works 

can sound sterile or lifeless without the aid of a human interpreter. To counteract this, many 

stereo works are diffused live through a multi-channel speaker system and can often give a 

piece a different character. This is an important act for many composers and can infuse a 

composition with gestural detail. Compositions using Ambisonics lack this step of performer 

interpretation, but can be overcome with new modes of interaction in the creation process. 

Recording with an Ambisonic microphone is one possible solution, as the composer is 

essentially performing the spatialization at the time of recording. It is my hope that VRSoMa 
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can provide even more possibilities for performance in 3D sound, giving a performance quality 

to the spatial motion. The existing tools within VRSoMa provide a wide range of interactions 

with a single sound source, composite sound objects, or multiple sources with the use of 

gravity. In the future, real-time manipulation of audio—such as changing pitch, duration, 

filtering, or granulation—could be added in addition to spatialization to create a robust 

performance environment.  

 

6.3 Towards a Virtual Reality 

The reader of this document should have a basic understanding on the limitations of 

both human hearing and the technology to realistically recreate a 3D sound field. Many of 

these considerations will fade away with further advances in technology. The nature of the 

Ambisonic format will allow a composition to take advantage of future decoder designs and 

speaker placements. Electronic music often suffers from a “dated” quality, through the sound 

generation method, multi-channel format, or out of date software. Composing for Ambisonics 

allows the composition to grow with the technology, never growing old, but coming closer to 

the idealized virtual space.  

With VR becoming increasing more available, the framework exists for a new generation 

of artworks. VR as medium encompasses a variety of existing media and as such provides an 

opportunity to bring together elements from various worlds into an intersection. 3D sound 

works could be augmented with the aid of visual feedback. Interaction within an artwork can 

deliver personal narratives that would be impossible in traditional fixed formats.  It is my hope 
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that the research presented within this document will invite others to explore the possibilities 

of VR and the new conceptual models offered by 3D sound. 
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APPENDIX A 

MODIFIIED RESOUNANCE AUDIO LISTENER C# SCRIPTS
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using UnityEngine; 
using System.Collections; 
using System.Collections.Generic; 
 
/// Resonance Audio listener component that enhances AudioListener to provide advanced 
spatial audio 
/// features. 
/// 
/// There should be only one instance of this which is attached to the AudioListener's 
game object. 
[AddComponentMenu("ResonanceAudio/ResonanceAudioListener")] 
[RequireComponent(typeof(AudioListener))] 
[ExecuteInEditMode] 
public class ResonanceAudioListener : MonoBehaviour { 
  /// Global gain in decibels to be applied to the processed output. 
  [Tooltip("Sets the global gain for all spatialized audio sources. Can be used to adjust 
the " + 
           "overall output volume.")] 
  public float globalGainDb = 0.0f; 
 
  /// Global layer mask to be used in occlusion detection. 
  [Tooltip("Sets the global layer mask for occlusion detection.")] 
  public LayerMask occlusionMask = -1; 
 
  /// Stereo speaker mode toggle. 
  [Tooltip("Disables HRTF-based rendering and force stereo-panning only rendering for all 
" + 
           "spatialized audio sources. This mode is recommended only when the audio 
output is " + 
           "routed to a stereo loudspeaker configuration.")] 
  public bool stereoSpeakerModeEnabled = false; 
 
  /// Denotes whether the soundfield should be recorded in a seamless loop. 
  [Tooltip("Sets whether the recorded soundfield clip should be saved as a seamless 
loop.")] 
  public bool recorderSeamless = false; 
 
  /// Target tag for spatial audio sources to be recorded into soundfield. 
  [Tooltip("Specify by tag which spatialized audio sources will be recorded. Choose " + 
           "\"Untagged\" to include all enabled spatialized audio sources in the 
scene.")] 
  public string recorderSourceTag = "Untagged"; 
 
  /// Is currently recording soundfield? 
  public bool IsRecording { get; private set; } 
 
#pragma warning disable 0414  // private variable assigned but is never used. 
  // Denotes whether the soundfield recorder foldout should be expanded. 
  [SerializeField] 
  private bool recorderFoldout = false; 
#pragma warning restore 0414 
 
  // List of target spatial audio sources to be recorded. 
  private List<AudioSource> recorderTaggedSources = null; 
 
  // Record start time in seconds. 
  private double recorderStartTime = 0.0; 
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  void OnEnable() { 
    if (Application.isEditor && !Application.isPlaying) { 
      IsRecording = false; 
      recorderStartTime = 0.0; 
      recorderTaggedSources = new List<AudioSource>(); 
    } 
  } 
 
  void OnDisable() { 
    if (Application.isEditor && IsRecording) { 
      // Force stop soundfield recorder. 
      StopSoundfieldRecorder(null); 
      Debug.LogWarning("Soundfield recording is stopped."); 
    } 
  } 
 
    void Start() { 
        //IsRecording = false; 
         
        if (Application.isPlaying) { 
            IsRecording = false; 
 
            /*recorderStartTime = 0.0; 
            recorderTaggedSources = new List<AudioSource>(); 
            StartSoundfieldRecorder();*/ 
        } 
         
    } 
 
    //functions driven by the buttons 
    public void toggleRecording() 
    { 
        Debug.LogError(IsRecording); 
        if(IsRecording==true) 
        { 
            stopRecording(); 
        } 
        else 
        { 
            startRecording(); 
        } 
    } 
    public void startRecording() 
    { 
        Debug.LogError("Started Recording!"); 
        //IsRecording = false; 
        recorderStartTime = 0.0; 
        recorderTaggedSources = new List<AudioSource>(); 
        StartSoundfieldRecorder(); 
    } 
 
    public void stopRecording() 
    { 
        Debug.LogError("Stopping Recording!"); 
 
        string myFileName = string.Format("Assets/record-{0:yyyy-MM-dd_hh-mm-ss-tt}.ogg", 
System.DateTime.Now); 
        Debug.Log(myFileName); 
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        StopSoundfieldRecorder(myFileName); 
    } 
    //end button fuctions 
 
    void Update() { 
    if (Application.isEditor && !Application.isPlaying && !IsRecording) { 
      // Update soundfield recorder properties. 
      UpdateTaggedSources(); 
    } else { 
      // Update global properties. 
      ResonanceAudio.UpdateAudioListener(this); 
    } 
        /* 
        if (Input.GetKeyDown("f")) { 
            IsRecording = false; 
            recorderStartTime = 0.0; 
            recorderTaggedSources = new List<AudioSource>(); 
            StartSoundfieldRecorder(); 
        } 
        if (Input.GetKeyDown("g")) { 
            string myFileName = string.Format("Assets/record-{0:yyyy-MM-dd_hh-mm-ss-
tt}.ogg", System.DateTime.Now); 
            Debug.Log(myFileName); 
            StopSoundfieldRecorder(myFileName); 
        } 
        */ 
    } 
 
  /// Returns the current record duration in seconds. 
  public double GetCurrentRecordDuration() { 
    if (IsRecording) { 
      double currentTime = AudioSettings.dspTime; 
      return currentTime - recorderStartTime; 
    } 
    return 0.0; 
  } 
 
  /// Starts soundfield recording. 
  public void StartSoundfieldRecorder() { 
  /*  if (!(Application.isEditor && !Application.isPlaying)) { 
      Debug.LogError("Soundfield recording is only supported in Unity Editor \"Edit 
Mode\"."); 
      return; 
    }*/ 
 
    if (IsRecording) { 
      Debug.LogWarning("Soundfield recording is already in progress."); 
      return; 
    } 
 
    recorderStartTime = AudioSettings.dspTime; 
    for (int i = 0; i < recorderTaggedSources.Count; ++i) { 
      if (recorderTaggedSources[i].playOnAwake) { 
        recorderTaggedSources[i].PlayScheduled(recorderStartTime); 
      } 
    } 
    IsRecording = ResonanceAudio.StartRecording(); 
    if (!IsRecording) { 
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      Debug.LogError("Failed to start soundfield recording."); 
      IsRecording = false; 
      for (int i = 0; i < recorderTaggedSources.Count; ++i) { 
        recorderTaggedSources[i].Stop(); 
      } 
    } 
  } 
 
  /// Stops soundfield recording and saves the recorded data into target file path. 
  public void StopSoundfieldRecorder(string filePath) { 
  /*  if (!(Application.isEditor && !Application.isPlaying)) { 
      Debug.LogError("Soundfield recording is only supported in Unity Editor \"Edit 
Mode\"."); 
      return; 
    }*/ 
 
    if (!IsRecording) { 
      Debug.LogWarning("No recorded soundfield was found."); 
      return; 
    } 
 
    IsRecording = false; 
    recorderStartTime = 0.0; 
    if (!ResonanceAudio.StopRecordingAndSaveToFile(filePath, recorderSeamless)) { 
      Debug.LogError("Failed to save soundfield recording into file."); 
    } 
    for (int i = 0; i < recorderTaggedSources.Count; ++i) { 
      recorderTaggedSources[i].Stop(); 
    } 
  } 
 
  // Updates the list of the target spatial audio sources to be recorded. 
  private void UpdateTaggedSources() { 
    recorderTaggedSources.Clear(); 
    var sources = GameObject.FindObjectsOfType<AudioSource>(); 
    for (int i = 0; i < sources.Length; ++i) { 
      // Untagged is treated as *all* spatial audio sources in the scene. 
      if ((recorderSourceTag == "Untagged" || sources[i].tag == recorderSourceTag) && 
          sources[i].enabled && sources[i].spatialize) { 
        recorderTaggedSources.Add(sources[i]); 
      } 
    } 
  } 
}
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using UnityEngine; 
using UnityEditor; 
using System.Collections; 
using System.IO; 
 
/// A custom editor for properties on the ResonanceAudioListener script. This appears in 
the 
/// Inspector window of a ResonanceAudioListener object. 
[CustomEditor(typeof(ResonanceAudioListener))] 
public class ResonanceAudioListenerEditor : Editor { 
  private SerializedProperty globalGainDb = null; 
  private SerializedProperty occlusionMask = null; 
  private SerializedProperty stereoSpeakerModeEnabled = null; 
  private SerializedProperty recorderFoldout = null; 
  private SerializedProperty recorderSeamless = null; 
  private SerializedProperty recorderSourceTag = null; 
 
  private GUIContent globalGainDbLabel = new GUIContent("Global Gain (dB)"); 
  private GUIContent stereoSpeakerModeEnabledLabel = new GUIContent("Enable Stereo 
Speaker Mode"); 
  private GUIContent recorderLabel = new GUIContent("Soundfield Recorder", 
     "Soundfield recorder allows pre-baking spatial audio sources into first-order 
ambisonic " + 
     "soundfield assets to be played back at run time."); 
  private GUIContent recorderSeamlessLabel = new GUIContent("Seamless Loop"); 
  private GUIContent recorderSourceTagLabel = new GUIContent("Source Tag"); 
 
  // Target listener instance. 
  private ResonanceAudioListener listener = null; 
 
  void OnEnable() { 
    globalGainDb = serializedObject.FindProperty("globalGainDb"); 
    occlusionMask = serializedObject.FindProperty("occlusionMask"); 
    stereoSpeakerModeEnabled = serializedObject.FindProperty("stereoSpeakerModeEnabled"); 
    recorderFoldout = serializedObject.FindProperty("recorderFoldout"); 
    recorderSeamless = serializedObject.FindProperty("recorderSeamless"); 
    recorderSourceTag = serializedObject.FindProperty("recorderSourceTag"); 
    listener = (ResonanceAudioListener) target; 
  } 
 
  /// @cond 
  public override void OnInspectorGUI() { 
    serializedObject.Update(); 
 
    // Add clickable script field, as would have been provided by DrawDefaultInspector() 
    MonoScript script = MonoScript.FromMonoBehaviour(target as MonoBehaviour); 
    EditorGUI.BeginDisabledGroup(true); 
    EditorGUILayout.ObjectField ("Script", script, typeof(MonoScript), false); 
    EditorGUI.EndDisabledGroup(); 
 
    EditorGUILayout.Separator(); 
 
    EditorGUILayout.Slider(globalGainDb, ResonanceAudio.minGainDb, 
ResonanceAudio.maxGainDb, 
                           globalGainDbLabel); 
 
    EditorGUILayout.Separator(); 
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    EditorGUILayout.PropertyField(occlusionMask); 
 
    EditorGUILayout.Separator(); 
 
    EditorGUILayout.PropertyField(stereoSpeakerModeEnabled, 
stereoSpeakerModeEnabledLabel); 
 
    EditorGUILayout.Separator(); 
 
    // Draw soundfield recorder properties. 
    recorderFoldout.boolValue = EditorGUILayout.Foldout(recorderFoldout.boolValue, 
recorderLabel); 
    if (recorderFoldout.boolValue) { 
      ++EditorGUI.indentLevel; 
      EditorGUI.BeginDisabledGroup(listener.IsRecording || Application.isPlaying); 
      recorderSourceTag.stringValue = EditorGUILayout.TagField(recorderSourceTagLabel, 
                                                             
recorderSourceTag.stringValue); 
 
      EditorGUILayout.Separator(); 
 
      EditorGUILayout.PropertyField(recorderSeamless, recorderSeamlessLabel); 
      EditorGUI.EndDisabledGroup(); 
 
      EditorGUILayout.Separator(); 
 
      // Recording is allowed in Edit Mode only. 
    /*  EditorGUI.BeginDisabledGroup(Application.isPlaying);*/ 
      EditorGUILayout.BeginHorizontal(); 
      GUILayout.Space(15 * EditorGUI.indentLevel); 
      EditorGUILayout.BeginVertical(); 
      if (listener.IsRecording) { 
        if (GUILayout.Button("Stop")) { 
          StopRecording(); 
        } 
        --EditorGUI.indentLevel; 
        EditorGUILayout.HelpBox("Recording in progress: " + 
                                listener.GetCurrentRecordDuration().ToString("F1") + " 
seconds.", 
                                MessageType.Info); 
        ++EditorGUI.indentLevel; 
        Repaint(); 
      } else if (GUILayout.Button("Record")) { 
        listener.StartSoundfieldRecorder(); 
      } 
      EditorGUILayout.EndVertical(); 
      EditorGUILayout.EndHorizontal(); 
      EditorGUI.EndDisabledGroup(); 
   /*   if (Application.isPlaying) { 
        EditorGUILayout.HelpBox("Soundfield recording is only allowed in Edit Mode.", 
                                MessageType.Warning); 
      }*/ 
      --EditorGUI.indentLevel; 
    } 
 
    serializedObject.ApplyModifiedProperties(); 
  } 
  /// @endcond 
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  // Stops soundfield recording. 
  private void StopRecording() { 
    // Save recorded soundfield clips into a temporary folder. 
    string tempFolderPath = FileUtil.GetUniqueTempPathInProject(); 
    if (!Directory.Exists(tempFolderPath)) { 
      Directory.CreateDirectory(tempFolderPath); 
    } 
    string tempFileName = Path.ChangeExtension(listener.name, "ogg"); 
    string tempFilePath = Path.Combine(tempFolderPath, tempFileName); 
    listener.StopSoundfieldRecorder(tempFilePath); 
 
    // Copy the recorded file as an ambisonic audio clip into project assets. 
    string relativeClipPath = EditorUtility.SaveFilePanelInProject("Save Soundfield", 
listener.name, 
                                                                   "ogg", null); 
    if (relativeClipPath.Length > 0 && File.Exists(tempFilePath)) { 
      string projectFolderPath = 
          Application.dataPath.Substring(0, Application.dataPath.IndexOf("Assets")); 
      string targetFilePath = Path.Combine(projectFolderPath, relativeClipPath); 
      FileUtil.ReplaceFile(tempFilePath, targetFilePath); 
      AssetDatabase.Refresh(); 
 
      AudioImporter importer = (AudioImporter) AssetImporter.GetAtPath(relativeClipPath); 
      importer.ambisonic = true; 
      AssetDatabase.Refresh(); 
    } 
 
    // Cleanup temporary files. 
    if (Directory.Exists(tempFolderPath)) { 
      Directory.Delete(tempFolderPath, true); 
    } 
  } 
}
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APPENDIX B 

AUDIO REACTIVE SHADER: VISUAL CODE AND C# SCRIPT
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using System.Collections; 
using System.Collections.Generic; 
using UnityEngine; 
 
 
[RequireComponent(typeof(AudioSource))] 
public class VertexSpeedControl : MonoBehaviour 
{ 
 
    public Renderer meshRenderer; 
    public Material instancedMaterial; 
    AudioSource _audioSource; 
    float[] sampleVec = new float[1024]; 
    float vecPeakFb = 0; 
    public float RegA = 0.67f; 
    public float RegB = 0.33f; 
    public float vertexspeedMax = 2; 
    public float vertexspeedMin = .01f; 
    public float vertexspeedExp = 1; 
 
    // Use this for initialization 
    void Start() 
    { 
        meshRenderer = gameObject.GetComponent<Renderer>(); 
        instancedMaterial = meshRenderer.material; 
    } 
 
    private void Awake() 
    { 
        _audioSource = GetComponent<AudioSource>(); 
    } 
 
    // Update is called once per frame 
    void Update() 
    { 
        _audioSource.GetOutputData(sampleVec, 1); 
        float vecPeak; 
        ; 
        float vecPeakMax = Mathf.Abs(Mathf.Max(sampleVec)); 
        float vecPeakMin = Mathf.Abs(Mathf.Min(sampleVec)); 
        if (vecPeakMax > vecPeakMin) 
        { 
            vecPeak = vecPeakMax; 
        } 
        else { vecPeak = vecPeakMin; } 
        vecPeak = (Mathf.Pow(vecPeak, vertexspeedExp)) * RegA + vecPeakFb * RegB; 
        vecPeakFb = vecPeak; 
        float vertexspeedAmount = vertexspeedMin + (vecPeak * (vertexspeedMax - 
vertexspeedMin)); 
        instancedMaterial.SetFloat("_Vertexspeed", vertexspeedAmount); 
    } 
 
}
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using System.Collections; 
using System.Collections.Generic; 
using UnityEngine; 
 
 
[RequireComponent(typeof(AudioSource))] 
public class ExtrusionAmountControl : MonoBehaviour 
{ 
 
    public Renderer meshRenderer; 
    public Material instancedMaterial; 
    AudioSource _audioSource; 
    float[] sampleVec = new float[1024]; 
    float vecPeakFb = 0; 
    public float RegA = 0.67f; 
    public float RegB = 0.33f; 
    public float extrudeMax = 20; 
    public float extrudeMin = 2; 
    public float extrudeExp = 1; 
 
    // Use this for initialization 
    void Start() 
    { 
        meshRenderer = gameObject.GetComponent<Renderer>(); 
        instancedMaterial = meshRenderer.material; 
    } 
 
    private void Awake() 
    { 
        _audioSource = GetComponent<AudioSource>(); 
    } 
 
    // Update is called once per frame 
    void Update() 
    { 
        _audioSource.GetOutputData(sampleVec, 1); 
        float vecPeak; 
        ; 
        float vecPeakMax = Mathf.Abs(Mathf.Max(sampleVec)); 
        float vecPeakMin = Mathf.Abs(Mathf.Min(sampleVec)); 
        if (vecPeakMax > vecPeakMin) 
        { 
             vecPeak = vecPeakMax; 
        } 
        else { vecPeak = vecPeakMin; } 
        vecPeak = (Mathf.Pow(vecPeak, extrudeExp))*RegA+vecPeakFb*RegB; 
        vecPeakFb = vecPeak; 
        float extrusionAmount = extrudeMax - (vecPeak * (extrudeMax - extrudeMin)); 
        instancedMaterial.SetFloat("_ExtrusionAmount", extrusionAmount); 
    }   
 
}
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Visual code part 1 
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Visual code part 2
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